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I’K.4NSPORT OF 1~:IDIONCCLIDES BY STKEAhIS 

COMPOSITION OF WATER IN CLINCH RIVER, TENNESSEE 
RIVER, AND WHITEOAK CREEK AS RELATED TO DISPOSAL 

OF LOW-LEVEL RADIOACTIVE LIQUID WASTES 

By R. J. PICKERING 

ABSTRACT 

Low-level-radioactive wastes have been released to the Clinch 
River from the Oak Ridge National Laboratory in eastern Ten- 
nessee since 1943, when the Laboratory erst began processing 
radioactive materials. The fate of the radioactive wastes and 
the mechanisms by which the contained radionuclides are dis- 
persed in the rirer hove been investigated as part of the Clinch 
River dtudr, a multiagencr effort to evaluate the present and 
future use of the rirer for the disposal of such wastes. An one 
element of the study, the composition of water in the strcims 

which receive the radionctive wastes has been characterized 
thmt:gh nn irtezsirc i r~~~::iii (if n-nti-r .saii!plin:. 

Radioactive wastes from the Laboratory ore released to 

Whiteoak Creek, rrhich enters the Clinch River 20.8 niiles up- 

stream from There the Ciisic. h Rirer joins the Tennessee Rirer. 

Samples of water from the three streams were taken one or more 
times daily at sewn a3:iipling stations during a period of 2 

year8 and cornposited into meekly or monthly samples accord- 
iiip to strentutlor. Determiiutions \\ rrc u~nd~k of ph.rsicxl pra- 
meters and of the content of stable chemical constitcents, 
radiochemical COI:.:; twnts, and suq~end~d srdiu’cut in the 
composite samples. 

Results of the analyses showed that all three streams contain 
mater of the calcim bicarbonate type, presumably as a result 

of the abundance of limestone and dolomite bedrock underlying 
their drainage basinp. Tennessee River water is similar in com- 
podtion to clinch River water, but eontab enmewbat lesa 
bicarbonate, calcium. mngnesium. and suspended and diswlrpd 
solids, and somewhat more sodium and chloride. Khiteoak 
Creek water fa more highly mineralized than the other two 

ctreams, and has a higher average content of sulfate, nitrate, 
phosphorus, and sodium. 

Turbidlty, apparent color, centrifuged color, and suspended 
solids, all largely controlled by seasonal variations in rainfall 
and rnnolY, varied with time in the same general manner in 
both the Clinch River and the Tennessee River. Hardness, 
c:ilciiim, mqnesiiim, wliiim, and chloride shon-rhd mnriri111n1 COI,- 

centrations in the autumn, when coiitribution of ground water 

to strcamflow is greatest and dilution of wastes is least. Iron 

:ind manganese varied in the same manner as susmnded solids in 
both rivers. This variation suggests that thore constitumts rere 

present in the water primarily in association with solid particles. 

Most of the cesium-137 entering the Clinch River h Whiteoak 
Creek water was associated with suspended sollda ham a dl- 
ameter larger than that of colloidal particlea Thts amlation 
persisted tn the lower Clinch River, but in the Tennessee Elver, 
cesium-137 was either dissolwd in the water or asxwAnted with 
solids of colloidal or nenr-colloidal &e. 

Comparisons of variations in radionuclide content with 
rarintions in stable chemical content of mater samples indicated 
~h:i’L much of the strontium-00 yreseut in Whiteoak Creek water 
may hare been associated with precipitated calcium carbonate. 
Close druilarities In variations in concentration between mthe- 
nii:,:i-lW :ind dult-60 in hitlr Vhittw?l; Creek :?nd the Clinch 

ILTt,r, and currelation of the tFc) rulionuclides Kith nitrate dt 
Whiteoak Dam. reflected their common origin in high-nitrate 
s1\IaJrions releawt: to the tm.;in of Whitcoak Creek. Their lack 
of coirchtion xrith cesium-137 .ind ~:r*irt~:i!:i-%? ::xliC,!: ‘1 ,it!ittr 

orizins for those radionuc!ides. 

INTRODUCTION 

Since 1943. ~~hcii the Oak Ridge Sationa! IAaboratorJ; 
(ORSL) in eastern Teniies>ee first began processing 
radioactive rtiatcrial~, the Laboratory has releasd Ion-- 
level-radioactive liquid wastes to the Clinch River via 
Whiteoak Creek. The fate of these radioactive wastes 
ani! the mechanisms by n-hich the coiitaiiied radio- 
nuclides are dispersed in the river have been investi- 
mted through tlic Clinch Rirer Study, 3 multingency 
effort to evaluate the past, present, and future use of 
the river for disposal of such wastes (Pickering and 
others, 1965; Struxness and others, 1967). The partici- 
pants in the study were: Oak Ridge National Labora- 
tory, operated by Union Carbide Corp. ; Tennessee 
Game and Fish Commission ; Tennessee State Depart- 
ment of Public Health, Stream Pollution Control 
I?oard; Teiinessee Valley Authority (TT7.A) ; US. 
Atomic Energy Commission (AEC) ; US. Geological 
Survey (CSGS) ; US. Public TTealth Service (PHS). 

When the ~tudy was begun in 1960, the following 
objectives n-ere established by the Clinch Rirer Study 
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J2 TRANSPORT OF RADIONUCLIDES BY STREAMS 

Steering ('olnn1ittcc, an advisory group composed of 
ruprc-i.ritnt I\ e5 of each o€ the participating agencies 
(lfnrto!i. 13t;.;, p. 1) : (1) To determine the fate of 
rjJioat t :I c materials currently being discharged to the 
Clincli River, (2) to detc3rmine and understand the 
rnechan isms of dispersion of radionuclides released to 
the river, (3) to evaluate the direct and indirect 
hazards of current disposal practices in the river, (4) 
to evaluate the overall usefulness of the river for radio- 
active waste disposal purposes, and (5) to provide 
appropriate conclusions regarding long-term monitor- 
ing procedures. 

The release of low-level radioactive liquid waste to 
the basin of Whiteoak Creek, which drains the Oak 
Ridge Sational Laboratory area, mas begun soon after 
establishment of the Laboratory in 1943. Radioactive 
liquids have entered Whiteoak Creek as a result of 
direct releases of processed w,zste water fmm the Labo- 
ratory, xepage from liquid waste pits, and drainage 
from solid waste disposal trenches (Browder, 1959). 

Throughout most oC the Laboratory's history, the 
waters of Whiteoak Creek have been impounded in 
Wliiten.n'i Lake by Whiteoak Dam, which is 0.6 mile 
upstream from the mouth of the creek. The lake was 
created 3s a temporary storage facility for the radio- 
actire Taste carried in the creek water. Radioactive 
n i-te rLiter5 in Witteoak Creek flow into tile ( linch 
River at a point 3.3 miles downstream from the Labora- 
tory area. The diluted ~.rnc++c in t4e Clinch I::! .'r Ho;v 

into t1.e Tennewe River 20.S miles downstream from 
the entr: of IThiteoair Creek. 

The continuous releare of radioactive wastes tc the 
Clinch Xiter during 20 years of Laboratory operations 
113s pro, :ded 3, unique opportunit) for -tilcl>ing the 
effects of such releases on the river, and the effects of 
the physical, chemical, hydrological, and biological 
characteristics of the river on the individual radionu- 
clides. As one element of the stud?, the chemical com- 
positions and variability of the streams that receive the 
mdioxtil-e wastes were characterized through an inten- 
sile program of viakr sampling. These water-quality 
characteristics are the subject of this report. 
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BASIS FOR THE SAMPLING PROGRAM 

CHEMICAL TR.4h'SPORT IN STREAM 

h chemical element can be transported in a surface 
- ~~ 

I -- I" 
stream in two general ways : ( 1) In solution, either ionic 
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or molecular, and (or) (2) in susponsion, through its 
miation with solid particles ranging in size from 
colloidal dimensions to material several millimcters in 
diameter. The radioactive form of an element is es- 
sentially the same in its chemical combining properties 
as the nonradioactive form; thus, the chemical reactions 
in which the various radionuclides released by ORNL 
can take part in the receiving streams may be predicted 
on the basis of knowledge of the geochemical properties 
of those elements. 
While still in transit in a stream, a chemical elenient 

may shift its association from solid to liquid phase, or 

from liquid to solid phase, as a result of a change in 
the chemical compositjon of the transporting water. 
Examples of such shifting are given in the following 

1. Ions or molecules in solution can be sorbed by solids 
in contact with the water through surface attrac- 
tion due to van der Waals forces, or through spe- 
cific or nonspecific ion exchange reactions. For 
exaxnple, strontim ions entering a stream in a 

waste solution can become attached to clap-mineral 
particles, which are present in bottom sedimeiit 
and in suspension in the water, through the at- 
traction of the negatively-charged crystal surfaces 
of clay-mineral particles for the positively-charzed 
strontium ions (Bitver, 1956, p. 21; Grim, 195;J. p. 
126-155). Hon ever, in molecular sorption, and in 
nonspecific ion exchange reactions such as the one 
just dewrilwcl, all dissolved niolwulea and ions 
must compete for exchange sites and surface posi- 
tions with one another and with inolecules or ions 
already associated with the solids (Sayre and 
others, 1963, p. 13). Divalent ions compete niore 
effectively than do monovalent ions for exchange 
Sites. In calamus systems, such as exist in the three 
streams studied, ions of strontium-90 must compete 
with the more abundant calcium, magnesium. and 
stable strontium ions for exchange sitas. Thus, dis- 
solved radionuclides woiild not be expected to he 
removed very effectively from solution through 
uptake by stresm sediment, unless uptake were by 
means of a specific sorption reaction. 
In specific sorption reactions, a particular ion 

or pup of ions is sorbed preferentially, even 
when present in solution in relatively minor abun- 
dance. The uptake of cesium by mica and illite 
(Jacobs and Tamura, 1960) is an example of this 
sort of reaction. But even in specific sorption re- 

parSgrapl=. 

'Eecansc the speddc processes lnvolved In the uptake of MdloacUve 
matertals by stream sedlment are for the moet part not preclsely Lnom. 
the general term "sorption" has been used In this paper. For an esplana- 
tion of the term, we 5am, GUP, and Chamberlado (1963, p. 11) and 
McB8ln (1950, p. 38). 

actions involving only a single clement, an indi- 
vidual radionuclide would be competing with the 
commonly more abundant stnble forms of the same 
element in solution. Kennedy (1365) has described 
the control that sorption and desorption reactions 
of stream sediments exert on the chemical composi- 
tion of a stream. 

2. Precipitation of chemical compounds formed from 
ions in solution in a surface stream can take place 
as a result of changes in chemical composition, 
water temperature, dissolved-oxygen content, pH, 
or other stream-quality pameters. The precipi- 
tates formed in such a manner commody contain 
small quantities of elements other than the pri- 
mary elements of their compound as impurities. 
These minor constitutents may have been incor- 
porated in the host precipitate. by copmipitation, 
by occlusion, or by substitution for another ele- 
ment in the crystal lattice of the precipitate. For 
example, strontium will substitute for calcium, to 
a limited extent, in the calcium carbonate minerals. 
Thus, if radiostrontium is present in water from 
which calcium carbonate is precipitating, some of 
the radiostrontium will be incorporated in the 
precipitate. 

3. Dissolution of particles of a chemical precipitate and 
desorption of ions from sediment particles may 
occur when the chemical composition of the stream 
water is changed. Such compositional changes can 
occur ils a result of dilution or mixing of one 
stream with another, or through release of chem- 
ical wastes to a stream. 

From the abore discussion. it should be apparent that 
the chemical and physical composition of a stream into 

which radioactive wastes are discharged can be an im- 
portant factor in determining the fa@ both tempo- 
rary and ultimate, of the various introduced radionu- 
clides. Stream proceses that affect the fates of the 
introduced radionuclides are : 

1. Transport of previously-formed radioactire solids. 

2. Sorption of disgolved radionuclides by snspended 
solids present in water, or by solids in bottom sed- 
iment in contact with the water. 

3. Competition of stable ions and molecules dissolved 
in the water with introduced radionuclides in non- 
specific and specific sorption reactions. 

4. Precipitation of radionuclide-bearing compounds as 
a result of oversaturation of the Compounds in the 
vzter. 

5. Dissolution or desorption of radionuclide-bearing 
solids as a result of a change in concentration of 
dissolved ions in the Kater. 

- 
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J4 TRANSPORT OF RADIONUCLIDES BY BTREAMB 

EVIDENCE OF TRANSPORT OF RADIONUCLIDES IN 
SOLUTION 

I3vide1ic.e for remoyal of clissolv-cd strontium-90 from 
river nter through formfit ion of calcium carbonate 
has been reported by Pielson ( 1062), ~110 measured the 
radiostrontium-stable strontium ratio in clam shells in 
the Clinch River and the Tmmsee River. He reported 
that the ratio decreases with distance downstream from 
the mouth of Whiteoak Creek in a manner consistent 
with predictions based on flow dilution. This relntion- 
ship is apparently the result of proportional substitu- 
tion of dissolved radiostrontium and stable strontiuni 
for some of the calcium ions in the calcium carbonate 
of the clam shell during its formation. 

Further evidence of remoral of strontium-90 from 
solution vas provided by a deposit of calcite that 
formed as a coating on a metal object that had remained 
submerged in the Clinch River for 9 months at a point 
1.5 miles downstream from the mouth of Whiteonk 
Creek. The calcite contained 123.9 picocuries per gram 
ruthenium-103 and -106 and 10.1 picmurim per gram 
strontium-90 (Parker. 13G3). This radionuclide con- 
tent is within the range of radioactivity commonly 
found in suspended sediment in Clinch River mter 
downstream from the mouth of Whiteoak Creek. 

SiiI>*:inti:il aniouni- of stro!.t :ni\i-!h) 1ifiL-e ImIi clr- 

sorbed from samples of Whiteonk Creek bottom sedi- 
ment by neutral so?utions containing ions that compete 
w;th the -trontium ion for exchange positions (Morton, 
19G.5. p. 53). The?? results indicate that strontium hnrl 

hen removed from solution by the sediment through 
nonspecific sorption reactions. Strontium held in this 
mnnner Fould be sensitiw to chanses in concmtrations 
of competing ions in Whiteoak Creek water. 

EVIDENCE OF TUiVSPORT OF lUDIONUCLIDES IN 
ASSOCIATION WITH SUSPENDED SOLIDS 

Jacobs (1960) and Tamura (1963) have described 
the preferential uptake, or sorption, of cesium ions by 
Iq-eyed alumino4licate ininernls hnring a mica-tvpc 
structure (Grim, 1953, p. 65) in which the spacing in 
the direction of the crystallographic c-axis is 10 ang- 
stroms. Desorption studies hare indicated that once 
cesium ions have been sorbed in this manner by streauk 
sediment, they are not readily removed by leaching 
(Morton, 1965, p. 53-55). Most of the cesium-137 en- 
tering the Clinch Rirer bv may of Whiteoak (lek is 
associated Kith silspendd solids, presumably nlumino- 
silicate minerals, in the water, and this association per- 
sists throughout the loi-ier Clinch River (Chnrchill and 
others, 1965, p. 37). The memoir of cesinm-137 that 
exists in the bottom sediment of JThiteoak Lake (Lome- 
nick and Gardiner, 1965) is evidence that much of the 

cesium eriteriq Whittwl; C'iceli fronr the 0:ik Iiidgr 

Sntionnl I,:\i*,lntoty as ii di+ol\ cd itm soon hecoinrs 
incorlxxit ecl in siispendecl or bottom sediment in the 
creek. 

Sediment suspended ill :x stream will be carried to a 
point of depwition that is porcrned by the size of the 
suspended particles and the velocity and turbulence of 
the water. At times of high streamflow, resuspension and 
downstream nioveineiit of the cesium-bearing sediment 
can occur. A pnttern of morement of this sort is consist- 
eiit wit11 the observed occurrence of cesium-137 in the 
Clinch-Tennessee river sy-stem (Cottrell, 1950; Picker- 
i'ng and others, 1966). 

'I\lliteoak Creek bottom sediment contnins cobalt-60 
that cnn be removed from the sediment only by highly 
acidic solutions (Morton, 1965, p. 53). This character- 
istic suggests that the radionuclide was incorporated in 
the bottom sediment, and therefore probably in sus- 
pencled sediiiient as well, by either a sorption reaction 
that is specific for cobalt, or by another solids-forming 
process such as the precipitation of a relatively insoluble 
chemical compound containbg cobalt. Jenne and Tahl- 
berg (1965, 1965) have reported that much of the 
cobalt-60 in Thiteoab- Creek bottom sediment is associ- 
ated with manganese and iron oxides, both relatively 
'ns-ollible rrwps of 1iii: (>rilz. S>r.ithrsn nnd other.; 
(1960) liare suggested that cobalt-60 may be sorbed by 
orgpnic matter. Such solids probably have provided a 
vehicle for tiit. :r.iiiqwtntiw of cobalt-60 in the Clinch- 
Tennessee river systcil). 7'11~ rloce rrhtionship betn-een 
concentrntions of cobalt-60 and cesium-187 thnt hns been 

observed in Clinch River bottom sediment (Picliering. 
1969) indicated that some cobalt-60 enters the Clinch 
Rirer in the form of solid particles, and the limited 
renio:-:il cf the cobalt by solutions containing competing 
ions suggcsh that simple ion exchange is not the pri- 
mary means by which cobalt is incorponted in the 
sediment . 

Most of the ruthenium-106 released to Whiteoak 
Creek ejiters as seepage from high-nitrate Taste solu- 
tions contained in liquid waste disposal pits (Lomenick, 
1963: Morton, 1963, p. 19). Studies of simulated waste 
solutions (Lomenick, 1963), nnd leacling experiment. 
performed on bottom sediment from whiteoak Chek 
(Morton, 1965, p. SO-SZ), indicate that some of the ru- 
thenium may be present in the form of nitrosyl ruthe- 
nium hrdmside-RuNO (OH) (H,O) *. The chemical 
llehavior of the hydroxide is not well l:nom, but it is 
pnbnblv not easily dissolved in dilute, near-neutral 
\\ntt.rs (Story :and Glops, 1962) like those of the 
lower par+ of TVhitcnnk Creek and the Clinch River. 
Its transport in the river sptem as a very fine suspended 
precipitate (less than 0.7 micron) is therefore likely. 



J :) COMPOSITIOS OF WATER AS RELATED TO DISPOSAL OF RADIOACTIVE WASTES 

LOCATION AND OPERATION OF WATER- 
S.IMPLING STATIONS 

1;;tcIioactive \\ :i-tcL> i'ruin OKSL nrc rclrn-ecl to 

IYhiteonk Creek, which enters the Clinch River 20.8 

niiles upsttreani from n-here tlic Clinch River enters the 
Tennessee River. In order to characterize the composi- 
tion and variability of each of the three streams, water 
samples were collected for 1- or 2-year periods at seven 
sampling stations, and analyzed for their content of 

stable chemical constituents, radiochemical constitu- 
ents, and suspended sediment. Sampling mas begun in 
December 1960 and concluded in November 1963. 

The locations of the sanipliiig stations are Lted in 
table 1 and shown in figures 1 and 2. One wtcr sam- 
pling station n-as at N'hiteoak Dam, 0.6 mile upstream 
from the mouth of \\liiteoak Creek, tlirec stations ivere 
on the Clinch River, nnd three statiolis \yere 011 the Ten- 
nessee River. The iiiost upstream stations on both the 
Clinch Rirer and the Tennessee Rirer mere at points 
not affected bj relea-es of radioactive wastes from 
OR,%, and served as background stations for the mater 
sainpling program. The entire reach of the Clinch River 
below the mouth of mhiteoak Creak is an arm of Watts 
Bar Lake, which is formed by Watts Bar Dam on the 
Tennessee River (fig. 2). 

0 5 .- 51 -ES 
,,I I 

FIGURE l.-Iacations of water-sampling stations on the Cllneh Rlver and on Wblteonk Crwk. 

3iO-431-70-2 



.T6 TR.WYPORT OF RADIONUCLIDES BY STRENS 

T ~IILE l.--Locatrun.r of wn(er-sampling 8l0libn~ 

____ -- -__ 

Location SVeAUll Stream mile I 

Overtlow st IVliiteosk Whitconk Crcc!i---- ROCJI 0. 6 

Onk Ridge wuter treat- Cliiich River---.--- CRJI 41. 5 

Oak &&e gaseous _____do. ____________ CRM 14. 4 

Dam. 

ment lant intake. 

diffusion plant wtcr 
treatment plant 
intake. 

Centers Ferr!- _______________ do ____________ CRAI 5. 5 
Loudon, Tenii ____-__-__ Tennessee River ____ TRM 591. 8 
Tailrscc at Watts Bar -____do ____________ TRM 529. 9 

Tailrace at Chicka- -_-__do --_--___-___ TRM 471.0 
DSm. 

mouga Dam. 

one or more times daily ail41 coinposited into meekly 
sampla (7-dn7 composites) on the basis of discharge 
in tho stream at the time of collection (Churchill and 
others, 1963). After the first 5 nionths of sampling had 
hen completed at the first three stations, preparatiorL 
of composite samples for stable chemical analysis was 

reduced to a monthly basis (30-day composites). At 
the station at CRM 5.5, ?-day composite samples mere 
prepared throughout the entire 2-year sampling period. 
At the background station on the Tennessee River 
(TU 591.8), equal increments of daily samples were 
compsited into non-discharge-weighted monthly sam- 
ples (30-day composites) during the entire sampling 
’priod and analyzed for both stable chemical and radio- 
chemical constituents. Radiochemical analyses Were 
made of discharge-weighted 7-day composite samples 
from all sampling stations except the station at 
TRM 591.8. 

I TIM sbbrevlation “CRJI” (Clinch River mW foUoued b n f~ e 13 usd in 

Rim. SfmUarb, “TRY” (- Riw mue) bud ‘‘WOc~” (whlmnk creek 

TU ~oiom 1s cordheat with War am in the Chch River Smdp @faton; 
1961,lrn). 

thh nport r0 d&nste dlstm- UptrsRm, in d. &om the m,tKf \be Clinch 

&) mwd by, tlgumS plso dedgMt4 dlrt.nee &Om the mouths d the streams 

h history of sample collection, preparation, and 
analysis for each sampling station is shown graphically 
in figure 3. *4t the beginning of the project, water 
saniples froin the statiolis at TRhI 529.9, TRM 471.0, 
CRM 41.5, CRM 5.5, and WOCM 0.6 were collected 

The water-sampling station at CRM 14.4 was oper- 
nted as part of the Clinch River Study only during tlie 
second year of the sampliiig period, and only radio- 
chemical rmalym of didarge-weighted 7-dey c~m- 
posite samples were made. Ho-ivever? stable chemical 

.- ______------- ’ TRM 529 9 Trailrace at Watts Bar Dam ------A:---.- 
- 

! EXPLANATION /- 

.TRM 4-1 KENTtJCKY j v I RG I LA 
Water-sampling station 

Nu- PO mtes ddonce upstreom 

81 mile; [*or nc * 

i 

1 
i TRM 5918 Loudon 

’ TRM 471 0 Tratlrace at Chickamauga Dam 

1 

I 

1 

jTENNESSEE 

I z 

io 0 IO 20 30 40 MILES 1 
LIr - I1 ’ 

I LA-.--- 

FIGCBD P.--Locatloas of nnter-sampllng stations on the Tennersee Ilircr. Outllne shows area of flgure 1. 
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malym of non-discharge-weighted '(-day coniyosite 
samples from that station had been made during the 
preceding year at facilities of the Analytical Chemistry 
Division, ORXL, and ham been included in the data 
used in this report. No stable cheinical analyses were 
made of samples from the sampling station at White- 
oak Dam (WOCM 0.6) as part of the regular water- 
sampling program of the Clinch River Study, but analy- 
ses of samples collected during a later, noncoincident 
period, November 1962 through November 1963, made at 
facilities of the Analytical Chemistry Division, ORNL, 
are included in this report. 

The intake at each water-sampling station was lo- 
cnted at a pint in the stream channel where mixing 

ws9 believed to be complete and a ho~nogeneous snn~ple 

of the stream could be oltninrcl. &rnl)les wcre not pre- 
scryed in any way. nnd althoiiqh the dilute nature of 
the water in dl three streams may hare serrecl to mini- 
mize compositional changes that occurred bet ween tfic 

time of collection and the time of analysis, some changes 
probably took place nonetheless. These changes, vhich 
were assumed to be minor, were made less significant b? 
the preparation of composite samples. 

Stable chemical analyses were performed on ram 
water samples at all stations except the stations at 
WOCIU 0.6 and CRM 14.4, for which analyses were run 
on filtered sninples. A~~nlyses for stable strontium at all 
sampling stations were performed on filtered samples. 

c 1 WOCM 0.6 

S 

R 

CRM 55 

TRM 591.8 
s 

R 

TRM 529.9 S 

R 

S TRM 47 1 .O 

EXPLANATION 

CRM 41 5. water-sampling station 

S stable chemical analyses 
R. *s<tocrsr?~cai analyses 

7-dav composite samples 
., 

Z22fi 
Not discharge ueighted 

Discharge Heighted 

30-day composite samples 
-. _.^ 

- ___ 
Not discharge Neighted 

-7 
Discharge weighted 

A 'S '0 ' N 'D J F 'M 'A Mi J ' J ' A'S 0 N' D; J F 'MIA 'M'J ' J A' S' 0' NI DI J ' F 'Mi A'M'J 'J 'A ' SI 0' NlC 
1960 1961 1962 1963 

FXGVOS J.--Bistory of srrnpllnl( and analysh of water for Clinch River Study. 
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Deteri~iiiiat ions of the plipic.nl properties and the 
content of major wid minor elements in the water am- 
Iiles from the stations at CRJf 41.5. CRV 5.5, TRM 
31.3, 'l'EAf 539.9, and TRM 471.0 were made at the 
chemical laboratory of the Teimesee Stream Pollution 
Control Board, Nashville, Tenn. Determinations of the 
content of trace elements in the samples were made at 
facilities of the Analytical Chemistry Division, ORNL. 
Radiochemical nnalyses of the samples were performed 
by personnel of the Division of Radiological Health, 
U.S. Public Health Service (USPHS) , Cincinnati, 
Ohio. Moat of the analytical methods used have been 
described in publications of the respective agencies (see 
Tennessee Stream Pollution Control Board, 1960; 
Railis aiid otlierc. 1962; Feldman aid Rains, 1964; 

Porter and others, 1965 ; Hallbach, 1959). 

STABLE CHEMICAL COMPOSITION OF WATER 

CLINCH RIVER WATER 

Partial results of stable chemical analyses of com- 
posite samples of Clinch River mter prepaid during 
the %year sampling period as part of the Clinch River 

Study haye been reported by JIorton (19G2a, b), the 

Tennessee Stream Pollution Control Board (1960. I%l. 

1353), and thc Tennessee Y-alle~ Authorit? I 19C.3). -1 

statistical sunlmnry of the resilts of all anal-ses is giren 

in table 2. Maximums, iiiinimums. aiid standard devia- 
tions listed in table 2 are for compositc samples and thus 
do not represent the full range of compositional varia- 

bility of the stream. 
Tn this report, the units which indicate concentrations 

of dissolved solids and individual ions determined by 

chemical analysis are reported both in the English xiid 

metric systems. This change from reporting in "Englisli 
hits'' has been made as I part of a gradual change to 
th5 metric system that is in general use by the scientific 
community. The change is intended to promote greater 
uniformity in reporting of data. Chemical data on con- 
centrations are reported in both milligrams per liter 

(mg/l) and in parts per million (ppm) , the units used 
in earlier reports in this series. For concentntions less 
thm ;,@lo mg'l, the numbers reported are about the 
same as for concentrations in parts per million. 

It 



COMPOSITION OF WATER AS RELATED M DISPOSAL OF RADIOAmIVE WASTES 59 

CaI,-iiiiii is tlie l~rrdoii~itiant clisolrml ratioti in C'liiicli 

Rivrr \vatrr. aiitl 'uit*:irt)ciiinte is tlie prccloiniii;int :urion. 
'llie cliciiiical composition of tlm nater pre,wn:iI~Ij- is 
the resiilt of tlw nbundnnt-e of linic~tone and dolomite 
in bedrock underlying the c1rain:ige basin of the Clinch 
River. 

Analytical results for all three sampling stations are 
very similar. Diff.xent water velocities at the most up- 

streani and the most downstream sampling stations 
probably account for differences in mean turbidity, sus- 
pended solids, and iron content at the two stations. Iron 
and manganese in the water appear to be associated 
with suspended solids which settle out of the water as 
relocity decreases with distance downstream. Differences 
in nitrate content betreen the two stations probably 
reflect local differences in use of fertilizer on farmland 
drained by the river. Differences betreen some of the 
mean dues for the sampling station at CRhI 14.4 and 
the other two stations are probably the result of different 
total smuplin;: periods and clit-ferent methods of sample 
proassing at the two laboratories involved. (See foot- 
notes ncconipan-ing table 2.) 

Periotiic :iii:tl~-xs of co:n1mite water zninplt~~ from 

CRJI 14.4 for trace and miiior elements were made by 
the spectrographic laboratoiy at ORXL during an 11- 
nioiitli period froiii February 6. 1961. throiiFh ,Jmuxry 
5, 1962. Tiie i,csults uf ~Iic5t' aiuljses :ire stirmiinrizcd 

in t3lJh 3. rater samples cornposited on ;t n-eeklj bxsis 
(not disc!i:l:.-ia n-eighted) were analyzed for cesium, 
<wi;nlt. nit hen i ui:~ ~iid he s:~. y-:jllwt ch romiii in. 21) :I r~p - 

TAULE 3.-&ltnrmory oj andyses of co?npcsile samples of Clinch 
Riuez waierfoz trace and minor rloricnts I 

proximately cvery third (hoinpo,itr samplc was analyzed 
for cop~~~r, r ul, i diiiiii, ai I 1 moniiim, zinc, L:i rim, almi- 
nuin, ni:~~ig:iiiese, titaniirrli, zircuni~im, nickel, fluoride, 
brornide, iodide. lithiiim, and beryllium. 

Discharge-reightcd mean nionthly concentrations of 
stable cheniical constituents were computed for the 
three stations on the Clinch River, plotted, and exam- 
ined for seasonal variations. Turbidity, apparent color, 
centrifuged color, suspended solids, and iron, all largely 
controlled by seasonal variations in rainfall and surface 
ruiioff, varied in the same geiierd manner as discharge 
in the river, being highest in late winter and early 
sprixig. Hardness, calcium, magnesium, sodium, and 
chloride showed maximum concentrations in the au- 
tunm, when ground-water contribution was the maxi- 

mum percentage of total flow, and minimum concen- 
trations in the spring, when much of the flow came from 
surface runoff. Organic nitrogen (Kjeldahl method) 
reached a niasirnuni in the early summer. Sporadic high 
coiicr:itr:itions of nitrate that occurred in spring are 
assumed to reflect the us8 of nitrate fertilizers on farm- 
Inntl dr:iiiiinq into the river. Potssium shoKed a max- 
imuiii in the spring, nri~l sili(-<i sliou-ed n maximum in 
the siinmier and n niinimum in the winter. Examples 
of seasonal variations in selected constituents at CRM 
41 : :ire sl:o\~-n rr.iph'rnl1.- in figire 1. 

WHITEOAK CREEK WATER 

A statistical summary of t!ie chemical composition 
of Whiteoak Creek water is slion-ii in table 4. The data 
are based on 27 7-Jny conipos:te mnples of water pas- 
sing oyer Whitsoak Dam (WOCM 0.6). The snmpIes 
were collected orer a period of 1 year by means of a 
sampling device wIlich took snmples that were propor- 
tional to the discharge over the dam (hbee and Hart, 
1961). The composite samples for the determination 
of major and minor element concantrations were col- 
lected every other week during the 1-year period. Sam- 
ples for trace-element analysis (strontium, cesium, and 
nrbidium) were collected during the alternate week 
The sampling period for ~teoak Creek water was 
not coincident with that for Clinch River water and 
Tennessee Rirer water, as noted in a preceding section 
of this report. 

Whiteoak Creek water is a calcium bicarbonate mtar 
that is similar in composition to Clinch River water 
but is more highly mineralized. It has a higher contant 
of sulfate, nitrate, phosphorns: and sodium than does 

Clinch River water. It appears also to have a somewhat 
higher average content of bicarbonate and calcium, and 
a somewhat lower content of magnesium, but minor 
differences in composition cannot be adequately defined 

due to lack of concurrence of the sampling periods. 

I E 15731 
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TABLE 4.-Summary of stable chemical analyses of composite 
saniplcs of 1Yhiteocik Creek wafer 1 

- -. .~ _____ 

Meail Standard JIinimulu Jlsxi- 
deviation mum 

125 
32 

23 

6. 0 
5. 1 

C) 

24. 2 
4.6 
1. 7 
2.0 
6. 4 

8.2 

1. 6 

1. 7 

. 08 

.60 

14 

283 
.50 

5. 8 
.1 

1. 2 
.30 

7. 8 
.87 

60. 3 
.31 

.007 

.012 

. o0041 ~.~~. 

.002R 

.076 

. oosl 
4. 3 

7. 2 

79 
22 

3. 1 
2. 4 

17 
1. 8 
. 01 
. 16 
.91 

.04 
41 

8. 0 

168 
40 

39 
25 

9. 1 
9. 7 

.44 

.79 
2. 1 

2. 6 
32 

160 
.26 

410 
1. 2 

. 01 

. 065 

. 00016 

.0013 

. 10 

.0057 
14 

1 S impliiig period Nov. 18-25, 1962. through SOF. %30. 19153. Chemird nnalyses 
of 7.hy composite samples prepwed every other week (27 samples for each con- 
stituent) from samples collected at Whiteoak Dam W0C.V 0.6). Samples for analysis 
01 Sr, Cs. and Rb were not takeii In same wvks samples for,analysis of the other 
cormicuents. D.ta dischar welghted except for discharge, wbch IS (me weighted. 
Chrrnlcsl analysls by OR& on filtered samples. 

- x ,t :dCuL:d. 

.oo5 

. 050 
<. 00001 

.00013 

.OM . 30 

.001 042 
5. 1 Si 

.04 

.loo 

.oo20 

.0096 

Some of the compositional diflerences no doubt are due 
to the relea= to Khiteoak Creek of liquid wastes from 
chemical processing 0per:ltions :kt ORSL. So well- 
defined seacoiial variations in constituent concentrations 
in Whiteoak Creek water were observed. 

The entry of Whiteoak Creek into the Clinch River 
would be expected to have little mensurable effect on 
the composition of Clinch River water because of the 
high dilution (mean, 670: 1) of the creek water by the 
river water. However, the resulting change in the chemi- 
cal environment of solids suspended in Whiteoak Creek 
\rater could induce such reactions in the solids as the 
release of sorbed ions or the dissolution of precipitates 

for example, calcium carbonate). 

TENNESSEE RIVER WATER 

Partial results of stable chemical analyses of com- 
posite samples of Tennessee River water prepared dur- 
ing the %year sampling period have been reported by 
Xorton (i962a, b), the Tennessee Stream Pollution 
Control Board (1960, 1961, 1962), and the Tennessee 
\-'alley Authority (1963). h statistical summary of the 
results of a11 analyses is given in table 5. As noted 
before, maximums, minimums, and standard deviations 
are for composite samples and thus do not represent the 
full range of variability of the stream. -4 comparison 
of tables 2 and 5 indicates that although Tennessee 

River water is a calcium bicarbonate type similar to 
Clinch River n-ater, it cont:iins someffhat less calcium, 
inagnesiuni, bicarbonate, and sii~pended solids, and 
somewhat more sodium and cliloride, than does Clinch 
River water. 

The decrease in turbidity arid iron content between 
the background station (TRJZ 191.8) and the two dom- 
stream stations at Watts Bar Dam (TRM 529.9) and 
Chickamauga Dam (TRM 471.0) was probably due to 
the settling out of suspended solids caused by decreased 
water velocities in the reservoirs upstreim from the two 
dams. The higher content of sodium and chloride in 
Tennessee River water, as compared to Clinch River 
mater, is probably due to chemical wastes from indus- 
tries upstream from TRM 591.8. Dilution of Clinch 
River water by Tennessee River water is approximately 
sixfold. 
An examination of plots of discharge-weighted mean 

monthly concentrations of stable chemical constituents 
at the sampling stations on the Tennessee River showed 
that turbidity, apparent color, centrifuged color, sus- 
pended solids, and iron varied in the same manner as 
discharge, which is largely controlled by seasonal vari- 
ations in rainfall and runofl, as in the Clinch River. 
Hardness, calcium, magnesium, sodium, chloride, gil- 
f&, and dissolved solids showed maximum concentra- 
tion= in the xiitiiim and mininlum concentrations in the 
spring, probabl? due to the relatively great contribution 
of groundwater to streamllo-~. and decreased dilution 
of wastes, during the dry autuniii months. Spordic high 
concentrations of nitrate in Tennessee River water dur- 
ing the summer proball:- resulted from agricultural 
application of fertilizer. Potassium showed maxima in 
both spring and autumn. and silica sho~ed a maximum 
in the autumn and a lniiiiniurn in tlic winter. It may be 
that the latter tKo constituents are present both in asso- 
ciation with suspended solids and in solution. 

CONSTITUENT COMPARISONS AND INTERSTATION 
COMPARISONS 

Concurrent rnriations in concentration Kere stntis- 
tically compared for each constituent pair at each sam- 

pling station. Turbidity, apparent color, and centrifuged 
color varied in a manner similar to that of suspended 
solids in the Clinch and Tenne-see Rivers, as expected. 
Ir- and man-oanese, and at some stations silica and po- 
tassium, varied in the same manner. This variation sug- 

gests that those constituents are pment in the water 
primarily 111 association Kit11 solid particles. This asso- 

ciation was conhrmed for iron and manganese by the 
considerably lower contents of the two elements in 
samples from CRM 14.4 than in samples from other sta- 
tions on the Clinch River. Most of the suspended solids 
were removed from the samples collected at CRM 11.4 
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._ . 

................. Turbldlty, ppm (mafl) 14 11 3 52 6 7 
Apparent color. ppm (IIIE,~)-. w s-3 34 272 33 49 
Centrifuged color. ppm \rng/lj 23 21 5 95 24 23 

.......... 
.......... 

............ ................... 
I J) 7. 1 8.2 "1 is) - E... -1.. tS) 
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C.. ppm ml$!lj.-- -1 
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804, ppm (wl\ ._._. 11 4 1 19 I? i 
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YO .? .o 1.1 .2 .1 

.41 .5 25 1.8 ,; y 
SI. ppm (m&l)-- 3. s .54 "4 4. 7 3.1 .4?3 

Suspended solids. pprn (mgil) .__._. ._ .__ __ 13 0 63 
~isso)ved SOU&, pprn (mg,!l) 11'1 27 iS 177 112 19 
Total xdl4s pprn (mgll) 141 25 105 IS9 1% 1s 
Lidd3hl N.'= N. ppm (mg!l) ........... (a) .................................... 

Sr. ppm 1. __. .m .OH ,039 ,088 ...................... 

................... RCO I. ppm (rnvQ.-. 64 10 54 95 80 <.6 
......... 

....................... 34 P 4. 5 
......................... ti ? 

15-8 lj .......................... 
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NO* pprn (mfl-?;;: .................... I. s 1.9 .4 10. I 1.8 "7 
................... 

.......................... !). 5 3. 7 3.9 16.0 6s -., 
....................... 

31.9 122 a7 177 33.6 Speeiflc conductance nt SCC. rmh ou..... 12 
15 13 

............. 
................. 

.s .2 
.1 .I .o .2 .o .03 Mn. ppm (mu). - ..____ ____. ___. . ___. ___ 

Dlsfberge. CIS'-.- ....................... 2l,+B 9. 1% 13.4W a, ;'JO 31,340 1~3~ 
........................... 
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1; 
4.3 
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3.1 
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1 
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5 
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44 
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2. 4 
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1.7 
2.6 

13 
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51 

.? 
.I 

-- 
1.l 

.2 

.o 

35 
2.23 
11s 

Si 

11s 
3 
10.2 
3 
3? 
Ili. 3 
2. 1 
.4 

?. 0 
11.3 

4. 1 

e. 2 
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221 
44 
131 
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1. I 
.2 
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18.870 644a 3s.w li,.IDO 2?2m x.m 

1 1)wh Lndicatcs chit constituent wx not determined. 
Sot disci?xgc weighted. Ulicharge data 1s time mlShtcd. 

bv ccntrifugntion :)rior to annlJ-sis. The suspended 
solids content, turbidity, and color of Tennessee River 
K .fer varied ilirec-!ly w:?'L d;:c1::~1.~~. I>!:( t1)is ~~:lit~~i~r1 

JTN not well defined in Clinch Rive? water. At two 
st itinnrz. strcvitinm shwved a significant positiye ri?rre- 
I:: ,(,11 with c<\l!t'iwl, 3.i: one might espcct if the twochem- 
i. ,11~ similnr p!e::ieiits n-ere both tlt ;.ired fyom nriturnl 
v -athering plosesses. In the lorrer Clinch Eiver, stable 
strontium varied in\-erselJ- with suspended sediment, 
1 sibly as a r~i:lt of dilution of ihe river wter b~ Inv- 
strontium surface mioff at times of high rainfall. 

Each of the major chemical constituents of White- 
oak Creek water-bicarbonate, calcium, sulfate, sodium, 
magnesium, and chloride-showed a significant posi- 
tire correlation with each of the other major constitu- 
ents and with specific conductance. All but sulfate 
sho\rccl significant negntii.e corre!zrions ~ith cliscliarge 

a result of dilution of Whiteoak Creek water by sur- 
face runoff at times of high rainfall. Most of the sodi- 
um, chloride, sulfate, and nitrate in Whiteoak Creek 
wnter at TPhiteoak Dam probably originated in w ste 

Statistical tests indicated that for sampling stations 
on the S~MC stream? mc-n:ic: and r-ar:nnces for 3n-dny 
composite samples were the same within statistical lim- 
its for most of the individual chemical constituents. 
When mean concentratiorfi for ?-day composites mere 

compared for n 24-weeli period dcring the Tinter and 
spring of 1960-61, high positive correlations were ob- 

from ORNL. 8 

taiiied between the pir of stations ut CEJf 41.5 nntl 
CRM 5.5, and betwen the pair of stations at TRM 529.9 
:iv(! TRM 471.0 for constituents ik1:ited to >it: f,iLt' ~:n- 

off and thus more variable in relation to location on 
t !,e river-t! nt is. turbidit?. apparent color, centrifuged 
color, iron, niicl ninnpnesl?. Thesu rcsiilts sucrest that 
one snmp'ing station on eci~li rirer ~ould hnre been 
sufficient to characterize the contents of chemical con- 
stituents not directly related to solids suspended in 
the n-ater when the cornprison n-ns based o:i 30-day 
coiuposite samples They also emphasize the lack of 
ninjor change in chemical composition of either the 
Clinch River or the Tennessee River as R result of the 
entry of tributary streams in the reaches of ri.cer 
studied. 

R.%DIOCHEMICAL COMPOSITION OF WATER 

The results of radiochemical analyses of discharge- 
weighted 7-day composite water samples collected at 
Whiteoak Dam (WOC'X 0.6) during the '>-year sam- 
pling period have been reported by Churchill and oth- 
ers (1965). Man and median values for the sampling 
period, beginning November 1960 and ending Novem- 
ber 1963, for the distribution of the four most impor- 

tant radionuclides between suspended solids (particles 

greater than 0.7 micron) and the water phnse (dis- 

solved or as particles less than 0.7 micron) are listed in 
tahle 6. It is apparent that most of the cesinm-137 is 
associated with suspended solids having a diameter 
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larger than that of colloidal particles. The other three 
yndionuclicles owur ni.iinly citllcr iil soliltion or in aso- 

ci:ition \\ itfr susltt~iitlcd solids of r.l)lloidal rtr nc.:tr-coI- 
loidnl sizc. 

The diLtri1hon of the four iadionuclides between 
susl~cnclcd dids and tho water phase in 7-day COW 

posite sam1,les from five of the sis water-sampling 
stations on tho Clinch River and the Tennessee River 
also is shorn in table 6. Most of the cesium-137 in 
Clinch River water is associated with suspended solids 
larger than 0.7 lrlicron in dianieter, but this apparently 
is not true in the Tennessee River. However, much of 
the cesium-137 in Tennessee River water may be 8~90- 
cirrted with finer particles that remained with the water 
phase during processing of tho sx~,mples. The cesium-137 
content of bottom sediment in the lower Clinch River, 
and in the Tennessee River between the mouth of the 
Clinch River and Watts Bar Dam (TRM 471.0), is 
primarily due to deposition of the larger, settleable 
particles of suspended sediment. 

The radionuclides cobalt-60, ruthenium-106, and 
strontium-90 are sssociated primarily with the water 
phase of the two rivers, but the significant fractions of 
cobalt-tic) and ruthenium-106 that are associated with 
suspended solids in the lower Clinch River (table 6) 

may be taken as evidence that there is some association 
of t!ioze trr9 ntlionuclides with suspended fine particles 
in bath rivers. The premxe of all four radionuclides in 
Clinch Hirer bottom sediment (Carrigan, 1969 ; Picker- 
.:g, 1:Wj further indicates their adinit? for  solid^ car- 
ried by the river mater. 

‘IIlt. cI~.:~-i~t. of cobalt-C,O slmn.e(l :L high positive ~{)1’- 

relation with that of ruthenium-106 in 7-day composite 
water samples taken at Whiteoak Dam (coefficient of 
correlation 0.93) :L~J the tno downstream sampling 
stations on the Clinch River. (0.71 at CRM 14.4; 0.74 

at CRN 5.5) during the two sampling periods This 
correlation probably resulted from the mmon origin 
of the txo radionuclides in seepage from liquid-waste 
disposal pits in Whiteoak Creek basin (Lomenick and 
Ckirdiner, 1965). No significant radionuclide correla- 
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tions were observed in samples from the Tennessee 
River, possibly becausc concentrations of cesium-137 
nnt1 cobillt-f;O nc’re nenr the lower limit of detection in 
mimy of the s~nrpIes and could not be determined 
ijccurately. 

RELATIONSHIPS BETWEEN STABLE CHEMICAL 
COMPOSITION AND RADIONUCLIDE CONTENT 
OF THE STREAMS 

Comparisons betwecn variations in radionuclide con- 
tent and variations in stable clicmical content of water 
samples from the individual stations have pmvided 
some evidence coneenling the origin and the chemical 
form of the various radionuclides in the water. 9 high 
positive correlation of the content of strontium-90 with 
pH (coefficient of correlation 0.82) in weekly samples 
of water passing Whiteoak Dam (WOCM 0.6) suggests 
that much of the strontium-90 in mhiteoak Lake may 
be associated with prxipitnted calcium carbonate. High 
positive correlations of ruthenium-106 and cobalt-60 
with the nitrate content of water passing Whiteoak 
Dam (0.75 and 0.80 respectively), together with their 
very high niutual corrclation (Q.93). confirms previous 
observations (Morton, 1OG3, p. 19) that the source of the 
two radionuclides is high-nitrate seepage water from 
intermediate-level waste-disposal pits located in the 
basin of Khiteoak Creek. 

A high positive correlation of cesium-135 content 
with specific conJii~’t:i:!~’e (O.QI1, and with several of 
the minor chemical constituerlts in Whiteoak Creek 
water, and its 1ni.k of si,rrnificmt correlation with the 
contents of ruthenium-lcici, cuilalt-60, and nitrate, sug- 
gest. that the origin of cesium-137 is not the sxne 25 

that of the other two radionuclides, and supports the 
contention (Strumless and others, 1967, p. 27) that 
treated process waste n-nter relexsed from ORSL, arid 
erosion of sediment from former impoundments in 
Whiteoak Creek, are the major sources of cesium-137 
in the creek water. Concentrations of suspended solids 
in water samples from Whiteoak Creek were not deter- 
mined, but it can be asumed, an the basis of the distri- 

CRM 41.5----- ----- 24 21 76 79 82 100 18 0 5 0 95 io0 44 29 56 71 
wocir 0.6 _________ 2 1 98 99 69 79 31 21 19 12 51 P8 6 4 94 96 
CRM 14.4*-------- 6 4 94 96 92 100 8 0 27 25 73 75 21 17 79 a 
CRMS.5----------- 9 6 91 Q4 86 100 14 0 30 25 70 75 21 16 79 &I 
TRM529.9 ----- --_- 9 8 91 94 30 0 70 100 2 0 98 100 11 7 89 93 
TRM 471.0 ____-__-- 10 6 90 94 19 0 81 100 3 0 97 100 15 8 85 92 

I Data Irom ChurchlU and olilen. 1365. 
a Includas suspended wllds lesa than 0.7 mlcron in diameter. 
* 8.mpUog pulod. Janasry 1982 thr-h N0osmh 1962. For J1 other stations. aamplfng period was November 1W through November I=. 
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but ion of cesiuni-137 between suspended and dissolved 
soli~ls in the samples 011 n.Iii~-li ra~lioC1iCiiiii~;il anal~sccs 
wro pei.ft)rttw(I ((‘liurchill and others. 1%;;) and 
stutlies of suspended sediincrit in Whiteoak Creek above 
\Vliitcoal; Lake (Morton, 1363, p. %), that a high pi- 
tire correlation betn-een the concentration of cesium- 
137 and the content of suspended solids in water sam- 
ples collected at Whiteoak Dam would have been 
observed if the appropriate determinations had been 
made. 
No significant correlations were observed between 

radionuclide and stable chemical concentrations for 
7-day composite water samples from CRM 14.4, but for 
30-day composite samples, strontium-90 and ruthenium- 
106 correlated positively with iron (0.90 and 0.85 respec- 
tively) and negatively with stable strontium (-0.94 
and -0.78 respectively). This correlation suggests that 
the two radionuclides may be in some way related to 
surface runoff. It should be noted that both stable 
chemical analyses and radiocheniical analyses of sam- 
ples collected at this station were performed on the 
supernatant liquid remaining aftar centrifugation of 
the samples to remove large4i:mieter particles of sus- 
pended sediment. 

At CRM 5.5, concentrations of cesium-137 showed 
significant positire correlations with the contents of 

su=pcn,lcd solid=. iron, nnd mnnpnese (coefficients of 
correlation 0.63, 0.65, and 0.56 respectively}, and with 
turbidity and apparent color (0.62 and 0.57 respec- 
tively), components knon-ii to \.;11.>. xith the amount 
of sust:ended sediment. contributed to the river by sur- 
face runoff. A better correlation n-ould not be expected 
becnuse of the many sources of suspended sediment 
entering the. Clinch River and the commonly uneven 
sliort-term distribution of rainfall in the basin. 

No high correlations of rdiochemical constituents 
with stable chemical constituents were observed for 
samples obtained at the three sampling stations on the 
Tennessee Kiwr, but sonic v-eak correlations suggested 
&at the content of ruthenium-106 in the water was 
higher nilen suspencled scrliment contributed bv surface 
runoff was most abundant, and it was lower when the 
dissolved-solids concentration was high. 

It should be noted that correlation of the content of 
certain radionuclides with parameters related to the 
suspended-solids content of water in the Clinch River 
and Whiteoak Creek do not necessarily indicate that 
the radionuclides are associated with suspended solids 
in the tn-o streanii:. Flushing out of seeps from n-aste- 

dispossl pits in the basin of Whiteoak Creek during the 
initial period of rainfall Todd produce an increased 
content of ruthenium-106 and cobalt.-fX in mhiteoak 
Creek water at the same hie that turbulence due to m- 
off was producing an increase in suspended solids in the 

stream. Supporting evidence, such as that given in table 
6, musk therefore be songht when a relationship of this 
sort is suspcted. 

COSCLUSIONS 

Comprehensire chemical analyses of composite water 
samples collected from Whiteoak Creek, the Clinch 
River, and the Tennessee River over a 3-year period 

indicated that all three streams contain water of th0 
calcium bicarbonate type, presumably as a result of the 
abundance of limestone and dolomite bedrock underlg- 
ing their drainage basins. Tennessee River water is 

-similar in composition to Clinch River water, but con- 
tains somewhat less bicarbonate, calcium, rnagneshm, 
and suspended and dissolved solids, and somewhat more 
sodium and chloride. Whiteoak Creek water is more 
highly mineralized than the other two streams, and has 
a higher average content of sulfate, nitrate, phosphorus, 
and sodium. 

Turbidity, apparent color, centrifuged color, and 
suspended solids increased seasonally with increased 
amounts of rainfall and runoff in the Clinch and Ten- 
nessee Rivers, and the contents of major dissolved 
constituents and total dissolved solids in the tmo rirers 
increased during the autumn when contribution of 
ground water to streamflow is greatest and dilution of 
wastes is least. Iron and manganese appeared to be pres- 
ent in the two streams predominantly in association 
with suspended solids The composition of water in 
IThiteOak Creek showed less seasonal variation than 
water in the other two streams because of the substantial 
contribution to its total 00w of treated process Taste 
water from Oak Ridge Sationd Laboratory. 

In t 110 Clinch and Tennessee Rivers, progressive 
changes in chemical composition of the xater with dis- 
tance downstream in the two study reaches were small 
for most of the major chemical constitue.nt9 However, 
changes with distanca downstream in turbidity, color, 
suspended solids, iron content, and manganese content 
were observed during rainy periods when the strpems 
were receiving a heavv contribution of overland runoff. 

Most of the cesium-137 released from Whiteoak 
Creek was associated with suspended solids. Cofielation 
of cesium-137 with other constituents sssociated with 
suspended sediment in the Clinch River indicated that 
this association persisted during downstream transport 
of the radionuclide. A high positive correlation of &on- 
tium-90 with pH at Whiteoak Dam (WOCM 0.6) may 
have been the result of association of strontium-90 with 
pwipitoted calcium carbonate in Whitecult Lake+ as 
suggested by other investigators. 

Close similarities in variations in concentration be- 
tween ruthenium-106 and cobalt-60 in both Whiteoak 
Creak and the Clinch River, and a positive correlation 
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of the two radiclilrditles with nitrate at Rqliteoali Dam, 
wflcvtctl tlrvir COI~~I~H)I~ origin ill 11igIi-riitr:~te +)Itit ions 

ieltusetl to liquitl-w:t.~tt~ dis1m:~I 1)its iI1 tlit: t):t+ill of 

\Vliitc.oak Ciwk. 'I'heir 1ac.k of sigpific;\rit cor.i.rIatio11 

with cesiuiii-1;;7 or st rontiiuri-l)O incticutcul otlwr origins 
for those radionuclides. 
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