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MCYEMENT COF RADIOACTIVE ENFFLUENTS IN NATURAL WATERS AT HANFORD
By

J. F. Honstead, R, F, Foaster, and W, H. Bierschenk*

INTRCDUCTION

The hazardous quality of radicactive isotopes cannot be destroyed except

by meanz of natural decay. The processes commonly referred to as waste
"disposal" therefore, actually resolve intc systems wnich perform one of

twe functions. Xither the radiosctive material is injected into a path

thet is of long enough duration to permit suiteble decay of the radio-
isctopes before they appesr im a populated domain, or they are sufficiently
diluted by environmental materials toc levels of no concern t¢ the population.
In actual practice, a combination of the dilution-decay principles is

generally empioyed.

At Hanford, there are two major sources of low-level radicactive effluent
solutions. One of these is the large volume 2oo0ling water stream dis-
charged from the reactors. The radicactive material in this water resultis
from the activation of iwpurities in the waiter and corrosion products from
the reactor hardware. The activation products are characterized by rela-
tively short half-lives and are generally .ess hazardous than the long-
lived fiseion products. The cooling water is discharged directly to the
Columbia River where the very large dilution capacity and a significant
decay interval reduse the concentration of radioisotopes to a small fractiom
of the maximum psrmissible drinking water limit for members of the public
living in the neighborhood of controlled areas.

The second major sourcze of low-level activity solutions is the complex
system of zhemical plante used for the processing of uranium fuels tec
recover the piutonium product. The radicactive material contained in
these wastes ig largely a mixture of fission products. Typically, the
relative hazard of a mixture of fission products is determined to a major
extent by ite concenmtratiom of strontium-90 {28 year half-life). Since
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this isotope is very toxic, the wastesd must either be decontaminsted with
regpect tc 5r90 with excepticnal sfficiensy or must be dispesed of in a
manner that assures a sultably long decay interval before they reach s

point aceessible to the public. Controlled ground dizposal of low activi-
ty sclutions from Hemford chemical prosessing plants uvtilizss primsrily

the long decay interval concept of proteciting employees and neighboring
populations from exposure to radiocasctive matzrlals. Thus, waptes are per-
mitted te Infiltrate the earth sedimerts and those components that eventu-
ally reach the water table move 2lowly with the ground weier to the Columbia
River.

The Hanford plant ig located in scutheastern Washington in a semi-arid
region within the rain shadow of the Cascade Mountsing. The more than
1,500 square kilometers controlled by the ABC at this location provide
ample isolation from populsted arecas (Figure 1). The Colunmbtia River

flows through the plant providing large supplies of water for plant oper-
ation and dilutlon for low-level waete effluents. The Ccolumbia flow messur~
ing station nearest the Hanford reactors iz zome 98 kilonsters upstream.
The runoff from 232,000 asguare kilometers flows by this station (3%). There
is normally cne major temperature cyecle and one major flow cycle annually
on the Columbia River. The river generally crests in the month of June
with flows of more than 15,000 cubic meﬁere/se@n and it haz a low watsr
period which extends from September to April with minimm flows of about
1700 cubic meters/sec. River temperatures are typically highest, aboutb

20° ¢, in August and September as the high flow recedes. Low river tempera-
tures, about o C, cceur rather regularly in February. Inasmuch as over
mich of its course the river behtom is sandy or rccky, the water iz olean
with turbidities generally averaging less than 7 ppm except during high
flows when they may briefly exceed 30 ppm. The hydrolegy of the ares iz
such that all underground drainage beneath the plant is directed toward
thig river {1). The river thus represents the gole path whersby radic-
active material in solution csn be transporiad intc the public domain.
After leaving the plant, the firzt locationsz st which the waters of +the
Coclumbis River are used for humsn consumpition in large gquantitiss asre the
cities of Kennewick and Pasco. A few mincr applicsaticns of river water
upstream of these cities for irrigaticn, fishing, bathing, and boating

are also subjected %o radicloglcal ziudy.

EFFIUENT DISPOSAL TC THE RIVER

Of the radioaciive wastes genersated by the operstion of the Hanford re-
actors, the predomingnt cnes are reachtor cooling water streams. Afier
passing through the reactor and picking up heat and radicactive contami-
nation, the spent coclant -~ reactor effluent -+ ig dlscharged inbe the
river following a one-to-thre= heur holdup vpericd in retention basing.
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Radipactive isotopes are formed in the reactor by the neutron bombard-
ment of material prasent in the neutron flux by mechanisms that may
involve several puclear reactions. For example, sodium iz a ccmmon con-
stituent of the cooling water fed to the reactor, asnd a substantial part
of the radiocactive sodium-24 measured in the effluent originates from
this source by meansg of an {n, &) reaction, Sodium-2L can siso be formed
from an (n,oC} reaction with aluminum;, and sinse aluminum is used for
Jackets of the fuel elements and for some of the reactor piping, a sig-
nificant part of the radloscdium comas from itbhis source. Another source
that comtributes part of the sodium-24 iz a magnesium isotope impurity
in the coocling water which is converted to scdium-24% by means of an

{n, p) reaction,

Although the exact gcurce of many of the important efflusnt isotopes is

as yet uncertain, it is known that the bulk of the radioactive materials
are activation products ¢f impuritises present in the weter, of slements

in the film which forms on the reacstor tubes and fuel elsments, or of
constituents in the metals of which the reactor compoments are constructed.
Some minor amounts of fission products also occur as a result of natural
uranium dissclved in the Columbia River water undergoing a fission reaction
in the active zone of the reactors,

More than 60 radioisctopes have been identified in the effluent. Figure

2 shows the relative abundance of those comprising most of tha total
radicactivity under normal circumstences st four hours and 24 hours after
Irradiation. ©Since the rate of radicactive decay iz different for each
igotope, the relative abundance of the various iscotepes Iz constantly
changing. By the time the effluent has travelad some 55 kilometers to the
vicinity of the city of Pasco, the effluent compositicon might be expected
to resemble that indicated by the shaded portions of the barg in Figure 2.
Of the total pumbsr of isctopes detected in the effluent, 24 are of
sufficient intersst that their concentration is measured on a routine basis,

The travel tims of the river between the reactor effluent vutfall furthest
downstream and the intake of the Pasce city water plant {about 55 km) has
been measured by float methods {30}, Minimum travel times were 22.% hours
at a river flow of 2500 cubic msterafsecu and 11.2 hours at 10,000 cubic
meters/sec.

The effluent discharged to the river becomes vniformly distributed in the
vertical direction relatively guickly because of the force with which it
leaves the discharge pipes, its high temperature, the turbulencs of the
river, and the relatively shallow depth - 7 to 1% meters The effluent
is slowly spread horizonteily by turbulent diffusion through the 300 to
600 meter width of the river as i1% is traneported downstremsm (22). A
typical dispersicn pattern from one reactor is Lllustrated in Figure 3.
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The tendency for high soncentrations of the sffluent to remain in mid-
stream is advaptagecus o downriver reactors gince thelr shorelins in-

takes plck up a smallar frastion 9f the radioactive materfial. As mentioned
previously, during the fall and winter sonths the river flow iz at its
Jowest, whils during the spring freshet the flow may ipcreasze several

times and thus redu<s the travel tiws belwsen the reactors and the city

of Pagce, While this allows lesz time for radicactive decay of the effliuent
isotopes, the potentia. exposure frow drinking river water is actually re-
duced bavause of ths grester wolume of weaiter avallable for dilution.

The measured amount of radicactive materialz in the river water at Pasco

is less thap that ~alrulstsd from the quapntities rsleased from the reactors'
retention bagins and the measured travel timss. This is ascribed %o the
scavenging of certain isolcpes Ty Living ovrganiswms, suspended sllt particles,
and bottom zediments., This depletion may be considered as a type of "self-
purificaticn” which nag significance in the estimation of the radiation
exposura Lo penple who Irick the watsr and in acrounting for the accumnla-
tion of radiciscteopes in aquatic life and river zediments. After correction
for radioactive decay. the average depletiou amounts to about LO% between
the effluent discharge poiuts and Pasco, The degree of depletion is
different for each particular isstups, ¢aluss having bsen measured for the
16 ipdividual isotopes whichk maks up 999 of tre sffluept achivity. De-
pletien varies from ‘ess than 'O o wors than 60%. Sirce this depletion

is largely dependent upon the sciids soptent of the river, 1t is o be
expacted that ths seif-purifiravion »f the river will vary with stream
conditions. Losses of individual izotopes Trow the water indicate that
chromium-5i and 2ipc-6% should be promiment fa river sediments and thiw

has been confirmed. No asccupuiation of long-lived fission producte has

ever been found in the Columbia River.

At the present time radicfsctopis determination of about 20 isctopes or
groups of isotopes (sufficient to define tne exposure accurataly) are
made at weakly intervals on sampiss of water collected from the Columbia
River immediately below the reartors and at Paszco, apd from the drinking
water supplies of Pasco, Kenunewick, and ths most downriver reactopr,
These weekly analiyses are augsenisd by analyses of sanpies obtained from
automatic squipment which ccllesxts aod combinse aliguots over a week's
period. The composite zamplas are sspecially ugeful in determining the
average contentration of the ionger-iived isctopes. The soniribution
which each reactor makes to the total isctope load in the river is detsr-
mined from samples of the effliuvent which are analyzed each day for gross
keta and alpha emitters. sath week for uranium, pluterium, and poalonium,
and twice each month for the full 20 isotopes or groups which are of
interest to the human exposars limit.

From the ccmprehensive blclogical survsys of vhe river carried cut during
the early years (i2){2€:, it we: possitls to selsst a fow key organizms
such as the Rocky Mountaio whitsfish, and represectative sawpling zltes



te permit continued routine assay of the concentraticon of effluspt iso-
topes in the aquatic forms. Such measurements asre now carried out &z a
part of the regular monitoring program which iz usesd to evaluate the redi-

)

ation exposure sssociated with the cperation of the Hanfcrd plants {20).

LIQUID WASTE DISPOSAL TQ THE GROUND

Operation of the Hanford chemical processing plants regquirez 1.5 tc 2.3 x
1010 1iters of water per year, all of it being suppiied from the Columbia
River. A small fraction of this water leaves the chemicsl processing plants
in high-level radiocactive waste streams tc be stored in underground tanke,
but moat of it leaves as lcw and intermediate-level radicestive wastss +e
be digposed of directly to the ground. Some 70 meterz of sand and gravel
of glacial origin (glscicfluviatile sedimente) imnediately underlie the
waste disposal sites {6). Below this i: an esrlier fluviatile or ls-
custrine formstion (Ringold formation) whish is as much as 200 meters
thick, consisting of silts, sands, and gravels with saversl clay beds.

The water table which is from 70 tc 120 meter:z below disposal sltes lies
largely within the Ringold formaticn bubt externdz in =zome places into the
overlying glacicfluviatile sediments. Belcw these twe msjor units is the
relatively impermeable basalt.

According to Hanford definition, the radicactive concentration of inter-
mediste-level wastes ranges from about 1072 to 100 me/es. Chemical Tron-
¢wzing plant wastes in this category have included’sescnlary decontamt-
nation streams, condensates from high-level waste concentrators, and
supernatant effluent from scavenging proceszses in aged high-level waste
tenks. Over 1010 liters of such wastes had been admitted to the ground
through mid-1959. Separations process ccoling water arnd whility ateam
condensates which may occasionally be slightly contaminated from pPrecess
vessel leaks are considered in the catsgory of lov-level wastes with radic-
active conzentrations less than sbout 5 x 1077 me/es. Abcut 1.4 % 1011
liters of guch water have been discharged to groand.

At Hanford, the semi-arid climste {(averaging less thar 18 ~m of reinfall

per year), & suitable fraction (1-5%) of montmorillenitic clay distributed
through the permesble surficial sediments, and the desp water taole comtine
to produce a situwstion wherein meast of the long~livea radisisctepss in the
waste ere trapped by electrochemicsl) bonds or asre immcehiiized by otlier re-
actions as the liquids seep downward through the acils. Those wesetes thath
reach the water tsble move with the ground weier towsrd +the Columbis River,
the directicn and rate of mcvement being dependent upen the bydrauwlis charan-
teristics of the trarsmitting agquifer=.

The hydrzulic characteristiszg of Hanford aguifsrs havs besn meacured snd

estimated by a variety of established fiell methods {2). These include
evaluation cof data from pumping teshs, spe:ific capsaity testz, dracer
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tests, cyclic ground-water response to river level fluctuations, and hy-
dragulic gradients. Mutually consistent resulte show that the permgab%li—
ty of the glaciofluviatile sediments ranges from abou® C.46 ce/zec/enm
(unit gradient) to more than 2.8 cc/sec/cm2 and the permeability of the
underlying Ringold deposits ranges from about 4.6 x 1072 to 2.8 % 10-2
ce/sec/em® (2). A summary of results 1s given in the following table.

AVERAGE FIELD PERMEABILITY, cc/sec/cm® (unit gradient)

Aquifer Punping Specific ca- Tracer Cyelic fluctu-  Gradient

tegted tests pacity tests tests ations method
A 0.60 - 0.4 - 2.9 G6.79 - ——
3.1 2.0 2.7
B 0.0Lkp - 0.046 - —-—— 0.0L6 - -
0.23 0.19 0.28
c 0.0023 -  0.0028 - —-— 0.007 - C.0046 -
0.028 0.01k 0.027 G.01k

& - Glacicfluviaetile, B - Glacial and Ringcld, C - Ringold

Since 19%%, the chemical processing plants have discharged to ground over
1.b x 10" liters of liquid effluents. Such large volumes have hag a pro-
found effect upon the regional water table. Figure L shows the contours

on the undisturbed water table interpreted from the earliest megsurements
of water level in wells and from general hydrclogical knowledge. Similsr
maps have been prepared periodically over the years and with increasing de-
tail as more wells became svailable (BY. The groud-water contours as of
June 1959 are shown in Figure 5. MTwo distinct ground-water mounds have
been created on the water table, their location, elevation, and shaps de-
termined by the location of the dispcsal sites which fead them and upcn
the nature and geclogical sttitude of the sedimentary formations in which
they occur. It is of importance to stuldy these moundrs since +they determine
the direction and rate of flow of the ground water, ard thisz in turr iz im-
portant in the proper location of dispozsal zites and in fellowing the under-
ground movement of mobile materials.

Ir. the absence of more precise data, it is szegumed that ground water al-
ways moves in the direction of the hydraulic gradient indiseted by the
water table contour map. Therefore, the best mesns of determining the
direction of movement is by drawing vectors parpendiocular to ground-
water contours from high to low hesd. Strictly, even a perfect contour
map of the water table would shew only the horizental direction of move-
ment of the ground water st the mbier tgble. The bydrsulic gradients
are three dimensicnal, however, and the water meves ncet only siong the
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vater table but also to depths below the water table and generally upward
again to the water teble at some other place,

As Figure 5 indicates, the pattern of ground-water movement underlying
the Hanford plant has changed fundamentally during the 1% years of plant
operation, owing to concurrent changes in water-table form, In brief,
the zone saturated by infiltered waste effluents creates a ground-water
divide between two well defined mounds with intermediste-level waste
disposal sites located on the inner flanks of the mounds and the socuthern
slope of the saddle between them. From the northern or cuter flank of
this system, the artificially recharged water largely moves radially
northwestward and northesstward, From the southern or inner flank of the
divide the infiltered wastes converge and move generally southeastward
svinging eastward as their travel path lengthens (1).

The directions of movement described above are those which would be taken
currently by any radicactive waste products infiltering to the weter table
from an overlying disposal site., It must be racognized, however, that
deposits of sand and gravel such as comprise the glaciofluviatile and
Ringold sediments are, in varying degree, lenticular, and in coarse lsnses
wastes would move more rapidly than in the fine materiasls. In addition,
1f the lenses are elongated in one direction or the strata are inclined
steeply, the direction of flow will incline in the direction in which water
moves most eagily. Furthermors, a waste contained in a stream of ground
water disperses both along and transverse to the direction of flow, As
pointed out by Theis (31}, dispersal in the direction of flow reduces

the concentration of the contaminant if the waste is a slug temporarily
intrcduced and gives a warning at a locality downstream of the approach

of a continuously introduced waste stream, Dispersal across the direction
of flow spreads a contaminent more widely but reduces the concentration.

Such factors as heterogeneity, anisotropy, and dispersal assume great
importance in determining the path of contaminants in the ground water.
Consequently, the estimated mean lateral path of ground-water contamina-

tion derived from water table contour maps is taken to represent the probable
minimum distence of travel from beneath disposal sites to the Columbia River.
Based on the hydrologic conditions inferred from Figure 5, a minimum path
from the dispeusal sites to the river of from 29 to 34 kilometers sppears
reasonable, '

The rate of ground-water flow is fixed by the vector quantity describing
the maximum hydraulic gradient. Darcy'’s law for laminar flow is applicable
but enables the estimation of only average velocities. Variation from ths
average 1s likely to bs considerable sc that soms small fraction of the
flow may move at several times the average velocity., For example, fluores-
celn trecers have been detected in observation wells at various distances
down gradient from injection wells. Rates of travel of the dye, baged on

-12=



the first detected arrival, heve been messured to be 52 meters/day through
15 meters of travsl in one cage; 52 meterg/ddy through 3,500 metsrs and

&0 meters/d&y through 4,100 meters in & zsiond ~ase; and 135 meters /day
through 2,700 meters in a third case. These velscities are 3 to 4 times
greater than the calcwlated gverage value:s.

Along the estimated hydraulic path from ground dispessl sites to the river,
grownd-water movement oceurs under sn average hydraulis gradient of sbout
0.00k4 in the Ringcld equifar of permeability estimeted to be 1.4 x 1072
cc/sec/cmeu The effective porcsity of this squifer is estimated to be 10%,
therefore the average rates of mcvament are zalouisted to be gbout 0.5
meters/day» Movement in the highly permeable glaciofluviatile sedimerts
cccurs chiefly under shallow gradients of only sbout 0.0001 and the aversge
permesbility is assumed to be 2.5 cz/om®/sec. Avsrage velosities of sbout
2 meters/day are celeulated for this vortion of the path agguming an ef-
fective poresity of 10%.

Direct movement tc the Colunbia River through glacicfluviatile sediments is
inhibited by the relative positiong of the ground-waber meunds. Instead,
general movement occurs more to the gouth througn Ringeld depozits. Rased
on the average ground-water velccities caluulated from messured gradients
and estimated permeabilitiss and porcsitles of the aguifers affected, a
"travel time" of about 180 years iz caleulsted for ground-water flow from
ground disposal sites to the river. It is recognized however that the maxi-
mum rate of movement of the ground water ard even «f some materisls dissclved
in 1% {e.g., ruthenium-106 and anitrates) may be several times the average. On
the other hand, thoge dissclved constituents that enter into adscrpticn re-
actione {e.g., strontium-90 and zeziam-137 vill move far siower than the
water, the chemical nature of each ion establighing the degree of re-
tardation. Consequently, "isctope travel time" is suggested as a more
descriptive term for the actusl cocurrence of concern, ths ground-water
movement rate teing of significance as it represernts a msximum conceivahle
isgctope travel rate,

Studies at the University of Califorrisa Sanitary Engineerizg Research Tabo-
ratory have shown that hydrauvlie phensmena produce velosity variatisng +hat
bring about a longitudinal mixing of selected irtrudinz and dtsplaczed fluids.
A diffusge zone or "zoncentraticn frowt” fovss rather than s snarply defined
interface (23) (27). The depth of this zome increases in proportion to the
distance traveled due to porticns of the intruding covtamirant meving at ve-
locities exceeding the averags. They slso point cut that ion axchange re-
actions may medify the propagation of a radiciontaminant in two waye: 1} the
median velozity of the conbamirant front will be prediztably less than that
of the ligquid front, and 2) the dspih or dlffussress of ths Front may be modi-
Tigd over that resulting from purely hodrsuli: phencaena. When the radis-
crontaminart is not gslsctively sorbed Sy the exthangs medium. the front will
become incressingly diffuss es it progres:sz through the medium. Whern the
radicecntaminant haz = selective affinity for the medium, as may be the csse
with strontium or cesium as the d&lrols~icg catirn, the front may rather tend
to sharpen as propagation contindss.




Empirical date obtained from radiological monitoring of wells at Hanford
have shown that the chemical Porm of Rul®® in Hanford wastes prevents

this isotope from beilng significantly affected by ion exchange, and anionic
components of waste such as nitrates are apparemntly not affected at all.
Much additional study is needed before the existing knowledge of ground-
wvater travel rates can be applied to the calculation of isotope travel
rates for all of the constituents of interest in radioactive wastes.

Another factor requiring study is the "sinking" of wastes., It is racognized
that the possibility exists for high density wastes to settles in the zone

of saturation by gravity. This concept presumes that the wvertical movement
under gravity will be significant compared to horizontal movement rates

and with rates of dispersicn throughout the aquifer. To date, no clear

cut evidence of this phenomenon has besn cbtained in fisld studies of

waste movement. In general, irregularities in the contamination pattern
observed are explainable on the basis of formation inhomogeneity and
anisotropy, but a more systematic study of ithe phenomsncn Iz contemplated.

CORCLUSICGNS

Although low concentrations of varicus waste components have been found

in wells which monjitor the ground waters near dispoeal sites, ground waste
disposal practice at Hanford has besen so managed that no movement of fizsion
products to the river has been detected. The radicactive material in the
Columbis River is monitored isotopically at the points whera river water

is used, and their exposure potential is summed to permit their svaluation {20},
All radicactive material in the river except that naturally present may
be presumed to originate from reactor effluent.

The calculated average exposure to persons near the plant as a rasult of
drinking water from the Columbia River is less thap 20% of the maximum
permissible limit for members of the public living in the neighborhood

of zontrolled areas and tre exposurs received by persons from consistently
eating some kinds of Iish caught near the plant can amcunt to about this
same fraction. Swimming or boating on the river and the irrigation of
creps provide only minor contributions to the total expesure. No restric-
tions on downsiresm use of the river have resulisd from the presenze of the
radicactive effluent.

It has thus besen illustrated that; for an snvironment of ths Hanford type,
low-level radioastive waste disposal to a river and simsltanecusly to the
ground in its neighborhood may be practiced with safety. This "diluts and
disperse” waste disposal policy is a sound method of dealing with the large
volumes of low and intermediate level wastes that pecessarily are generated
by nuclear plants, Hanford experience illustrates a method of taking
advantage of patural enviromwental festuress in optimizing plant cperation.
A clear understanding of the many factors involived in dealing with waste
disposal problems is, inm fact, necessary to wisely ssiect a mite for such
an installation.
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