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Muen research is being done in the field of hydrology to study these
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icularly cs shey relate to the return flcow of grouad woter Lo o
=iver :élloﬁing passage of a Tlood stafe. As an example, ovcr.35 pepers dezliag
sitn this and_othef'closely related subjecﬁs were presenﬁed a2t the recent weeting
¢? “ne Imternctional Associczticn of Scientific Eydrology(l)-

Tnis peper will present scume background information on hydraulics of water

fcw adjacent to a fluctueting river; discuss evaluation methods and show how

these methods were used for Iield problem scluiion on <the Hanford Project.

SULZIARY AD COXCLUSIONS

Information is presented on water veanavier adjacent té flactuating rivers
concerning bank storoge and river water penetration ints ground water-aquifers;
Metacds of‘inves#igaﬁion are discussed ond bank storage and river water exchaage.
cveluaticn ic zmzde for on area where'a lerge arwunt of geologic and hydroiosio

cata ore aveilcble. Finelly, cveluaticn of storege ond echange is corried out

fcr <he Zonford Preject side of the Columbia River. Totel bank storsge Zor z
typicel yeur was 1.9 X 109 cubic feet of which 27 percent was river water. a%f,

Tetal river wcter in the aguifer waoco 2.56 % 109 cubic Teet. This volume is
equivalent to only_abdut seven nours river Ilow, cesuming an average flow rate
of 1% 10° o% /sec.

ldethods- exist for gualitative and semi-cuantitative evaluction of ground
waier exchenge with fluctudting surface water vodiec even il only minimal hydro-
logic data are available. Suéh evaluations ccntribute to the over-all knowledge
o irea hydrology and lead to effective énd efficient use of both ground and sur-

Jrece waters.
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| Eydraulics of Water Flcw Adjocent to a2 Fluctuzting River

‘the river level rises by a distance n

Figure ‘1 (after Tcdd)(a) shove generalized water level contours under “hrec

dirferent streanm conditions. - (a) Shows a "normal" stream where surface woter ond

ground water stages are equal and no weter exchonge occurs. (b) Shews an effluent
strean where the river stage is lower than the ground water stage, and ground water

is flowing into the river. (c) Shows an influent strezm vhere the surface waker

‘stage is higher then ground water elevation and the river is discharging water

.. : . X o 2) o . s s o
into the aguifer.  Figure 2 (a;ter Toda)( ) Stows idealized ground weter {low
in relation to a Zlooding stream. (a) Shows the sitream hydrogroph, stage plotied

against flocd neriod. (b) Snows that the volume of river water in the aquitfer

inereasec as the river rises, reaches a maximum ot about crest sitage and then

cie s \ - - - . - .. .
gradually decreases with time. (c) Shows thne ground water Tlow curve which is
the derivative of the voluwe curve. Figure '3 shows a vertical cross section of

a2 aquifer and adjacent river. b 1s the aguifer thiclkness. The base flow is

-

ground woter that flows to the river at initicl water table and river stage. I

os the wzter table rises due to the inflow
¢l river waler and at time t rises by a height cf h 2t x distance back from the

river. Tnereforz, we see that a sirecm fluctuation may produce large variaticns

L megnitude and direction of ground water f£low.

Banlt storage is the general term used for the river water stored in the
caudler during Slcod stage. In this paper, however, bank storage is defined as
¥&ser, both river and ground that is stored in the zone above base Clow stage.

~aln

+*2% 15 depicted at flood stage by the cross hatched zone in Figure 3. At low

o
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stcge, this woter is contributed to tie river in cddition to the "eschanged®

- -

river water in the base Llow zone ond thus is truly stored water.

Methcds cnd Technicues for Investiccting Banl: Storsge 2ad

Brenonmed Woter Esnovicr

It is evideat that mwmenh informetion on the geoclogy and nydrolcezy of & regilcon
P is needed for good quantitative cveluation of bank storage and water exchenge.
i : Ideclly, we would like river wca'o'-ranns covering several flood periods and
i 'rell nydrogropns at ve.iving d.ist:r.cesv:‘rom ‘he r;l.ver Tor the éame periods; ac-
curcte values f;‘or acuifer coefli ;enté of permecbility and storzge and detailed
geolbgic informotvicn for delinestion orf acuifer oou.nd..rles., Wnere little infor-
mation is availecble, river volume or flow rate can ge measured at boti ends cof

~

a2 given reach of river. The dowmstiream value can then be corrected for rainfall

| ontrivution, surface water entry or di cn"“" and evapotranspiration. Differ-
e :
) ences vetween the upstrean and dow nst*eu.m values represent volume of base Ilow,

g ' :

‘ banl: storage znd exchange or bank discharge depending on river stage. This

o would be a very rough estimcte except in those cases where zguifer inflow and

= outflow is a significent porticn of the stream flow. At Henford, we cre fortu-
nate in naving a large amouny of information o the arez geology and nydrolegy.
This nos assisted greatly in assessing rate ond direction of ground water move-

: =ent, river and ground water excnange and aguifer coeffic : ents.

Figure 4 shows the general 1ocatioﬁ of the Hanford Project. To the nortn
! - the Wehluke Slope arez is situated between “he Columbiz River and the Saddle
lountains., ;.Ehe land area to the east of Hanford is part 6f‘ the Columbia Irri-

Gation Project. This land block rises abruptly from the river level of about
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- 350 feet to over 900 fees. Dissecting this lend block are several coulees.

At the southern enfi of "-:.I';e Columbia Irrigation Project is the City of Pasco.
The southern boundary oi the Hanford Project is delineated by the City 6:’.‘ Rich-~
lend, the Yckima River and “he Ratitlesnake Hills. The upland area comprising <the
Yalimas Ridge and Umtanun Ridge lies to the west. The location of the 300 Area is
shovn in Figure 4k, An exampi,e of fivei'-grognd water exchange evalua"c.ioﬁ will be
presented, using data from <his si‘cé. |

The project area 1s underlain by basaliic laves and sedimentary interbeds
of the Columbia Rive:':* basalt series. Thes.e voléanics are overlain by a series
of poorly consolidzted lacusﬁrine gra.{rels , sands, si;l.ts , and cleys mown zs the
Ringold Formation. The Ringold Fom:tioﬁ is overlzin by recent fluvi:.tile a;xcl
glaciofluviatile sands and graveis. Contcurs o ﬁhe.gro:_md. water surfoce

(Figure 5) show that the ground woter originates from the mountaincus arezs of

‘recharpge to the southwest and moves in a generzl eastwerd directica to the

Columbia River. Appreciable modificaticn occurs in the local and ‘regionel water
toble due to ground dispesal of lorge volumes of process cooling water.
Tne 300 Area was chosen as an excrmple of bank storage and water exchange

evaluation because of the high well density, (1S in en arez of zbout 1 square

=ile) presence of small amounts of uranium in the ground water and the availability

o well and river }i:fdrogréphic data over a pexriod of severzl years. The weli dis-
~ances to the Columbia River vary from 50 feet to 4,000 feet and pemit a fairly
complete geologic and hydrologic evaluation of the area. The ura.nlun contemi-
nation in. the ground water permits tracing of water flow. Figure 6 shows hydro-

Crerhs of the river and two wells during flood stage for a typical year (1950).
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Alco shown cre the water temperatures of the two wells. The river (solid line)
begins to rise from a2 base of 334 feet m.s.l. ,- daring the latter part of licreh,

incressing to about 340 feet in the middle of MMay end rapidly rises to flocd stage

? 356 feet on June 26. Well Mo. 6 (dashed line) is 600 feet from the river and

o]

H

igses 2lmost linearly to a stzge of 354.5 feet on July T. Well ¥o. 8 (dotied) - -

s 4,0C0 feet from the river and rises linezcrly to a stage of 35k feet on July

[N

. Daose elevations of wells 6 and 8 are about 336 feet and 338 feet, ressective-

E

. Amplitudes of the river, well & znd well 8 szbove base o% Zlcod stage are 2k,

&

3.5 and 16 feet. At low stage the river has z flcw rate of zbout 6.0 x 107

|

f'i'.3/:ec. , and at flood stage nas a flow of gbout 5.2 x lO5 2‘53/ sec. Aguiler
taiclmess in the 300 zrecz averages' zbout TO feet (ef:;‘ective) 'end occurs in the
glaciofluvictile formations. |

Asthe river water i'ises, the lerperaiure .gradually inereases and reache:s 53F
at flood. Normzl ground srater tenperature remains fairly conctant thrcughouv the

<3

year between 5SF to 62F. Therefore, presence of gross quantities of river wate

3

in the zquifer should be easily detected by tempercture differcnces. Water tem-
pera@:e in well No. 6 during flcod period is indiccted by the solid line in
Figure 6. Prcsénce of river woter is indicatec_i by the tcmperature‘ decresse
Irom chout S?.SF on Hay 15 to chout S2F on July 10, . The temperzture increcses
2gain as the river \'fa.lls and river water flows cut of the acuifer. The dashed
line shows water terperature in well No. 8 during the same pericd. The - tempera-

e only changes from G2F to 59F, indicating that river water is not present in

tais well.
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Figure T shews profileS'of groudd water clevotion at 1ow-sﬁage and 2%
fMood stage in the 300 Arez. Also shown are tampercture profiles cf £lood .
zud low sia&es. Liquid westes that contain smell emcunts of natural wrenium
were dispoced of at this siﬁe, about 600.feet bzael: from the river. The pro-
files of this ground water conteminaticn (alphe d/m/liter)cre shown for low
stagé, £Llood stage and mid-stege during ebb flow; Uranium conteminated woter

t at 600 feet Fron the river to cbout 2700 Teet

g-

was pushed back from entry no

by river wezter inflow. At nid-stage during ebb flow, the peak has moved to-

ck

word the river. At low stzge, = residual peak rerains at about 2400 Teet, bu

the ground water flow is diluiing the inflow of coniaminated water and carrying

+ o thne river. The temper;ture profile et flced siage stcows tnct river waler
has peretrated o a distance of codut 20CC feet fr m'river Eank‘ The wcdgé.shé-ed
area between the two ground water stages is bank storage. The vertical desned
line sh§w$ the approximate extent of river water infilirziicn.

Volume of bank storcge and infiltrated river water ot flood stoge moy new
be estimcted from the available field dati. Figu;é T 2lsc shows that the vank

.

storage area is 1.08 x 10° square feet or 5.7 x lOSvft3/mile of river banik.
This eatire volume, of ccurce, is nct water. The water only occupniec the Dore
space in the aguifer. Thne volume cvailable for water trensmission is called
the effective porosity cr, for water tcoble condiﬁions, the nuﬁeric:lly equiva-
lent storage coefficient. Tne coefiicient of ;torage is cefired as the volurme
of water released from storzge from one square oot of cquifer when the ny-

draulic nead is reduced one foot. The storage coefficient can be determined

from pumping tests. Erfective porosity can also be determired from the

—
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storing water. Tnerefcra, the bczl: storcge zone eguals 5.7

. aquifer thickness times 5280 feet), which is 9.5 x 10° cubic Teet muliiplied by “hac

S T -

S, Q
. T af & . . o A s . .
releticnsiin: S = :(Ef) where S is the effective porcsity {or storc

V 4he avergpe ground woter velceity, Q the total cuantity of flowr throcugh croce

-

Scction A and £ is o temperatwre correction factor used when the water temperaturs
vzries from 8CF.. In use on the project, V vas obtained from irzcer tects izing

radiozetive isotozes, @ was a measured amount of cooling water discacrzzd o the

- k™)

I

ground and the A was determined by temperature measurenments. S con vary Ircli fboul

0.05 to 0.3 under water teble conditions. S fer the 300 Arca-wes found te t& ticat
0.1, incdicating that zbout one tenth of the volume <ros zetive in Ltranomit

-

0.l or 5.7 lOT cubic feet of weier stored zer wmile of river. Tne indicated river

inTiltrction zone within the banii storoge regicn nos an erea cf about 2.0 2 107 s
feet or 1.20.x 108 ft3/zile, which muliiplied vy the storcge coefficient ecuals 1.3

b IOT cubic feet of river woter in hank storaze per mile. About 30 nercent o7 ths
o - -

total bank storzge is river woter and the remaining 70 percent is grow:d watcr.

The total wvelume of infilirated river water can be estimatled by deverzining the

volume of the infilirated zone yer mile (distance of infiliration times effecciive

0]

N

Ty

storage coeificient ecuals 9.5 oLl cubic feetv of river woter per milc of danlk.

The same proolex may also be avalucted by use of the ecucitions noted i

Figure 8. The aquifer coefficients of transmissibility (or sermecbilidty and aguiler

pox-} ol

thickness) cnd storage rmust be known. Evaluation of the ccefficient of storege wos
discusced zbove. The aguifer tronsmissibility, the ability of the porous media o
transmit water, con be determined by swmping tests, tracer tests and well weter

fluctuation observation. The latier metncd is particularly adayted for use reor

~the fluctuating streoms. Methods develozed by Werner and Horen(D), Ferris(s)J

——



h/ho = lsw Pl) = = == o o oo a0 = = = = A-- - =~ =< (1).

VWhere h = water table rise at distance x from river at time t since
river stage was raised a distance hy

P(x) is the error function erf (x/viit) cometimes called the probability
integral, given by:

B(x) ) g/ﬁgx/ﬁat e-uedu,

Q
]

Kb/S = T/S

Coefficient of permezbility
i . 1

Acuifer tnicimess

e
3

o’
]

w0
]

Coeflicient of storage

+3

Kb

éKhib N i e e e (é).
vV = A/ﬁ-a‘ . .

Where V = Total volume of river water in the aguifer at time t.

FIGURE &

QUATICKS FCR EVALUATIIIG BANK STORAGE AND RIVER WATER EXCHANGE
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or Rowe(T) mcy be used. : .

A number of asswmptions were made o simplify derivation of ecuctions (1)

and (2). These cohditicns ofien are not found in field situations, therefore

use of tlhiese ecuations will »rcvide only an sstimzte of storgge ond exchange.

A
b e s . . o . . P v
Reference in the vibliography gives the cormmlete derivation of the 2custions.

The values

£ 1 - P(x) ere obtained from a tzbulation of the prebebility inte-

n
[o]

gral, P(:z), ond ere plotited ageinst x/Nh&t. @ is celculsted from observed Tield
data. The velues ¢f 1 - P(x) erd thus 2 ho gre cdetermined Ifrom values of x/Vhat.

- . . NI — ca_ s
Tzble I shews COIMDCIISCN O CIralsilisilnis

)

Ty velues czleuleted by several difler-
it - E - 3 ~n K Bl 4t P T b T ~pey) oy e r
ent methcds for well Lo. &, 4,C00 feet Irem the river. -The T velue cclculoted by
2 s S e K3 . —ey e A ey 7 e TAY LT A - oA -~ .3 -
ne time lag and amplitude ratvic metheds, chout 1.2 x 10Y gallons ser oy ner £oct

oA e : ~ 3 2 T, 2etmde DA .- o ot < T o2 e e dem .
(¢g/d/se), is used in tho examples that follew. If the change in river sioge a

ig lnown, woter taonle rise n con be determined ov any time € Jor cuy distonce ¢

from the river. Bguation 2 con be used o estinete the total volume of river

weter V iz the acuifer ov time U for a river sicge rice of h,. Ecuction 1 waz

-
<

used to czlculcte the water table rise above river base level 4,000 Teet Ifrem

the river at flood stage (b, = 24 fect). An essurpticn was mede in cquation

-

3 : A 4o P $ o 3 s 4o o b : $ do dea v
QY ZVICLCO VAlY Ule Tiver Seage Calnges 1nsSeiiullnieoustly. This 1is not true L

20

the excmmle Jrovlem where the sicge change

o teles place over a sericd of §O

s o -1

days. A bvetter gpprouimction is made if the stage chonge i1s brolen into smzll

increments that occur over a relatively short time. h is then czlculcoted for

each incrementzl rise and the individuzl n values.summed to give total cguiler

rice above base. Table II shews the results cf these caleulotions. Total ccli-

culated rise is 21.5 feet (flood stage plus 11 days total time t = 101l doys)



U U U S S U U

300 Are: .

. o = PRy [ 8 -~
Lransuissinility Velues

ilethcd
Rowe Ferris Ferris |
(Time 1lz27) (i, rotio) Purming Test
. ~ ~
. (&} 6 5
moyolues | 1.6.: 10 1.1 x 10 1.18 % 10

l’. I’w ',‘\J_
(o/a/=s
tell o,

el
oy
0o
=R
1] l‘,

(@]
g

=
R K
|
O =1
O 14 !
~
o
©,

e
)
T
r '
0

[$)

c
S’
ci
Lot
N

)

A

N

}
g

;;]
cr
>
;
oy

41
¢
c*
L)
¥
n
=

river base
Difference

Qbserved rise chove

0.3 1.86
35  0.¢2 1.0k
s 0.91° .82
3 0.91 5.5
3 0.¢x 1.82
7 0.0 1.80
55  0.33 1.76
8 0.85 1.72
3 0.26 .72
15 0.36 0.86
o] 0.82 0.62

2L.5 - . w

river

ater tavle rise chove

ter
bese, +,00C fee: fran

eJ
river et flood siucge.

1l
n
o
o
4

r
&




e

g o cleve

oo
ciogze,

plus 11 days.

ke river is 354 feet 2

-, o
=03

f
l..
[¢]
(¢}
p.‘
[&]
ck
fa
(]
[£)

wsed Tor evoluation.

Qbserved w2t

+ flcod

Teble IZT shows

-13-

tion of 355.5 feet, m.s.l., 4,000 feet

nigaer than she actual ovservaticn. Tais is
2guction 2 was used to estimcte tnme total volume
. -

the rescu

considercd

lts of

Zront

oL river

> 5 -
incerernentasl siage

da

22zidc, with cross seciions denicting the mcjor
vacere This Figure sihcwe

bank storage occurs.
stage wnich defin

<y < colid lire) is based on

The o

enl: storocge zone

&l avereoge minimue

geclogic
the wo *cl
. The low

Tlow rate

¢ the upper siege (represcnted by the dashed line) is

“he

- 3 o ~a'e
TIVeT &

fecet

Teat

o
very "OVL bxgealalo} wc SAVIN

o meno'e
peviche

in <he

% e % < - -
casnge TeCliguce Wi

tne

casnges in zone
otive nositicns ol

- Loer smmrm A e A
= & C d il e v

of 50,000 7%3/sac

.

hased on an avers:

‘culated total river woter in She acuifer at flocd stage is about .38 = "_G8
ft3/mila ol river banli, OQbcerved river walter in the. aguiler wos §.5 107 :;3/
mile. Tae czlculated value iz 1.1l times The cecerved v_;uu, wilca 15 concsidere
gocd agrecmant.
Sanl: Storcse ond River Drchonca cn tne Henford Pro’sct

To evaluzste the banl storzoge ond river water exc n:n;e througnout the entire
secenr of Thie menford Zroject It ig Tirst necossary U concider the gecnydrolozie
¢chenges which occur along this section. of the river. Studles hove zicwn Thol
wuere cra four distinet régicn; wnich difler 51gnlf;c~"—_J in aquifer chorzeter
igtice cond zikculd, sherefore, e evelucted individucily. Tigure ¢ Is o dia-

~

ooimmntic clioteh showing the rsaeh of the Coluwdbic River from Richland to Prizct



PUUSY

.
e

I N

é}ﬁ

vecp
3-4—-»-,1‘3 —
: e

2
Ao
3

£
o

&9
=

0ramm s 7
s

:
4
k)

o
2

b e,
=

i)

P

* TADLE II1

River Water in the Acuifer at Ilood Stage

v < L5282 (2 T o) e

JTa

1.2 x‘log g/t
= 1.2 x 10

2 3
I

hy (Ft) ¢ (deys) Tolume

9

2 50 9.k 1.47 = 107 m3/mile
2 31 §.,00 1.3¢2 z ici “"
2 58 7.61  1.1353x 10l " "
6 43 6.5¢ 2.0 w0; *o°
2 3 g.2l g.u3 oy v
2 3l 5.57 &.4k oo "
2 1 B2 5,42 iy "
2 12 3.6 3.25x w0 ¢* 7
. 2. 10 3.16 L. sci0g toon
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C~cunu -coter fluctuation and the nperiicn of the zone, delinezted by the temera-
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nochrred line running roughly norallel o the river, there iIs no evidence of watler
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* TABLE IV
Regional Summery of Benlk Storage Beneath the Hanford Project
Region I Rerion IT  Region III © Rerion IV~ Total
sanln Storage :
woed A 8 8 8 9

9.1 x 10 1.¢ 2 10

Cround Water .
in Zank Storgge
vei. in T&3) 2.37x 108  2.3x207 s.0x10°  6.1x 10° 1.37 z 10°
4 regicnel bank ‘
soroge 91 82 72 67 72

River Woter in

Sam: Suovﬂgg . o 8
(vol. in 7:3) 2.3 z 107 5% 107 1.9 x 108 3 %108 5.28: 10
% of regioncl :

voak storzge. - 9 18 . 28 .33

-1

n

Totol River Wat-
cr I :/\uu_._ c_r’ 8 8 . . 8
(vol. in £t3) . 9.27 x 10 1.1 x 10 3.8 x 10 1.5 x l09 2.56 _09
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