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Preface

The work described in this report was performed by the U. S. Army

Engineer Waterways Experiment Station (WES), Vicksburg, Mississippi, for

the U. S. Army Engineer District, Tulsa. The project was authorized by

Intra—Army Order for Reimbursable Services No. DOL 740015, dated 2 August

1974 and amended 31 August 1976.

This report provides a brief nontechnical summary of a water—quality

study of the proposed Arcadia Lake. A technical report prepared by the

WES entitled “Arcadia Lake Water—Quality Study” and a supplemental report

entitled “Water—Quality Evaluation of a Lower Pool Elevation for Proposed

Arcadia Lake, Oklahoma” provide detailed descriptions of the data and

procedures used in this study (Technical Reports Y—77—2 and Y—77—3 ,

respectively).

The study was accomplished by the Environmental Effects Laboratory

(EEL) at WES. The research was conducted under the direct supervision

of Dr. R. L. Eley, Chief , Ecosystem Research and Simulation Division,

and Mr. D. L. Robey , Chief , Ecosystem Modeling Branch, and the general

supervision of Dr. John Harrison, Chief , EEL. Mr. R. W. Hall, Jr., and

Drs. K. W. Thornton, D. E. Ford, and R. H. Plump, Jr., served as princi-

pal investigators. Dr. A. S. Lessem and Messrs. B. Loftis and P. E.

Saunders participated in the study.

Commander and Director of the WES during the preparation and

p .ion of this report was COL J. L. Cannon, CE. Technical Director

wa . F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted

to metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres

miles (U. S. statute) 1.609344 kilemetres

acre—feet 43,560 cubic metres

square miles 2.58999 x 106 square metres
(U. S. statute)

Fahrenheit degrees 5/9 Celsius degrees or Kelvins*

* To obtain Celsius (C) readings from Fahrenheit (F) readings , use the
following equation : C = (F — 32)/1.8. To obtain Kelvin (K) from
Fahrenheit , use: K = (F + 459.67)/1.8.4
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SUMMARY REPORT

ARCADIA LAKE WATER-QUALITY STUDY

Introduction

This report provides a brief nontechnical summary of a water—quality

study of the proposed Arcadia Lake. The study was conducted by the

U. S. Army Engineer Waterways Experiment Station (WES) at the request of

the Tulsa District, Corps of Engineers. A technical report prepared by

the WES entitled “Arcadia Lake Water—Quality Study”* and a supplemental
report entitled “Water—Quality Evaluation of a Lower Pool Elevation for

Proposed Arcadia Lake, Oklahoma”** provide detailed descriptions of the
data and procedures used in this study. These reports are available from

the Tulsa District and should be consulted for additional technical

information.

Background

The proposed Arcadia Lake would be formed by impoundment of the

Deep Fork River in central Oklahoma east of Oklahoma City . The river

originates in northwest Oklahoma City, flows 6 milest through the metro-

politan area, and then flows 10 miles through predominantly pastures and

woodlands to the proposed damsite. The Arcadia Lake watershed covers an

area of 105 square miles of which 39 percent is open land , 33 percent is

urbanized , and the remaining 28 percent is wooded , pastured , or cultivated .

At conservation pool elevation, the proposed impoundment would have a

surface area of 1820 acres and a volume of 27,570 acre—ft. Average depth

would be 15 ft and ‘maximum depth at the structure would be 56 ft.

* Hall, R. W., Jr., et al., “Arcadia Lake Water—Quality Evaluation ,”
Technical Report Y—77—2 , April 1977, U. S. Army Engineer Waterways
Experiment Station, CE, Vicksburg, MS.

** Thornton, Kent W., et al., “Water—Quality Evaluation of a Lower Pool
Elevation for Proposed Arcadia Lake, Oklahoma,” Technical Report Y—77—3 ,
May 1977, U. S. Army Engineer Waterways Experiment Station , CE ,
Vicksburg, MS.

t A table for converting U. S. customary units to metric (SI) units is
given on page 4.
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The Arcadia Lake project as presently formulated would consist of a

mu lt iple—purpose lake for flood control , municipal and industrial water

supply, and recreation . This type of project would satisfy the desires

of local interests , who have expressed a primary need for water supply

and water—oriented recreation.

Oklahoma State University (Osu) was contracted by the Tulsa District

in 1972 to evaluate the existing water quality of the Deep Fork River and

to predict expected water quality in Arcadia Lake. The OSU study was

initiated in part to satisfy certain requirements of the National Environ-

mental Policy Act of 1969 and to determine if expected water quality was

acceptable for the project purposes of water supply and recreation .

The OSU study concluded that contaminant concentrations in the

Deep Fork River often exceeded surface water criteria for public water

supplies, that bacteriological counts exceeded recommended standards for

primary contact recreational use, and that existing concentrations of

nutrients might stimulate blooms of nuisance algae. Primarily on the

basis of the OSU report , the U. S. Environmental Protection Agency (EPA)

recommended that public and industrial water supply and recreation not be

included as project purposes.

Although the OSU study provided a useful compilation of water—quality

data collected in the upper Deep Fork River basin prior to 1972, the

appraisal of the possible water quality of the proposed Arcadia Lake was

inconclusive because the scope of the study was not sufficient to adequately

evaluate the uncertainties associated with their predictions . The scope

of the OSIJ study also did not allow for an adequate assessment of what

the future water quality of the reservoir would be in comparison to the

observed quality of the stream.

Perhaps of greater significance , Deep Fork River chemical data that

served as the basis for the OSU appraisal were collected during a time in

which the effluents of up to six sewage treatment plants and lagoons con-

tributed over 28 percent of the average discharge measured near the proposed

damsite. For many extended periods , sewage plant effluents constituted

the only flow in the stream. During the same period , industry and many

small businesses were discharging contaminants directly into the river or

indirectly through storm sewer systems. The runoff of contaminants from

6
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The watershed and the direc t discharge of municipal and industrial wastes

had degraded the water quality in the upper Deep Fork River for most

beneficial uses.

Since publication of the PSU report, one sewage trea tment p lan t was

relocated outside the Arcadia watershed ; a second plant relocation was

planned; and operations of two sewage lagoons were discontinued . In

addition, major industrial sources of contaminants were identified and

their effluents diverted through existing sanitary sewer systems.

Because of the inconclusiveness of the OSU study and the profound

changes that had occurred in the proposed Arcadia Lake watershed since

publication of the OSU report, the Tulsa District contracte& the WES to

more thoroughly investigate possible water—quality problems identified in

earlier studies. The WES i~’ivestigations were to include consideration

of recent and proposed changes in the watershed .

Study Approach

To provide reliable predictions, a number of approaches were used

in this study to address the same basic questions . These procedures

included :

a. Evaluation of existing da ta and previous studies of
streams and lakes in the project area.

b. Collection and evaluation of additional field data.

c. Determination of available and limiting nutrients through
algal bioassay procedures.

d. Establishment of relationships between- stream discharges
and amounts of nutrients and contaminants based on stream
concentrations and land—use patterns.

e. Application of mathematical models.

f. Comparison of predicted or measured results with existing
or proposed water—quality criteria.

Representatives from the Tulsa District and Southwestern Division

Offices of the Corps, the Oklahoma State Department of Health, and the

Dallas Regional Office of the EPA concurred with the study methodology

during a meeting held in Dallas during October 1974, prior to initiation

of the WES study.

7
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Survey of Exist ’ i ra  Data and Addi t iona l  Studies

A major effort in the study was the evaluation of data previously

co llec ted by other agencies. This approach (a) provided information on

the number and duration of past studies that could be used for predicting

the water quality of the proposed Arcadia Lake ; (b) indicated those water—

quality parameters that had been measured and the frequency of the measure-

ments , auid provided an estimate of the magnitude and variation in the

water  qua l i ty  that  could be expected in the Deep Fork River;  (c)  p e r m i t t e d

the i d e n t i f i c a t i o n  of major sources of contaminat ion in the watershed ; and

(d)  indicated what addi t ional  data were needed to adequately  p red ic t  c...ate r

qual i ty  in the proposed impoundment.

Iden t i f i ca t ion  of Water—Oual i ty
Parameters Warranting Further  Anal ysis

A survey of previous wa te r—qua l i t y  data for  the Arcadia  Lake water-

shed was undertaken to identify po ten tially toxic or harmful constituents

for which criteria or standards exist. This evaluation of existing data

for 70 water—qual i ty  const i tuents  revealed that  25 wa te r—qua l i t y  parameters

had at least one sample value equal to or exceeding one—tenth of the most

stringent criterion or standard and 12 water—quality parameters had a mean

value equal to or exceeding the most s t r ingent  c r i t e r ion  or s t andard .

The U. S. Geological Survey (USGS) data were used most extensively

in the wa te r—qua l i t y  survey because these data were the most comprehensive ;

samp les were collected at regular  in tervals ;  and corresponding river

discharge data were also available.  The USGS data provided est imates

of ove r 70 water—qual i ty  parameters measured over a 5—y r period.  Grab

samp les were collected at monthly in tervals , while composite samples ,

on the average , were collected weekly .  Extensive n u t r i e n t  data and l imited

metal data  col lected within the Arcadia Lake watershed by the Oklahoma

Water  Resources Board , Oklahoma Sta te  Hea l th  Dep artment , OSU , Oklahoma

Ci ty—Coun ty  Health Depar tment , Water  Pol lu t ion  Control  Divis ion of the

Depar tmen t  of Publ ic  Works , and Mr.  Jimmie Pigg of Moore Hi gh School ,

Moore , Oklahoma , were w i th in  the ranges measured at the Arcadia  d a m s i t e .

8
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For purposes of the evaluation, toxic or harmful constituents found

to exceed the most stringent criteria or standard at least once received

further analysis. The nutrients nitrogen and phosphorus warranted additional

evaluation sinc e the ir presence i”~ high concen tra tions is generally con-

sidered to resul t in nuisance al gal blooms.

Major Sources of Contaminants

Water—quality data collected by the Oklahoma State Department of

Health and the Oklahoma City Water Department indicated that the municipal

effluents of Oklahoma City and Edmond are major point sources of contami-

nants to the upper Deep Fork River . A comparison of effluent discharges

with measured loadings near Arcadia revealed that the Edmond Southeast

and Oklahoma City Northside Sewage Treatment Plants (STP’s) contribute

over 90 percent of the phosphorus and approximately 75 percent of the

nitrogen . Significantly,  the Edmond Southeast STP was relocated outside

the Arc adia Lake watershed in August 1974, and the Northside plant is

scheduled to be removed from the watershed .

Prior to 1974, numerous small ind ustries were discharging into storv

sewers or directly into the upper Deen Fork River. However , major sources

of industrial contaminants were identified by 1974, and their effluents

redirected through sanitary sewer systems . Based upon industrial waste

load allocations developed and promulgated by the Oklahoma State Department

of Pollution Control , industrial point—source pollution appears insignificant

relative to measured total loadings near Arcadia. This suggests that most of

the present loadings come from sewage treatment plants and non—point—source

stormwater runoff.

Add itional Samp ling Programs

Lakes Eu fa ula and Th underb i rd

A t the request of the WES , the USGS in coordination with the Tu l sa

District established a samp ling program on two exis ting impoundments .

Lakes Thunderbird and Eufaula , in order to observe d irec t ly the di~~tri-

bution of materials in the t r i b u t i r v  stream , impoundment water column ,

9

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —..——‘ -~~~~~~~~~~~~~ ‘~~~‘— -  “~~~~~~~~ ‘~~~~~‘



and bottom sediments. These sites were selected for study because they

were considered to be two of the best existing analogs available to

provide insight into relationships between the nature of inflows from

the Deep Fork River and the water quality that might be expected in the

proposed impoundment .

Northside Sewage Treatment Plant

The Northside STP is a major point source of contaminants in the pro-

posed Arcadia Lake watershed . Because this source would be diverted

below the proposed Arcadia Lake and very limited data on the quality of

this effluent were available , the Tulsa District contracted OSU to samp le

nutrients , metals, pes ticides , and other constituents in the final

effluent of the sewage treatment plant. These data were used to estimate

water—quality parameter concentrations that would be expected in the

Deep Fork River following treatment plant relocation .

Algal bioassays

The WES conducted algal bioassay studies using established EPA

methodologies to assess the availability of nitrogen and phosphorus

compounds and the nutritional state of algae in the Deep Fork River system

and surrounding waters. These studies were initiated because observed

nu trien t concen tra tions grea tly exceeded levels tha t are generally

accep ted as ad equate to suppor t nuisance al gal blooms . The purpose

of the studies was to evaluate whether algal growth limitation would be

expected to occur because nutrients in the Deep Fork River were in an

unavailable form or because of limitation by factors other than nitro gen

and/ or phosphorus.

Mercury sampling

During the course of this study , da ta collected by the USGS indicated

that mercury could be a potential problem. The paucity of existing data

precluded reliable evaluation of the possible water quality of Arcadia

Lake with respect to this constituent . In coordination with the W’ES,

OSU conducted additional mercury samp ling in the Deep Fork River near

Arcad ia to supp lemen t the very limited USGS data .

The Tulsa District provided continuity in mercury samp ling of the

Deep Fork River by contracting the Oklahoma State Health Department to

10
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conduct sampling of both the river and the final effluent of the Northside

STP at weekly intervals during the period 29 March through 1 June 1976.

During a February 1976 meeting held in Dallas , representatives from

the Dallas Regional Office of the EPA recommended that fish be collected

from the Deep Fork River near the proposed damsite and analyzed for mercury

content. The results of the analysis could be used direc tly to determine

the suitability of the fish presently in the Deep Fork River as a food

source by comparing body burden concentrations to U. S. Food and Drug

Administration (FDA) limits and could be used to determine the existence

of possible adverse environmental effects of mercury contamination by

comparison to EPA criteria. Furthermore , the proced ures of fish flesh

analysis would provide adequate sensitivity , which is difficult to attain

in the analysis of water samples. This study recommended by the EPA was

expanded to include lead and all chlorinated pesticides that  were considered

possible problem parameters in the proposed impoundment . The rationale

for these body burden analyses was that contaminant concentrations in

the proposed reservoir, in some cases , should be lower , and in no case

would be higher, than existing concentrations in the stream . Therefore ,

if fish presently living in the stream did not exceed established limits,

fish living in the proposed reservoir would be expected to meet all

environmental and health standards.

Bacteriological samp ling

Prior to the initiation of this study ,  two total coliform bacteria

and three fecal coliform bacteria samp le values measured near Arcadia

Ly the USGS were available. Although the values obtained are reasonable

for urban drainage, add itional studies were needed to more precisely

estimate the magnitude and frequency d istrib ut ion of col if orm bac teria

concentrations . The Tulsa District contracted the Oklahoma State Health

Department to conduct total and fecal coliform analyses of water samples

collected in the Deep Fork River near Arcad ia and in the effluent of

the Northside STP .
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Results of WES Investi~ ation

~
‘er~~er iurc tnd iissolved o~~rgen

bi tht’m~ t~~:a1 modeling studies indicated that the impoundment would

be - oe r i i l  ; - .~e rixed because of shallow depths and strong prevai ling

~~nds. Ep li~ mt- r 1 ~ ‘mncrature stratifi cation would occur during extended

‘ericeis of caim ~“othet. During intermittent periods of stratification

?‘h , ’ L o p I ’u r :;~~~ :’ , ~
- r~’cr waters ove r lyin g cooler waters would prevent

the :uxinC or so~ - and bottom waters .

-~~ selec”ive cit~L 1 r ,i w ,i i structure would be required for the proposed

~-roject for water- :uality management purposes . Arcadia Lake release

t- nporat~~r~~ from a rroperl y ‘nerated selective withdrawa l structure

~‘ou~ d npr ’x imi te the existing annual ‘-uriat ion of stream temperatures

, 1, ’os ~ate l v to ~atisf” onvironmental quality requirements. Release

tomner .Itures a: ing the summer and fall, months may be abo-it 12°F warme r

than a”er; ge “ itural downstream temperatures

Fhe bottom waters occasionall y would become devoid of dissolved

oxy~ cn during intermittent periods of st-:-atification . However , d issolvec

o -- :vcen concentrations in releases ~,‘hoe~d be a;itisfacror’.’ n c ’ c aU s e  with-

drawals could he made from the oxygenated surface waters and , in the

case I t  bottom withdrawa l , adequate reaeration would occur as the water

passes through the outlet works into the stilling basin.

~utrients and eutrop hication potential

utrop hication is a natural process of excess nutrient enrichment

and exOessive biological prouuctivitv . lutrophic waters are cnaracterizeu

by nuisance levels of algae it  least sometime daring the “ear . anoxic

bottom waters during periods of otratification , and other potential

water—quali ty problems . In assessing the eutrophication potential of

the ‘I -posed Arcadia Lake , emphasis was placed on nitrogen and phosphorus

since the evidence is overwhelming that these are the major nutrients

controlling algal productivity in water bodies and because Deep Fork River

data indicate that carbon could not be a limiting nutrient. Excessive

eutrop hication would be expected when the rate of supply of required

nutrients in available form is in excess of nutritional needs necessary

12
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to ma in ta in  acceptable  al gal levels when other  f a c t o r s  such as l i g h t

availability, temperature , or toxic materials are not limiting algal

growth.

Nutrients are abundant in the Deep Fork River. Al though sewage

treatment plant effluen t diversion would greatl y reduce phosp hor us and

nitrogen loadings , the resulting concentrations would greatly exceed levels

normall y considered to result in nuisance algal blooms .

The evaluation of nitrogen and phosphorus in the Deep Fork River

based on concen t r a t i ons  and load ing  anal yses sugges t s  t ha t  the  p r op o s e d

impoundment would be eutrophic. Mathematical model simulations suggest

that al gal blooms would occur after impoundment. The magnitude of these

blooms are expected to be similar to those occurring in Lakes Keystone ,

Thunderbird , and Car l  Bla ckwel l . However , algal response was relatively

insensitive to variations in nitrogen and phosphorus loadings but

responded noticeabl y to changes In li ght availability. These results

suggest that desp ite sewage treatment plant diversions and any other

reasonable efforts to reduce nutrient loadings , nutrients would be avail-

able in excess of al gal needs and that alga l growth would be limited by

light availability . flioassay results corroborate the hypothesis of light

limitation by demonstrating that all the available nutrients in the

Deep Fork River were not being used. Light availability in the reservoir

will be determined by the degree of turbidity or suspended solids

concentration in the surface waters. Even during periods of low turbidi ty ,

algal blooms will tend to be self-limi t ing at high concentrations by

reduc ing light penetration and availability through self—shading.

The bioassay nutrient availability study also indicated lower

available nutrient concentrations in Lake Eufaula relative to the Dee;’

Fork tributary and in Lake Thunderbird relative to the Little River

tributary . It can thus be anticipated that nutrient concentrations in

the proposed impoundment would be lower than historical data for the

Deep Fork River at Arcadia.

Other test results indicate that the relative abundance of nitrogen

and phosphorus would be affec ted by impoundment of the Deep Fork River

and sewage effluent diversion. At present nitrogen concentrations are

13



lowest re lat ive to need at Arcadia , but  phosphorus concentrations are

lowest re la t ive  to need above the Northside STP .

Al gae c o n t r i b u t e  to tas te  and odors and other problems such as

high particulate concentration and variable water chemistry requiring

t reatment  p lant control measures. Excessive algal densities may be

visually disp leasing; while decomposition of massive al gal accumulations

may l iberate obnoxious odors.

During periods of temperature s t r a t i f i c a t i o n  and algal blooms , water

supp ly treatment costs could be increased . A capability for  selective

withdrawal of municipal and Industrial water supply releases would be

of benefit in minimizing treatment problems.

Algal blooms are expected to cause minimal interference with recre-

ational purposes of the lake. Surrounding nutrient—rich Oklahoma reservoirs

presently receive heavy recreational use and al ternative, less eutrophic

recreational reservoirs do not exist in the project area.

It would not be feasible, either through watershed management

practices or reservoir operational strategies, to reduce in—lake nu t r ien t

concentrations su f f i c ien t ly to limit algal growth . Furthermore , rout ine

chemical treatments do not appear feasible or compatible with all project

purposes. Future land—use changes are not expected to affect lake

eutrophication since light rather than nut r ien ts  would limit algal growth .

Metals

The evaluation of trace metal data from the Deep Fork River involved

a comparison of reported concentrations with recently recommended EPA

water—quality criteria . EPA criteria wer~ selec~ted because Oklahoma’s

standards did not provide numerical limits for the metals of interest.

A comparison of average concentrations of 25 trace metals measured

by the USGS in the Deep Fork River near Arcadia during the period of

1969— 1974 with EPA c r i te r ia  revealed tha t  manganese and mercury exceeded

the proposed limits. Average iron concentrations were near maximum per-

missible levels. These metals , which were found to approach or exceed

numerical  l imits , received f u r t h e r  s tud y to assess their potent ial for

water—quality degradation in the proposed impoundment. Lead data also

were analyzed in more detail because prev ious stud ies reported excessive

lead c o n c e n t r a t i o n s .

Li
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Iron and manganese. Iron and manganese are different from mercury

and the other metals considered in this study in that the standards for

iron and manganese are based on aesthetic considerations and other metal

standards are based on toxicity. Excessive iron and manganese in water

supp lies can cause “red water ” and “black water , ” respectively ,  that  will

result in unsightly stainings.

Manganese concentrations are expected to f requent ly  exceed drinking

water standards In the headwaters and in the bot tom waters of the lower

portion of the proposed impoundment . Iron is expected to occasionally

exceed standards in the same waters . Increases in both iron and manganese

concentrat ions in the bottom waters would coincide with ephemeral periods

of temperature s t r a t i f i ca t ion  and the dep letion of oxygen in the bot tom

waters .  Strong prevailing winds are expected to completely mix the water

column of the proposed impoundment most of the time, resulting in well—

oxygenated bottom waters. In well—oxygenated waters , most of the iron

and manganese will be associated with the sediments and other solid materials

and not in the obnoxious soluble form. Excessive iron and manganese

in the impoundment would not be a problem in finished water supplies if

the potential problem is recognized in the design of water treatment

plants. Furthermore , the selective withdrawal capability of the proposed

project would enable project operation to minimize iron and manganese

concentrations in water supply withdrawals and downstream releases.

Mercury. Average mercury concentrations based on eight samples

collected by the USGS near Arcadia exceeded the EPA ’ s proposed c r i te r ia

for  the protect ion of f reshwater  aquatic l i fe .  However , the average

Deep Fork River concentration was less than the EPA ’s recommended level

for  public water supply.

Prior to initiation of this study, the only sampling for mercury

other than by the USGS was conducted by the Oklahoma Department of Public

Health. Sampling conducted from below Arcadia to above Belle Isle Lake

in the Arcadia Lake watershed revealed no detectable mercury concentrations~

however , the de tec t ion  l imit  of the analytical procedure used was greater

than recommended limits.

Because mercury was found in concentrations exceeding some criteria

and because of the few nomber of observations available , addi tional

15
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samp l ing was conducted  by both OSU and the Oklahom a Depar tment  o f  I’uh lic

Health in the Deep Fork River nt-ar Arc adia and from the final e f f l u e n t

of the Northside STP. This addit ional sampling provided 55 eetimates of

mercury concentration in the proposed Arcadia Like watershed . Significantl y ,

no mercury was detected in the Deep Fork River near A rc ad ia . However ,

m e r c u ry  was de tec ted  in the  S’fl’ effluent on two occasions .

Storm water runoff samp ling for mercury in the upper I)eep Fork

River above Belle Isle Lake was conducted by Association of Centr al

Oklahoma Gove rnments (ACOG) du r ing  October  1976 . The average mercury

c o n c e n t r a t i o n  of the  s ix samp les co l l ec t ed  d u r i n g  the  s tud y was less than

recommended water supp ly criteria , but each sample value exceeded recommended

limits for the protection of freshwater aquatic life .

A total -II 79 analyses of total mercury were performed between

1971 and 1976. These data indicate that mercury has a low probability of

degrad ing water supply because the mean mercury concentration computed

over a l l  samples collected near Arcadia is 10 times lower than the pub l i c

wa te r  supp ly criterion . It is further anticipated that mercury con—

c€-ntrat ions in the proposed impoundment would decrease relative to input

in much tne same way that trace metal concentrations in surrounding

impoundments are- less than their respective input concentrations.

However , these- data do not provide a basis for a conclusive evalu-

ation of the possible adverse effects on freshwater aquatic life. Some of

the reported mercury con , e nt rflt i me exceed the proposed criterion for

protection of a e w it i c  l i f e .  The seriousness of this potential problem

could not be evaluated in a quantita tive manner with the available d i t u

base because  t h e  m a j o r i t y  of the sampLe had mer cury concentrati on- less

than rh- . inalvti ca l detecti on limit , hut the anaL ’tjcnl dete ction limit

was greater than the proposed crit erion.

To orovi,le a conserva t ive  app r - rui ’h of eva l u a t i n g  the  p o t e n t i a l  for

adverse effects of mercury on aquatic l i fe  in  Arcadia Lok , r e p r e s e n t a t i v es

from thi Dallas Regional Office of the EPA recommended that fish he

collected from the Deep Fork River near the proposed damsite and

analyzed for mercury content . The results of the analysis could directl y

determine the suitability of the fish as a food source by comparin g

body burden concentrations to FDA l imits and determine the existence

16
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of possible adve r se ’ environmental effects of mercury contamin,it i - n  by

ceulparteon to E P A ’ s or ltcrla . ‘h e- EPA 1e, is  puhl jshe d a ni~o-:~ num body Purdon

C - n ’ e f l t  rat i - n  - r ae-re ’ury in fish t issue’ that is equal to t h e  FDA 1 ir: ’i

‘he ‘c it  i ‘nate of the — c i  t o r  ion published by the EPA is that rs~i n t e n a n c e

n~ ~ i on  tissue c u - n t  rat ions he lOW this level is suffi cient to ensure -

th e- r r ’ t e ~ t ion of freshware ’ r aquatic life ~rom excessive trecr ury. ‘he

cj O .’ r ’c,,nmeiideu by t h e - EPA sac expande-u to include 1000 o n :  all chl - r m a t e d

c e e s t i c i d e c , ; t h a t  w e r e  cons ide red  is poss ib le  p rob l em c o n s t i t u e n t s  in the

‘ ‘ r~’pose0 i mp o u n d m e n t .  ‘ r t h  l e X a .S ‘ tci te l ]n ivers  i t - : , Den ton , e’xas , ‘.515

selected to  c e r f o r m  the ~n a l - s i s  f o l l owing  a search - f  a n a ly t i c a l  labor -ci —

~a r i es  o ,: ar  lec of t i m e  r e p ; ;  i red a ccu r a c y  and prec is ion .

A - .- -  I lect  ion of  ish con s i s t  ing  of  green s u n f i s h , o r a n g e  s p o t t e d

- a m n f i s h , h lu e c ’j l l  s u n f i s h , and I ’ l c m - . s h u l l h e a d  was ob ta ined  b y t h e  : i lsa

C i st r  jot by Ci - - t r o f i e h i n g  in the  Peep Fork River  at the  i , r ccosed Lc po:m: ; d—

‘~-e ut  s i t e .  .l ;~- s ,tmo le s  we re c e n t  to ~iar t h  Texas S ta te  i7n ive r s ity  f o r

ana ly s i s .  i- c - s ui t S  of the  a n a l y s i s  i n i i ’ a t e d  that  the mercury  con ten t

of f i s h  i n h a b i t  I n c  the  D~’ep Fork R iv e r  near Arcad i a  is less than  CPA a nd

EPA l i m i t s .

he samp l i n g  p r o~~r am for : n e ’r c : m r v  in wate r , s e d i m e n t , ono is h

shou d be c on t i n u e d  t i ;  r -  c~~- ’n O u t  t i e  p janni ng , - - n e t  r ;i - :t l on , aiT p er ot  ion

chases  of iL-  p r o j e c t .  ‘
~~~ re urv an a 1 ’~’ses should  be p e r f o r m e c  h v ’ . - q u i pment

‘ .,‘ : t h a de t ~~e t i . n l i m i t  equal  - or pr e fe r a b ly  below EPA c r it e r i a  f o r

aquatic life .

Lead. a r~-ncrt rrepared Dy ( iSV , lead concentrations -in the

~c-ep C or k  R ive r  were n e ar  and - - ‘ 7  e r  i :nc O oxce-edea th e -  1-T A criterion.

A e - i i l t  I p 1 (iata col I c  t ~-o by the  ‘Dl  ic -no C tote Per;i rtrn er;t of c - l i t  1 ; .  mu

pre sen t ed  in the  OSL repor t  d e m on s t r a t e d  t h a t  12 o f  15 c ’;-i m r - l e s  c o l l o  te e i

i n  a p a r t i 0 u l c  r a av  a l s o  exceeded r -c ~~~- - r  ‘sent c r i t e r i on  f o r  le a d .  cased

i - ir g e l y  on these J o t ; , i t  was c o n c lu d e d  in the  L 1SU r epo r t  tha t  lead would

a p r o b l e m  in the  n r u n o s e d  impoun dme n~~,

Examination of the FSc,S d a t - i collected near Arcadia revealed that

the range of dissolved Lad PC e’ntrations for 25 samples coll ected hetwe’e-r:

1969 and 1971 was less t han  the most stringent ori t er ion.

There is an apparent iiscren an cv in the’ dissolved lead concentrations

in the Jeep Fork River as reported by SC and those r e p o r t e d  Dv the t’SPS.
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The discrepancy appeared to have resulted from an improper choice of a

sample preservation technique. The method of acidification chosen for

use in the OSU studies resulted In the measur2ment of dissolved lead

plus some fraction of the particulate lead present in each sample . Further-

more, the OSU analyses failed to measure total lead because of the omission

of the digestion step.

The evidence is overwhelming that the majority of lead in natural

waters is present in particulate form. Because of the nature of the

environmental chemistry of lead , particulate lead would be expected to

accumulate In the reservoir sediments and be completely unavailable to

the water column and biological organisms under a wide range of natural

environmental conditions . An examInaticn of USGS water—quality da ta

from the Deep Fork River reveals that only 1.8 percent of the total lead

present (on the average) Is in the dissolved form .

The fact  that  to ta l  lead cop ‘-ntrations exceeded the public water

supp ly standard suggests the possibility of a potential water—quality

problem . However , the potential effects of lead in the Deep Fork River

can best be assessed by compar ing dissolved lead concentrations with the

app licable criteria. The rationale for this assumption is that the

criteria for lead are based on studies of effects of dissolved lead and

the chemistry of lead precludes the conversion of significant amounts

of lead from the particulate to dissolved form under natural conditions.

Consequen tly, based on sampling of dissolved species of lead near the

proposed impoundment site and the present knowledge of the water chemistry

of lead , this element would not be expected to cause water—quality

problems In the Impoundment.

Pest icides and PCB ’s

Comparison of the 1976 EPA cr i ter ia  with all  pesticides and PCB ’s

measured in the Deep Fork River near Arcadia revealed that lindane ,

chlordane , DDT, dleldrln , heptachior , ald rin, and PCB ’s exceeded the

recommended l imits for  the pro tec t ion  of f reshwater  aqua t i c  life .

Because of the pers is tence , bioaccumulatIve propert ies , and

carc inogenic  po ten t i a l  of chiordane , DDT , d ie ld r in , heptachlor , and

aidrin , the EPA did not establish numerical limits for these pesticides

for  wa te r  supp ly  bu t  recommended minimum human exposure to these

18
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constituents. Significantly the EPA has suspended the product ion or

restricted the use of each of these pesticides, which should result in a

gradual decrease in concentrations in the environment. However , each of

these pesticides was detected at least once in the Deep Fork River near

Arcadia.

Data reported by the Oklahoma Departments of Agr iculture and Pollution

Control suggest that pesticide contamination is restric ted to the upper

Deep Fork River or that residues are either not transported downstream

or they are rapidly degraded. Monthly sed imen t and water samp les

collected from the Deep Fork River near Beggs, Oklahoma, had no detectable

pesticide residues

Pesticides, PCB ’s and freshwater aquatic life. The recommended limits

for  concentrations of most pesticides in the water  columns for  the pro-

tection of freshwater aquatic l i fe  are less than the detect ion l imi t  of

the analytical procedures used. The EPA recognized this inconsistency

in their proposed critera , but provided l i t t l e  guidance in the interpre-

tat ion of comparisons of l imits to average observed concentrations . One

particular problem is that the occurrence of a single detectable concen-

tration greatly inflates the average relat ive to the c r i t e r ion .

DDT . Thir ty  percent of 64 samples analyzed for DDT exceeded

the EPA—recommended limit for  the protect ion of freshwater aquatic life .

DDT concentrations generally decreased over the study period but ncreased

during the spring of 1974 to prior levels. The spring of 1974 was excep-

tionally wet , and most contaminants normally found associated w ith particu-

late materials exhibited peaks during this period.

The DDT degradation products, DDD and DDE, were detected

once and twice , respectively ,  in the Deep Fork River .  Ne i the r  DDD nor DDE

were detected in bottom deposits of the Deep Fork River near Arcadia.

Almost all uses of DDT were canceled in March 1971. The

e f f e c t  of th is  action should be a sharp reduct ion  of DDT add i t i ons  to

the watershed.

Aidrin and dieldrin. The 1976 EPA c r i t e r i a  specif y t ha t

~~
- iter1a for aidrin and dieldrin be based on the sum of the two pesticides.

This recommendation was motivated by the observation that aidrin is

metabolical ly converted to d i e ld r in  b y aqua t i c  organisms .
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Aldrin was rarely detected in the Deep Fork R iver and was not

detected in the stream bottom sediments near Arcadia . However , dieldr in

was cons isten tly and uniformly detected in water at concentrations 10 time s

the recommended limit for the protection of freshwater aquatic life.

The EPA has recent ly suspended the ma jo r  uses of a i d r i n  and

dieldrin. The expected effect of the suspension is restrictIon of use to

s t ruc tura l  app lication by licensed exterminators  wi th  subsequent declines

in instream concentrat ions in the Deep Fork River.

Chlordane. Fifty percent of the chlordane samples exceeded the

EPA—recommended limit for the protection of freshwater aquatic life.

Chlordane concentrations generally decreased during the study period ,

but a transient peak occurred during the spring of 1974. Chiordane con-

centrations were consistently detected in the bottom deposits of the

Deep Fork River near Arcadia.

The EPA has cancelled many of the major uses of chlordane .

The expected e f f e c t  of the cancel lat ions is a reduction of chlordane

addi t ions  to the watershed.

Heptachlor  and heptachlor epoxide. Sixty—three measurements

of heptachlor and 64 measurements of its degradation product heptachlor

epoxide were made in the Deep Fork River near Arcadia be tween Sep tember 1969

and December 1974. Onl y samp les collected on 22 May 1974 had de tec tab le

concentrations . No heptachlor epoxide was detected in water samples.

Nei ther  heptachlor  or heptachlor  epoxide were de tec ted  in Deep Fork River

sediments near Arcadia.

The ACOG conducted storm water runo f f  samp ling for  pes t ic ides

in the  upper Deep Fork River above Belle Isle Lake . The samp l ing provided

two estimates of heptachlor concentrations and one estimate of heptachior

epoxlde. A l though heptachlor  and heptachlor  epoxide were detected , the

reported concentrations were less than recommended EPA limits for the

pro tec t ion  of f reshwater  aquat ic  l i f e .

S i g n i f i c a n t l y ,  the EPA suspended the product ion and use of

hep tach lor  in Jul y 1975 , which should resul t  in a decrease in concen t ra t ions

In the environment .

Lindane. Thi r ty—nine  percent of 64 l indane samples exceeded

the recommended EPA criterion for the protection of freshwater aquatic life.
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However , lindane concentrations decreased t h r o u g h o u t  the  s t u d y  per iod  to

levels less than the c r i te r ion .  No l indane was de tec ted  In Deep Fork

River sediments near Arcadia.  A cont inua t ion  of the  p a t t e r n  of decreas ing

concentrations should reduce concern for lindane in the Deep Fork R i v e r .

PCB ’s. A to ta l  of 28 samp les were anal yzed fo r  PCB content

between 1969 and 1975. Onl y one sample , collected on 24 August  1974,

had a detectable PCB ’s content. No PCB ’s were detected In the sediment

of the Deep Fork River near Arcadia. Because of the rare occurrence of

PCB ’ s in the Deep Fork River and the phasing out of the use of PCB’s

as a d i e l ec t r i c  in e lec t r ica l  equipm ent , PCB ’s are not expected to exceed

c r i t e r i a  in the proposed impoundment .

Samp ling of the Norths ide  STP revealed tha t  the STP was a

significant source of one of the PCB ’s, Aroclor 1254. Diversion of the

STP effluent should further decrease concern for these constituents.

Fish—tissue analyses for pesticides. To provide a more

definitive approach to the assessment of the magnitude of organochlorine

pesticide contamination of the upper Deep Fork River , fish inhabiting

the river were collected and their flesh analyzed for dieldrin , DDT,

heptachlor epoxide , lindane , and chlordane.

A comparison of the population mean pesticide concent ra t ion

of dieldrin , DDT , and heptachior epoxide with FDA guidelines indicated

that  concentrations of dieldrin and DDT were less than the guidelines

while heptachlor epoxide exceeded the guidelines. No known l imi ts  exist

for  lindane and chlordane.

The results of the comparison of fish—tissue concentrations

of dieldrin and DDT with the FDA guidelines were to be expected since

pesticide analyses of f ish collected from surrounding impoundments m di—

cated chlorinated pesticide residues 10 to 500 times less than the FDA

guidel ines .  However , the heptachior epoxide results seemed paradoxical

since heptachlor was only detected once and heptachlor epoxide was not

de tec ted  in Deep Fork River water samp les. Ne ither pes ticide was de tected

in sedimen t samples.

The gas chromatographic analyses of the fish tissue are con-

sidered inconclusive with respect to heptachlor. Such analyses for

pestic ides provide a screening methodology that indicates possible
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pesticide contamination when eluted peaks from samples have similar re-

tention times to known pes t ic ide  s tandards .  The lack of e lu ted  peaks

with retention times equal to that  of known pesticide standards does

conclusively indicate pesticide absence or concentrations less than de-

tec tion. However , if detectable peaks are eluted with retention times

equal to that of known pesticide standards , confirmation of the identity

of the contaminant requires additional analysis such as mass spectrometry.

The only conclusion that can be iuade about heptachlor in the fish t issue

is that heptachior epoxide or other chemical compounds with a similar

retention time was detected in the tissues of fish collected in the

Deep Fork River.

The rare occurrence of heptachlor in the Deep Fork -’River ,

the failure to detect heptachior epoxide in Deep Fork water samp les , the

fact that the EPA has banned the distribution and use of the pesticide ,

and the observation that heptachlor strongly absorbs to settling

par ticula tes  suggest that heptachlor and its degradation products are

not expected to exceed cr i ter ia  in the water column of the proposed

impoundment. Significantly ,  no heptachlor or heptachlor epoxide were

detected in Deep Fork River sediments.

However , because of the measurement of heptachior epoxide or

other chemical compounds with a similar retention time in significant

concentrations in the fish, it is recommended that additional water ,

sediment, and fish samples be analyzed . If heptachlor or heptachlor

epoxide were again detected in significant concentrations , confirmatory

analysis by mass spectrometry should be conducted.

The fish species collected from the Deep Fork River and analyzed

for pesticides feed predominantly on insects, other fish, and crustaceans .

Thus these fish are positioned in a food chain whose origin is in the

sediments and associated particulate materials. Since pesticides and

related compounds generally exhibit sorption tendencies with particulates ,

the evidence suggests that concentrations of pestic ides in fish in the

proposed impoundment would be less than observed in fish from the Deep

Fork River.

Chlor ina ted  hydrocarbon pes t ic ides  and public  wa te r  suj ?p ,. The EPA

recommends that human exposure to chiordane , DDT, dield ri n , heptachio r,
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and aldrin be minimized. An extremely conservative interpretation of

EPA ’s recommendation is that concentrations of these pesticides should

be less than detection limits in public raw water supp lies. However ,

each of these pesticides was detected at least once in the Deep Fork

River near Arcadia.

Significantly, the EPA has suspended the production and use or

severely restricted the use of each of these pesticides . Perm issible

uses of pesticides that were not totally banned include termite control ,

nursery root dips , and other uses in which washoff and subsequent con-

tamination of waterways are minimized . The EPA suspensions and restrictions

should result in a gradual decrease in concentrations in the environment.

One additional chlorinated hydrocarbon pesticide , lindane , was

de tec ted in the Deep Fork River near Arcad ia. However , average lindane

concentration was 50 times lower than EPA recommended levels f or publ ic

water supplies. At present lindane is readily ava ilable and its usage

in the Arcadia Lake watershed is not controlled. However , avera ge yea rly

concentrations of lindane in the Deep Fork River have uniformly decl ined

over the study per iod , which should lessen concern for this pesticide.

The pattern of occurrence, as well as the magnitude of contamination

f rom res t r i c ted  pesticide residuals in the Arcadia Lake watershed , depends

upon the rates of pesticide degradation and land—use activity. Reported

degradation times defined as the time required for  75—percent  degradat ion

in soils varies from 2 yr for hep tachlor and aldrin to 5 yr for chlordane .

Land— use activity , especially construction , substantially increases the

washoff of particulates with adsorbed contaminants from the watershed.

If chlordane, the most persistent and most frequently occurr ing

pesticide in the Deep Fork River , were totally banned , residual concen-

trations migh t be de tec ted in sed imen t for  approximately a decade. However ,

sediment concentrations provide a poor indica tion of possible adverse

effec ts. Adverse ecological effects are dependen t upon the absorption

or ingestion of the pesticide by aquatic organIsms , while concentrations

in raw water supplies are dependent upon the sedimentation characteristics

of the impoundment .

Pesticides are not expected to v io la te  wate r—supp ly c r i t e r i a  in the

proposed impoundment because sorpt ion and preci p i t a t i o n  would  reduce
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concent ra t ions  sig n i f i c a n t ly and res t r ic ted  use of mos t of the pers i s ten t

pest ic ides  has been implemented or proposed by the EPA .

Other water—guali~y parameters

Phenols , total dissolved solids, and coliform bacteria were identified

as possible water—quality problems in the proposed impoundment . These

parameters  cannot be conveniently classif ied in to  the generic classes

of nu t r ien ts , metals , or pesticides and thus are discussed separately.

Phenols. The average of phenol concentrat ions measured over the

period 1969—1974 exceeded the most s t r ingent  cri terion that  was es tabl ished

based on taste and odor considerations. Phenol concentra t ions  in Arcadia

Lake are expected to be much lower than measured instream concent ra t ions .

Firs t , the Northside STP was found to be a signi f ican t  source of phenol ,

and diversion of the effluent would decrease loadings 40 percent. Secondly,

phenol is a very labile compound in natural  waters wi th  reported pers is tence

times vary ing between two to eight  days . Based upon these observations ,

phenol is not expected to be a problem in the proposed impoundment.

Total dissolved solids. The expected total  dissolved solids concen-

t ra t ion  in the proposed impoundment would exceed recommended levels but

would be less than present Oklahoma s tandards .  Oklahoma ’s s tandards

exp licitly provide an allowance for high na tura l  back ground levels for

this const i tuent .  The most stringent criterion for public water supplies

was established primarily because of objectionable physiological  e f f e c t s ,

mineral taste, and economics of treatment when dissolved solid concen-

trations greatly exceed this value. Toxicological effects would not

develop in the impoundment due to total dissolved solids.

Coli form bacteria.  Two to ta l  co l i form bacteria and three  fecal

co l i fo rm sample values measured near Arcadia by the USGS were avai lable

pr ior  to the in i t ia t ion  of this stud y.  Although the measured values were

reasonable for urban drainage , additional samp ling was initiated by the

Tulsa District to characterize the temporal variation in coliform con-

centrations . The Oklahoma State Health Department collected dup lica te

samp les of water from the Deep Fork River near Arcadia and the final

e ff ~1uenc of the Northside STP and analyzed them for both total and fecal

col ifortn bacteria. The samp ling was conducted weekly from 29 March 1976

through 1 June 1976.
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Total coliform and fecal coliform bacterial numbers measured in

the fina l effluent of the Northside STP were about 17 times higher than

measured in the Deep Fork River near Arcadia. These data suggest that

the sewage treatment plant is a significant source of bacteria. However ,

c o l i f o r m  numbers measured near Arcadia  are of a s imilar  magn i tude  to  those

measured in urban runoff  for  Tulsa , Oklahoma.

Coliform bacteria rap idl y die when isolated f rom the i r  source.

Based on mathematical modeling results and observations on the coliform

distribution in Lakes Eufau la  and Thunderbird , it is anticipated tha t

coliform concentrations in the upper reaches of the reservoir would exceed

primary contact recreational standards , while waters in the lower hal f

of the reservoir near the dam would be suitable for primary body contact

recreation with the possible exception of short periods following major

storm events .  Selection of recreat ional  areas should r e f l e c t  the expected

distribution of coliform bacteria , and routine bacteriological monitoring

should be conducted to detec t  bacterial contamination of recreational areas.

Conclusions and Recommendations

Conclusions concerning impoundment water  qua l i t y  based upon t h i s

stud y are as follows :

a. The proposed Arcadia Lake would be thermally stratified
intermittently during the summer months . No permanent
or stable temperature stratification is expected.

b. During the summer and early f a l l  months , release tempera-
tures may be up to 12 F warme r than n a t u r a l  downstream
temperature .

C .  In general , dissolved oxygen concentrations in the reser-
voir and in downstream release will support aquatic life .
Bottom waters  of the reservoir may become devoid of
dissolved oxygen during periods of intermittent strati-
fication .

d. The we l l—oxygena ted  waters  should  reduce the  leve l of
iron and manganese c o n c e n t r a t i o n s  near the dam . However ,
manganese is expected to v io l a t e  d r i n k i n g  wate r  s t a n d a r d s
the majority of the time while iron may occasionally
exceed s t andards  in the headwater  area of the impoundment
or in the bottom waters near the dam during periods of
stable stratification . Total dissolved solids are
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expected to exceed standards throughout the impoundment.
The standards for iron , manganese, and total dissolved
solids are based on aesthetic rather than toxicological
considerations and will not result in major water supply
problems if considered in treatment plant design .

e. PestIcides and heavy metals are not anticipated to vitiate
project purposes. Fecal coliform standards for primary
contact recreation were not violated near the dam at any
time during the simulations . Coliforms are expected to
exceed standards in the headwater area of the impoundment
and may be high in the upper third of the impoundment
following most storm events; the standards may be exceeded
throughout the reservoir following major storm events.

f. Two or three major algae blooms may be expec ted each year
depending upon hydrometeorological conditions. It is
expected these blooms will be similar in magnitude to those
occurring in Lakes Keystone , Thunderbird , and Carl Blackwell
and may cause taste and odor problems in the water supply.
These potential problems can be provided for in treatment
p lant design .

~~~. Water—quality requirements for project purposes of
municipal and industrial water supply and for general
recreation are expected to be met by the predicted water
quality for the proposed Arcadia Lake.

The following recommendations are made:

a. The sampling program for coliform bacteria , pes ticides ,
and heavy metals — part icular ly mercury — should be
continued throughou t the p lanning, construction , and
opera tion phases of the project. Mercury analyses should
be performed by equipment with a detection limit equal
to or preferably below EPA criteria for aquatic life.

b. Prior to impoundment, additional samp les of f ish should be
collected from the Deep Fork River near the proposed
damsite and analyzed for body burdens of mercury and
the pesticides heptachlor and heptachlor epoxide. If
gas chromatography indicates heptachlor or heptachlor
epoxide to be present in significant concentrations ,
its identity should be verified by mass spectrometry .
If presence is confirmed, a more thorough evaluation of
its source and potential fate and consequences in the
reservoir should be made prior to construction if the
results of the recommended samp ling program indicate
a potentially significant problem.

c. Recreation sites should be located in the lower half of
the impoundment to minimize the potential for coliform
bacteria interfering with body contact recreation. The
lower half represents a conservative value since most
storm events are expected to impact only the upper third
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of the proposed impoundment with respect to coliforms
violating body contact recreation standards. Routine
bacteriological monitoring should be conducted to detect
bacterial contamination of recreation areas.

d. The selective withdrawal capability should be maintained
in the structure to permit the withdrawal of water
supp ly from three depths wi th in  the impoundment. These
three ports should be located to permit the withdrawal
of surface, mid—dep th , and bottom waters. The bottom
port is in addition to the floodgates. During algae
blooms, water may be withdrawn from the bottom to
ameliorate taste and odor problems . During stratification
periods, surface or mid—depth waters may be withdrawn
to minimize manganese and iron concentrations .

27

-- 
_ _ _  ‘- I ’~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~~~~ - -  -~~~-~~~_~~~~~~_



In accordance with ~~ 70-2-3, paragraph 6c (i) (b),
dated 15 February 1973, a facsim ile catalog card
in Library of Congresa format is reproduced below .

H a l l , Ro ss W
Summary report , Arcadia Lake water—quality study , by

R . W. Hall , Jr. , R . L. Eley, and D. L. Robey. Vicks—
burg, U. S. Army Engineer Waterways Experiment Station ,
1977 .

27 p. 27 cm. (L’. S. Waterways Experiment Station .
Miscellaneous paper Y—77— 3)

Prepared for U. S. Army Engineer District , Tulsa ,
Tulsa , Okia.

Bibliographi cal footnotes.

1. Arcadia Lake , Okia. 2. Mathem atical models.
3. Nutrients. 4. Water quality. I. Eley , Rex L.
joint author. II. Robey, Donald L., joint author.
III . U. S. Army Engineer District , Tulsa.
(Series: U. S. Waterways Experiment Station , Vicksburg,

~1i s s.  Miscellaneous paper Y—77—3)
TA7.W34m no .Y—77—3

~~~~~~~~~~~~~~ ~~~~~—-~~~~~~~1 - -~~~~~_ -~~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘
.

~~~‘— ~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~


