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oplimization gétmally. The next section looks at a particular kind of discrete
op*imization problem.
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10.9 Combinatorial Minimization: Method of
Simulated Annealing

i

The method of simulated annealing is a technique that has recently at- :
tracte] significant attention as suitable for optimization problems of very 0O e
large scale. For practical purposes. it has cffectively ~solved” the famous
traveling salesman problem of finding the shortest ryclical itinerary for atrav- —
oling salestnan who 1nust visit each of N cities in tum. The method has
also been used successfully for designing complex integrated cireunits: The
arrangement of several hundred thousand cireuit elements oni a tiny silicon
sulstrate is optimized so as to minimize interference wnong their connecting
wires. Amazingly. the implementation of the algorithm is quite simple.

Notice that the two applications cited aré hoth examgles of combinatorial
minimization. There is an objective function to he minimized. as usual: but
the space over which that funetion is defined ot simply the N-dimensional
space of .V continously variable param(‘tcrx:-: ‘Rather. it is a discrete, but very
Jarge. confignration space, like the set of possible orders of cities. or the set of
possible allocations of silicon “real extate” to cireuit clements. The number of
Jements in the configuration space ix factorially large. so that they cannot be
explored exhaustively. Furthenmore, sinee the set is diserete, we are deprived
of any notion of “continuing downhill in a favorable direction.” The-concept
of ~lirection” may not have any meaning in the configuration space.

At the heart of the method of simulated annealing ix an analogy with
thermody nanirs, specifically with the way that liguids freeze and erystallize,

w28
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or metals cool and anneal. At high temperatures. the molecules of a liquid
move freely with respect to one another. If the liquid is cooled slowly. thermal
mobility is lost. The atoms are often able to line themselves up and form a
pure crystal that is completely ordered over a distance up to billions of times
the size of an individual atom in all directions.  This crystal is the state
of minimum energy for this system. The amazing fact is that. for stowly
cooled systems. nature ix able to find this minimum energy state. In fact. if
a liquul metal is cooled quickly or “quenched.” it does not reach this state
bt rather ends up in a polyerystalline or amorphous state having somewhat
higher energy. :

So the exvenice of the process is slow cooling. allowing ample time for
redistribution of the atoms as they lose wobility. - This is the technical def-
inition of annealing. and 1t is essential for ensuring that a low energy state
will be achieved.

Although the analogy is not perfect. there is a sense in which all of the
minimization algorithing thus far in this chapter correspond to rapid cooling or
quenching. In all cases. we have gone greedily for the euick. nearby solution:
from the starting point. go immediately downhill as far as you can go. Thi- as
often remarked abeve. leads to a local, but not nee ssarily a global. minimum.
Nature's own minimization algorithin is based on quite a diflerent procedure.
The so-called Boltzmann probability distribution.

Prob (E} ~ exp(- E/kT) (100.9.1)

“expresses the idea that a system in therioal equilibrisn at temperature T
Las 1ts energy probabilistically distribmed among all different energy states
E. Even at low temperature. there is a chance. albeit very small. of a system
being in a high energy state. Therefore. there is a corresponding chance for the
system to get out of a local energy minimiun in favor of finding a better. more
globai. one. The quantity k [Boltzinann’s constant) is a constant of nature
which relates temperature to energy. In other words. the system sometimes
goes uphdl as well as downhill: but the lower the temperature. the less likely
is any significant uphill excursion.

In 1953. Metropolis and coworkers first incorporated these kinds of prin-
ciples into immerical calculations. Offered a succession of options. a simulated
thermodynamic systemn was assuned to change its configuration from energy
Ey o energy B with probability p = exp|-(E; - E;)/kT]. Notice that if
£, < E,. this probability is greater than unity: in such casex the change ix
~rbitrarily assigned a probability p = L ie. the system alrays took such an
option. This general scheme, of always taking a downhiil step while sometimes
taking an uphill step, has come to be known ax the Metropolis algorithm,

To make use of the Metropulis algorithm for other than thermodynanie
systems. one must provide the following elements:

1. A :lescription of possible system configurations.

2. A generator of random changes in the configuration: these changes are
the “options™ presented to the system.
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3. An objective function £ (analog of energy) whose minimization is the
goal of the procedure.

4. A control parameter T {analog of temperature) and an anncaling
schedule which tells how it is lowered from high to low values. e.g.. alter how
many randomn changes in configuration is each downward step in T taken. and
how large is that step. The meaning of “high™ and ~low™ in this context. and
the assigninent of a schedule, may require physical insighi and/or trial-and-
error experiments.

The Traveling Salesman Problem

A concrete illustration is provided by the traveling salesman problem.
The salesperson visits NV cities with given positions (z,. y,). returning finally
10 his or her city of origin. Each city is to Yie visited only once. and the
route is to be made as short as possible. This problem belon, s to a class
known as ~NP-complete problems. whose computation tirue for an ezact so-
lution increases with N as exp(const. x V). becoming rapidly prohibitive in
cost as N increases. The traveling salesman problem also belongs to a class
of minimization problems for which the objective function £ has many local
minima. In practical cases. it is oftes enongh 1o be able to choose from these a
minimmun which. even if not absolute. cannot be significantly improved upon.
The annealing method manages to achieve this. while limiting its caleclations
to scale ax a small power of N

As a problem in simulated annealing. the traveling salesman probleny is

" handled as follows:

1. Configuration. The cities are numbered ¢ = 1....V and cach has
coordinates (1,.y,). A configuration is a permutauon of the number 1....V.
imerpreted as the order in which the cities are visited.

2. Rearrangements. An efficient set of moves has been suggested by Lin.
The moves consist of two types: (a) A section of path is removed and then
replaced with the same cities running in the opposite order: or (b) a section of
path is removed and then replaced in between two cities on another, randomly
chosen, part of the path.

3. Objective Funetion. In the simplest formn of the problem, E is taken
just as the total length of journey.

N
E=L=Y Vo -nal+ip—pa " (10.9.2)

with the convention that point N + 1 is idemified with point 1. To illustrate
tue fexibitity of 1he method. however., we can add the following additional
wrinkle: suppose that the salesman has an irrational fear of flying over the
Mississippi River. In that ease. we would assign each ety a parameter ji,.

o
Qo
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Figure 1091 Traveling salesman problem solved by sunulated annealing. The (nearly
shortest path araong 10 randomly prssitioned cities is showa o (a). The dotted Bine is a
civer. but there s no penalty in crossing. 1o {bi the river-crossing penalty s made large
and the solution re~tricts itself to the minimum mimbee of cressings. twao, In () the penalty
“has oeh made negative  the salesman s actually a sumggler who erosses the river o the
Himsiest excuse’

equal 1o + 1 if it s caxt of the Mississippi. -~ 1 if it is west, and take the
objective function to be

N
E=5 Vin—na?+iu- Yoot 12+ Apn — e P (10.9.2)
v 1

A penalty 42 i thereby assigned to any river crossing. The algorithm now
finels the shortest path that avoids crossings. The relative importance that it
axsigns to length of path versas river crussings is determined by onr choice of
A, Figure 10.9.1 shows the resuits obtained. Clearly. this technigue can be
generalized 1o inclnde inany contheting goals in the minimization.

3. Annealing schedule. This requires experimentation, We first generate
<ome random rearrangements, and use them to detenmine the range of values
of A% that will be encountered from move to mave. Choosing a starting valne
for the parameter T which is considerably Larger than the Jargest A norially
enountered. we proceed downward in mnltiplieative steps each amounting 1o a
10 pereent deerease in 77 We hold eoelinew adue of T constant for, say, 10N
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wr
Figure 10.9.1. Traveling salesinan problem solved by simulated annealing (see caption on
previous page).
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reconfigurations. or for 10V successful reconfigurations, whichever comes first.
When efforts to reduce £ further become sufficiently discouraging, we stop.

The following traveling salesman program. using the Metropolis algo-
rithm. should illustrate for you the important aspects of the simulated an-
nealing technigue.

SUBROUTINE ANKEAL(X.Y, IORDER,NCITY)
This algorthm hinds the shortest round-tnp path to NCITY cities whose coordinates are
in the arrays X(I),Y(I). The array JORDER(I) specifies the order In which the Cities are
visited On input. the elements of I0RDER may be set 10 any permutation of the numbers
1 to NCITY. This routine will return the best alternative p2th it can find.
DINEXSION X(NCITY).Y{NCITY) IORDER(NCITY) K(8)
LOCICAL AxS
ALEX(X1,X2,Y1,Y2) =SQRT((X2-X1) #¢2¢(Y2-T1}**2)
KOVER=100+NCITY Mazimum number Of DIths tred at any temoerature
NLINIT=10eNCITY Maxumum number Of “ulCessTul 0Ith changes Defore COAtINLNG
TFACTR=0 .9 Anneahng schedule - T 1S reduced Dy this factor 0N ea<h step
PATH=0.0
1=0.5
DO@ I=1 XCITY-1 Cakutate witial pIth length
I1=IORDER(]1)
I2=IORDER(I~1)
PATH=PATHALEN(X(11) .X(12).Y(11).Y(12))
[itjcoxTInve
I1=IORDER(NCITY) C10se the 1000 by tyIng Dath enas together
I12=I0RDER(1)
PATH=PATHeALEX(X(11) . X(I2),Y(11).Y(12))
IDUM=-1
ISEED=111%
M@ Je1,100 Try up 10 100 temperature steps
NSUCC=0
po(i2] x-1,¥OVER
N(1)=1«INT(NCITY*RANI(IDUN)) Choose beginning of s.gment
N’?)e1INT((NCITY-1) *RAX3(IDUM)) anc en3 of seoment
IF (¥(2).GE.N(1)) X(2)=N(2)-1
NNe1+MOD((N(1)-N(2)*NCITY-1) . NCITY) xx 5 the number Of Cities nOt 00 the segment
IF (N¥.LT.3) COTO 1t
IDECIRBITI(ISEED) Oecide whnether 10 00 3 SEQMENt raversal of transport
IF (IDEC.EQ.0) THEN Do a transport
N(3)=N(2)*INT(ABS(NN-2) *RANI(IDUM)})+1
X(3)=1+MOD(N(3)-1.5CITY) Transport to 3 16Cation not On the pPath
CALL TRNCST(X.Y.IORDER,NCITY N.DE} Caicutate cost
CALL METROP(DE,T,ANS) Consult the oracle
IF (ANS) THEN
KSUCC=XSUCC+1
PATH=PATH<DE
CALL TRNSPT(IORDER,NCITY.N) Coarey oul the transpon
ENDIF
ELSE D0 2 oath reversal
CALL REVCST(X,Y,.IORDER,NCITY.N.DE) Cawculate cost
CALL METROP(DE,T ANS) Consult The oracle
IF (ANS) THEN
NSUCC=XNSUCC+1
PATH*PATH+DE
CALL REVERS{JORDER NCITY.R) Carry out the reversal
EXDIF
ENDIF
IF (SSUCC GE.NLIMIT) GOTD 2 #inen earty if we have enough surcesstul changes
12]JCONTINUE
WRITE(e )
WRITE(s <) °T =' T.' Path Length «° PATH
WRITE(e.*) 'Successful Moves: ' NSUCC
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T=T«TFACTR Anneanng schedule
IF (NSUCC.EQ.0) RETURE  If no success. we are done
[B3coxrivve
RETURS
EXD

SUBROUTINE REVCST(X,Y,JORDER,KCITY X, DE)
Ths subroutine returns the value of the cost function for 3 proposed path reversal
BCITY i5 the number of cities, and arrays X(1),Y(1) give the coordinates Of these Cities
I0RDER(I) hoids the present itinerary. The fhrst two values H(3) and K(2) of array X give
the starting and ending Cities JIONg the Dath segment which is 10 be reversed On output,
DE 15 the cost of making the reversal. The actual reversat is not performed by 1his routine
DIMENSIOX X(NCITY), Y{(NCITY), IORDER(XCITY) X(8) XX(4).YY(4)
ALEN(X1.X2.Y1,Y2)=SQRT((X2-X1)s22+(Y2-Y1}ee3)
N(3)=1eMOD((N(1)+NCITY-2} NCITY) Fing the CRy before B(1)
N(4)=1+NOD(¥(2) ,NCITY) and the crty after ¥(2)
DO I=1.4
II=I0RDER(X(J)) Fing (00rdinates 10r the (our Cilses MvOived
IX(I)=X(11)
YY(3)=1(11)
CONTINUE
DE=-ALEN{XX(1).XX(3),YY{1),Y7(3))  Coxulate cost of Ohionnecting the segment at bOth ends
~ALEN(XX(2).XX(4) ,YY(2),YY(4))  ang reconnecting in the 0pposite oroer
<ALEN (XX(1)  XX(4),.YY{1).YY(4))
SALEN(XX(2) .XX(3).YY(2).YY(3))
RETURN
END

SUBROUTINE REVERS(IDRDER NCITY X)
This routine performs 3 path segment reversat I0RDER{I) 1s an input array giving the
oresent itinerary  The vector N has as its first four elements the first ano tast cities
K{1}.X(2) of the path segment °n be reversed. and the tw. Cities ¥(3) and N(4) which
immediatety precede and foliow this segment  N(3) ana X{4) are founa by subroutine
REVCST On output. JIORDER(I) contains the segment from ¥(1) 10 ¥(2) in reversed order
DIMENSION IORDER(NCITY) X(8)
NN= (1+MOD(N(2)-K(1)+NCITY RCITY))/2 Thm many Gitres musi be swapped te eflect the reversal
Do J=1 NN
Ka1«MOD((N{1)+J-2) NCITY) S131 21 the #nds Of 1he Segment and Swap Dars of LS. MOving
La1+MOD((N{2)-JoNCITY) NCITY) towara the centes
ITMP=ICRDER(K)
IORDER (X)=TORDER(L)
IORDER(L)=ITWP
{JcoxTINUE
RETURN
END

SUBROUTINE TRNCST(X,Y, IORDER NCITY N DE)
Thes subroutine returns the value of the cost function for 2 Prouosed Path segment Lrans.
port  XCITY 15 the number of Cibes. and arrays X(I) ana Y(1) give the city coordinates
IORDER 15 an array giving the present itinerary The first three elements of array N qive
the s1arting and ending Cities of the path 1o be trarsported. and the pont among the
remaiming Cies aTter which 1t 15 1O be inserted On output. DE 1s the cost of the change
Thne actud! transport 1S NOt performed by this routine

DIMENEION X(NCITY), Y{NCITY) IORDER{NCITY} N{(8).XX(8),YY(8)

ALEN(X1.X2.Y1,Y2)=SQRT((X2-X1)e224(¥2-Y1)es2}

§(4)=1-NOD(5(3) ,58CITY) 110 the Gy tabowing MY,

N(B) 23 +MOD(IN(1)+NCITY-2) NCITY) ano tne oo praceding A(1)

.\'(9)_'10."400(!-'(2) LRCITY) A0G 1he One IoHOWING hi7°

DOLLY; J=1 .8
11=10RDER(N(J)) Delermine (00rdinates 100 Lhe six gy 1nvoived
IX(3)=x(11)

N6 3 §
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YY(3)=Y(11)

CONTINUE

DE=-ALEX(XX(2).XX(6) ,TY(2}.YY(B))  Cakutate the cost of OrscOnnecting Lhe DIth segment trom
CALEX(XX(1),XX(6),YY(1) , YY(5)) (1) to8{2). 00ening 2 SDICE between 5(3) A H(4).
“ALEN(IX(3),XX(4),YY(3).YY(4)) connectng the segment 1o the DX, and (CARCng
CALEN(XX(1) ,XX(3),YY(1) . YY(3)) (s to me)
«ALEN(XX(2),XX(4) ,YY(2),YY(4))
«ALEX(XX(5) ,XX(8),YY(5) YY{8))

RETURN

EXD

SUBROUTINE TRNSPT(IORDER, ¥CITY,X)
This routine 00es the actual path transport, onke NETROP has approved. 10RDER 5 an wput
array of length NCITY giving the present itinerary The array K has as its six elements
the begmning X(1) and end %(2) of the path 10 be transported. the agiacent cities ¥(3)
and X(4) Detween which the path 1s 1o be paced. and the cities X(5) and K(6) whrch
* precede and follow the patn  K(4). ¥(5) ana K(6) are caicutated by sutvoutine TRACST
On output. IORDER is modihed 10 retiect the movement of the path segment
PARAMETER (MXCITT=10003 Maxsmuni number of Cties anticpated
DIMENSION IDRDER(¥CITY) L JORDER(MXCITY).N(8)
Ki=1oROD((X(2)-N(1)+¥CITY) BCJTY)  Find the number of Cthes trom S{1) 1O 3(2)
¥2e1+NOD{(X(6)-N(4)*NCITY) RCITY) and 1he nuMber from 3(4) 10 {5}
K3« 1+MOD({X(3)-N{8) «XCITY) NCITY) ana 1he number trom 4.8) 1O M (3}
NN=}
po(11) J-1.x1
SJeieMOD((J+N(1)-2) NCITY) Cooy the chosen segment
JORDER{NK)=I0RDER(JJ)
AN=RXe]
()coNTivve
1F (¥2.GT.0) THEN
DO J=1 M2 Then (0py the srgment Trom 8(4' 10 818!
Jle1eNOD((J+K(4)-2) KCITT)
JORDER(NN)=10RCER(JJ)
XN=NNe1
[ZlcoxTiNUE
ENDIF
1IF (M3.GT O) THEN
DO@ J=1 M3 Finaily the segment from &i6; 10 M3
JI=1+MOD((J+K(8)-2) NCITY)
JORDER{NX)=10RDER(JJ)
NNeNN+1
[JeorTivue
ENDIF
po[s4] Je1 Nerry
10RDER(J)=JORDER(J) Copy JCROER DA NG TORDER
(IxcoxTisuE
RETURN
END

SUBROUTINE METROP(DE.T,LANS)
Metropohs algornthm ANS 15 3 0@ al vanable whith wsues 3 verditt on whether 10
accept a reconnguration whuch tcads to 3 change DE in the objective funciion £ 1f DE<O,
ANS* TRUE . while if DE>O. ANS 15 only TRUE wnh probabiity exp(-DE/T) where T s a
temperature determined Dy 1he annead'ing schedule

PAKAMETER (JDUMe1)

LOGICAL ANS

ANS=(DE LT O 0) OR (RANI(JDU¥) LT EXP(-DE/T))

RE. RN

END
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Assessing the Promise of Simulated Annealing

There is not yet enough practical experience with the method of sim-
ulated annealing to say definitively that it will realize its current promise.
The method has several extremely attractive features. rather unique when
compared with other optimization techniques.

First. it is not “greedy™. in the xense that it is not easily fooled by the
quick payoff achieved by falling into unfavorable local minima. Provided that
sufficiently general reconfigurations are given. it wanders freely among local
minima of depth less than about T. As T is lowered. the number of such
minima qualifying for frequent visits is gradually reduced.

Second. configuration decisions tend to proceed in a logical order.
Changes which cause the greatest encrgy differences are sifted over when the
control parameter T is large. These decisions become more permanent as T
is lowered. and attention then shifts more to smaller refinements in the so-
lution. For ecample. in the traveling salesman problem with the Mississippi
River twist, if A is large. a decision to cros~ the Mississippi only twice is inade
at high T. while the specific routes on each side of the rive- are determined
only at later stages. o

The analogies to thermodynamics may be pursued 10 a greater extent o~
than we have done here. Quantities analogous to specific heat and entropy
may be defined. and these cas be useful in monitoritg the progress of the O
algorithm toward an acceptable solution. Information on this subject is found
in the references by Kirkpatrick et al.

REFERENCES AND FURTHER READING:

Kirkpatrick, S.. Gelatt, C.O., and Vecchi, M P. 1983, Science, vol. 220,
op. 671-680

Kirkpatrick. S. 1984, lournal of Statistical Physics. vol. 34, p. 975. o8]

Vecchi, M P. and Kirkpatrick, S 1983. IEEE Transactions on Computer
Aided Design, vol. CAD-2. p. 215. —

Metropolis. N.. Rosenbluth, A., Rosenbluth. M . Teller A , and Teller, E.
1953 4. Chem Phys., vol. 21, p. 1087 foaY

Lin. S 1965, Bell Syst. Tech. Journ., vol 44 p 2245,

Christohdes. N.. Mingozzi, A, Toth, P, and Sandi, C.. eds. 1979, Com®D
binatorial Optimization (London and New York: Wiley-Interscience)
[rot simulatec innealing, but other topics and algorithms). ~
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optimization gencrally. The next section looks at a particular kind of discrete
optimization problem.
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10.9 Combinatorial Minimization: Method of
Simulated Annealing

The method of simulated annealing is a technique that has recently at-
tractel significant attention as suitable for optimization problems of very
targe scale. For practical purposes. it has effectively “solved” the famous
traveling saleaman problem of finding the shortest eyclical tinerary for a trav-
oling salesmman who must visit earh of N cities in tum. The method has
also been used successfully for designing complex integrated circuits: The
arrangement of several hundred thousand cirenit elements on a tiny silicon
sulstrate is optimized so as to minimize interference anmong their connecting
wires. Amazingly. the implementation of the algorithm is quite simple.

Notiee that the two applications eited are both examples of combinatorial
muntmization. There is an objective function to be minimized. as usual: but
the space over which that function ix defined 3 not simply the N-dimensional
space of N continuously variable parameters. Rather. it is a discrete. but very
large. configaration space. like the set of possible orders of cities. or the sct of
possible allocations of silicon “real estate” to cisenit clements. The number of
elements in the configuration space is factorially targe. so that they cannot be
explored exhaustively. Furthermore, since the set is discrete. we are deprived
of any natien of “continuing downhill in a favorable direction.” The concept
of ~direction” may not have any mueaning in the confignration space.

At the heart of the method of sinulated annealing is an analogy with
thenmodynamics. specifically with the way that liquids freeze and crystallize,

mmm'" :
NN

-
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or metals cool and anneal. At high temperatures. the wmolecules of a liguid
move freely with respect 1o one another. [f the liguid is cooled slowly, thermal
mobility ix lost. The atoma are often able to line themselves up and form a
pure crystal that is completely ordered over a distance up to billions of times
the size of an individual atom in all directions.  This crystal is the state
of minimum energy for this xystem. The amaziug fact is that. for slowly
cooled svstems. nature is able to find this minimum energy state. In fact. if
a liquid metal is cooled quickly or “quenched.” it does not reach this state
but rather ends up in a polyerystalline or amorphous state having somewhat
gher cuergy. :

So the exsence of the process is slow cooling. allowing ample time for
redistribution of the atomns as they lose mobility. This is the technical def-
inition of annealing. and it is essential for ensuring that a low energy state
will be achieved.

Although the analogy is not perfect. there is a sense in which all of the
minimization algorithms thus far in this chapter correspond to rapid cooling or
quenching. In all cases, we have gone greedily for the enick. nearby solution:
from the starting point. go immediately downhill as far as you can go. Thi~ as
often remarked abeve. leads to a local. but not nec ssarily a global. minimum.
Niuture's own minimization algorithm is based on quite a diflerent procedure.
The so-called Boltzmann probability distribution.

Prob(E) ~ exp{ - E/kT) (13.9.1)

_expresses the idea that a system in thenoal equilibrinm at temperature T
Las its energy probabilistically distribuied among all different energy states
E. Even at low temperature, there is a chance. atbeit verv small. of a system
being in a high energy state. Therefore. there is a corresponding chance for the
syster 1o get out of a local energy minimumn in favor of finding a better. more
globai. one. The quantity k {Boltzmann's constant] is a constant of nature
which relate: temperature to energy. ln other words. the system sometimes
goes uphill as well as downhill: but the lower the temperatare. the less hkely
s any significant uphill exeursion.

In 1953, Metropolis and coworkers first incorporated these kinds of prin-
ciples into mimerical calenlations. Offered a succession of options. a simulatsd
thermaody nanic system was assumed to change its configuration from energy
E, to encrgy B, with probability p = exp[-(E; = £))/kT]. Notice that of
Ey < ). this probability is greater than unity: in such cases the change is
srbitranly assigned a probability p = 1 ie. the system always took suck an
option. This general seheme, of always taking a downhiil step while sometimes
taking an uphill step. has eomne to be known as the Metropolis algorithm.

To ake nse of the Metropons algorithm for other than thermodynanmic
systems. one must provide the following elements:

1. A description of possible systemn configurations.

2. A generator of random changes in the configuration: these changes are
the “options” presented 1o the system.
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3. An objective function £ (analog of encergy) whose minimization is the
goal of the procedure.

4. A control parameter T (analog of temperature) and an annealing
schedule which tells how it is lowered fromn high to low valucs, e.g.. after how
many random changes in configuration is each downward step in T taken. and
how large is that step. The mneaning of ~high™ and ~low™ in this context, and
the assignment of a schedule, may require physical insight and/or trial-and-
error experiments.

The Traveling Salesman Problem

A concrete illustration ig provided by the traveling salesman problem.
The salesperson visits ¥ cities with given positions (z,.y,). returning finally
to his or her city of origin. Each city is to he visited only once. and the
route is 1o be made as short as possible.  This problem belon i to a class
known as NP-complete problems. whose computation time for an eract so- T~
hition increases with NV as exp(const. x V). becoming rapidly prohibitive in
cost as N increases. The traveling salesman problem also belongs to a class O
of minimization problems for which the objective function £ has many local
minima. In practical cascs, it is oftes enough 1o be able to chooxe from these a O
mininnun which. even if not absolute, cannot be signiticantly improved upon.
The annealing method manages to achieve this. while limiting its caleutations
to seale as a small power of V.

—

" handled as follows:

1. Configuration. The citics are numbered 1 = 1....N and cach has
coordinates {1,.4). A configuration is a permutauoen of the number 1.,V o
interpreted as the order in which the cities are visited.

2. Rearrangements. An cfficient set of moves has been suggested by Lin. —
The moves consist of two types: (a) A section of path is removed and then
replaced with the same cities running in the opposite order: or (b) a section of €
path is removed and then replaced in between two eities on another, randomly
chosen. part of the path.

3. Objective Function. In the simplest forin of the problem. E is taken
just as the total length of journey.

N
E=L=) Vo -n 0 i -yt (10.9.2)

1=1

with the convention that point N + | is identitied with point t. To illustrate
tae Hexibility of the method. however, we can add the following additional
wrintkle: suppose that the salesman has an irrational fear of flying over the
Mississippi River. In that case. we would assign cach city a parameter p,.
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Froure 1091 Traveling salesman problem soly wd by <unubatsd annealing . The (nearly
shortest path among KO randomly pesitioned cities is shewn i (a). The dotted line is a
river. but there o o penalty in crossing. In {bi the river-crassing penadty s made large.
and the solution re~tricts itself to the minimum number of ¢ roesings. two. T (0) The penalty
“has voen made nigative the salesinan s actually 4 sumggler who cromse~ the tiver L The
Himsiest excuse’

equal to +1 9f 11 s east of the Mississippi. - 1 if it is west, and take the
objective fanction to be

N
E=Y Vir =+ - a0+ A - Hya1)? {10,934
v 1

A penalty 44 is thereby assigned to any river erossing. The algorithm now
finds the shortest path that avoids crossings, The relative importance that it
assigns o fengrh of path versis river crossings is deterniined by our choice of
A Figure 10.9.1 shows the resuits obtained. Clearly, this technique ean be
generalized to inclnde many contlicting goals in the minimization.

1. Annvaling schedule. This requires experimentation. We first generate
<ome random rearcangements, and use then to determine the range of values
of A% that will be encountered front move to move, Choosing a starting value
for the parameter T which is considerably larger than the Targest AL normally
enountered. we proceed downward in multiplicative steps each amounting to a
10 pereent dierease in 7. We hold e new e of T eonstant for, say, 100N
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Figure 10.9.1. Traveling salesinan problem solved by simulated annealing (see caption on
previous page}.
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reconfigurations, or for 10V successful reconfigurations. whichever comes first,
When cfforts to reduce E further become sufficiently discouraging, we stop.

The following traveling salesman program. using the Metropolis algo-
rithm. should illustrate for you the important aspects of the simulated an-
-nealing technique.

SUBROUTIKE AKNEAL(X.Y, ICADER NCITY)
Ttus alponthm hnds the shortest round-inp path to NCITY cities whose coordinates are
in the arrays X{1),T(I). The array 10RDER(I) specifies the order In which the cities are
visited. On input. the elements of ICRDER may be Set 10 any permutation of the numbers
1 10 NCITY. This routine will return the best alternative p2th it can find.
DINEXSION X(MCITY).Y{(¥CITY) IORDER(NCITY) K(8)
LOGICAL AXS
ALEX(X1,X2,Y1,Y2)=SQRT((X2-X1) 002+ (Y2-Y1) »+2)
EOVER«100*NCITY Maxrmum number Of Daths 1red 3t any temperature
SLIMIT=10eNCITY Maxsmum number of “uccessiul path changes before ContMILNG.
TFACTR=0 .9 Anneahng schedule - 1 1S 1€0uCed By this faCtor On eaCh step
PATH=0.0
T=0.5
DO@ l=y RCITY-1 Calulate mitiat path length
I1~IORDER(I)
I12=I10RDER(1+1)
PATH=PATH-ALEN(X(11).X(12).Y(11),.Y(12))
[LjcoxtIxvE
11=IORDER(NCITY) Close the 100D Dy Tying Dath ends together
12=I0RDER(1)
PATH=PATHeALEN(X(I1) ,X{12),Y(I1).Y(I2))
IDUM» -1
ISEED=111
DO@ Je1,100 Try up 10 100 temperature steps
KSUCC=0
pafi2] x-1.NovER
K(1)=1+INT(¥CITY*RANI(IDUN)}) Choose beginning of s.gment
¥4 =1« INT((NCITY-1)*RAK3{IDUN)) anc en3 of segment '
IF (§(2) .GE.X(1)) K(2)=N(2)-1
NN=1+MOD({K(1)-%{2)+XCITY-1) ,NCITY) %1 5 the number of Citres nOt 0N the segment
IF (N¥.L7.3) COTO 1
IDEC=IRBIT1 (ISEED) Dec e whether (0 00 3 Segment faversal of Lransport
IF (1DEC .EQ.O) THEXK Do a 1ranspon
N(3)=K(2)+INT(ABS(XN-2) *RANI{IDUM) } ¢1
N(3)=1+MOD(N(3) -1 KCITY) Transport 10 3 10Caton 101 0N the Dath
CALL TRNCST(X.Y.IORDER NCITY ,N.DE)} Catcutate cost
CALL METROP(DE._TY,ANS) Consult the oracle
1I¥ (ANS) THEN
NSUCC=XSUCC+1
PATH-PATH<DE
CALL TRNSPT(IORDER.NCITY.N) Carey out the transpon
ENDIF
ELSE Do a path reversdl
CALL REVCST(X.Y.IORDER . NCITY.N,DE} Catcutate cost
CALL METROP(DE,T,ANS) Consult the oracie
IF {ANS) THEN
NSUCC=XNSUCC~+1
PATH»PATH-DL
CALL REVERS(IORDER,KCITY.N) Carey oul tne reversal
ENDIF
ENDIF
IF {NSUCC GE.NLINMIT) COTO 2 F:ne.n early if we have enough scrcesstul changes
{iZjcoxrisve
WRITE{e *)
WRITE(e,*) 'T =* T,' Path Length =' PATH
WRITE(*.*) ‘Successful Moves: ' NSUCC
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T=TeTFACTA Annealng schecule
1F (XSUCC.EQ.0) RETURX  if no success. we are done
CONTINVE
RETURE
END

SUBROUTINE REVCST(X.Y,IORDER NCITY X, DKL)
This subroutine returns the value of the cost function for 3 Droposed path reversal
NCITY &5 the number of Cities. ang arrays X(I).Y(I) give the coordinates of these Clties
T0RDER(I) hoids the present ftinerary. The hrst two values N(1) and X(2) of array X give
the starting and ending Cities 310Ng the path segment which is 10 be reversed On oulput.
DE 1s the cost of making 1he reversal. The actual reversal is not performed Dy this routine
DIMENSIOX Z(ICITT).‘.'(ICITY).ID!DEI(!CITY).l(b).ﬂ“).ﬂ(l)
ALEN(X1,X2,Y1,Y2)=8QRT((X2-X1)ee2¢(Y2-Y1)ee2)
X(3)=1+MOD((N(1)*NCITY-2; NCITY) Find the cy before B(1)
X(4)=1+MOD(¥(2) . XCITY) and the crty after 3(2)
jot] J=1.4
1I=I0RDER(N(J)) FIng coortinates for the four Crses nvolved
XX(2)=X(11)
YY(3)=Y(11)
COXTINUE
DE=-ALEN(XX(1).XX(3) . YY(1) . YT(3))  Cacutate cost of ohionnecting the segment at both ends
~ALEN(XX{2).1X(4),YY{2) .YY(4))  ana reconnecting i the opposite oroer
<ALEN(XX{1) ,XX(4).YY{1).YY(&))
SALEN(XX(2).XX(3).YY(2),YY(3))
RETURN
END

SUBROUTINE REVERS(I0RDER,NCITY N)
This routine perfGrms 3 path segment reversal IORDER{I) 1s an input array giving the
oresent iinerary  The veCtor K has as its hirst four elements the hrst and 1ast cibes
K¥(1).¥(2) of the path segment *» be reversed. and the twy cities X(3) ana K(4) which
© smmediately precede and follow this segment  K(3) and K(4) are founa by subroutine
REVCST On output. I0RDER(I) contains the segment from N{1) to X(2) in reversed order
DIMENSION IORDER(NCITY) N(8)
NN« (1+MOD(N(2)-K (1) *NCITY . RCITY))/2 Thi many citres mus, be Swapped te effecT the reversal
DO{1!} Jei NN
K=1+MOD((X(1)+J-2) . KCITY) SUI71 3t ihe ends Of The segment and swap pars of CItHS. Moving
LeioMOD((N(2)-J+NCITY) NCITY) toward the renter
ITVP=iCRDER{X)
IORDER (X)=IORDER (L)
IORDER (L) =ITMP
]coxtivue
RETURN
END

SUBROUTINE TRNCST(X.Y_ IORDER NCITY N DE)
Thes subrouline returns the value of the cost function for 2 Droposed path segment trans-
0ort NCITY 15 the number Of Ctties. and arrays X{1) and Y(I) give the City coordinates
TORDER 15 an array Qiving the present inerary The hirst three clements of array X quve
the starting angd ending cities of the path to be transported. and the point among the
remaming Glres after which 5t 1S 10 De inserted On output. DE 1s the cost of the change
The aCtud! transport 15 NOt performed by this routine

DIMENSION X(NCITY) Y(NCITY) IORDER(NCITY) N(8), XX(8).YY(8)

ALEN(X1,X2.Y1.Y2)=SQRY((X2-X3)ee2+(Y2-Y1)ee2)

N(4)=1-MOD(N(3) ,NCITY) § g tne ity Knlowing a3,

N(E)=1eMOD((N(1)+NCITY-2) NCITY) ang the oue preceang s (1)

x(l'i_L:X-MOD(EJ(Z) LRCITY 40 1he 0ne tolloweng %i7

DOilij 3=1.8
II=I0RDER(N(J)) DRLOImune (0O1GINLes 100 EhE son Cities 10 voived
IX(1)=X(11)
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TY(3)=Y(13)
[Elcontine

DE=-ALEN(XX(2),XX(8) . YY(2) ,YY(8))  Cakulate the ¢Os1 of GracOnnecting the PIth segment from
SALDI(XX(1)  XX(5) , YY(1) ,YY(5))  5(1) 10 8(2). 0oening 3 s0aCe Detween K(3) IS (4).
SALEN(IX(3) . XXC4) YY(3).YY(4))  commectng the segment in the soice. 3nd COMMECUING
ALEN(XX(1) .XX{(3),YY(1),YY(3))  5c8) 10 ste)
«ALEX (XX(2),XX(4).YT(2).YY(4))
*ALEX(XX(5).XX(8) ,YY(5).YT{6))

RETURN

EXD

SUBROUTINE TRXSPT(IORDER ¥CITY.X)
This routine does the actual path transport, once XETROP has approved. 10RDER is an input
array of tengih NCITY giving the present itinerary  The array ¥ has 2s its Six elements
the beginning X(1) and end K(2) of the path 1o be transported. the adjacent cities %(3)
anc %(4) between which the path is to be placed. ang the cities N(5) and K(8) which
* precede and follow the path. %{(4). ¥(5) ana ¥(8) are cakculated by subioutine TRNCST
On output, 10ADER is modified 10 reflect the movement of the path segment
PARAMETER (MXCITY=1000) Maximunt Rumber Of Cties antipated
DIMENSION IOADER(NCTTY),JORDER(MICITY).K(8)
Ni=$¢ROD((N{2)-N{1)*¥CITY) KCITY) FInd Ine number of (ks from K(1) (O B<2)
M2=1+MOD((X(5)-N(4) *+XCITY} NCITY) and the number from B(4) 10 (%)
N3=1«NOD((X(3)-N(8) +XCITT) NCITY) and the number from »16) to k(3}
NNag
po[i] J=1.x1
3)=1+MOD((J*N(1}-2) NCITY) Cooy thne chosen segment
JORDER(KK)=TORDER(J1J)
ANeNNe]
[1JcontiNve
1F (¥2.CGT.0) THEN
DO J=1, M2 Then (ODy the sroment from 1(e 10 W (S)
JJ=1+KOD((J*X(4)-2) ,XCITY)
JORDER(XN)~IORDER(JJ)
NN=NK*1
(FZlcoxTiNvE
ENDIF
IF (M3.GT.0) THEN
o] Je1l M3 Finaly the segment from K(6) 10 ¥(3)
3)=1+MOD((J+N{8)-2) NCITY)
JORDER (NN) = IORDER(JJ)
NN=NN+1
[corTivuE
ENDIF
po[t3) J=1.NCITY
TIORDER(J)~JORDER(J) Copy JCRDLR DACR P10 [OADLK
{3lcoxTivue
RETURN
END

SUBROUTINE METROP(DE.T.ANS)
Mcetropolis algorithm ANS 15 3 logicat vanable which 1ssues 3 verdll on whether 10
3CCent 3 reconnQuralion which lcads 1o 3 change DE in the opjective funciion £ 1t DE<O.
ANS= TRUE . white if DE>O. ANS 15 only TRUE with probabihity axp(-DE/T) where T s 2
temoperature determingd Dy the anneaing schedule

PAKAMETER (JDUN=1)

LOGICAL ANS

ANS={DE LT 0 O) OR (RAX3(JDU¥) LT EXP(-DE/T}}

RE, URN

END
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Assessing the Promise of Simulated Annealing

There is not yet enough practical experience with the method of sim-
ulated annealing to say definitively that it will realize its current promise.
The method has several extremely attractive features. rather unique when
compared with other optimization techniques.

First. it is not ~“greedy”. in the xense that it is not easily fooled by the
quick payoff achieved by falling into unfavorable local minima. Provided that
sufficiently general reconfigurations are given. it wanders freely among local
minima of depth less than about T. As T is lowered. the number of such
minima qualifying for frequent visits is gradually reduced.

Second. configuration decisions tend to proceed in a logical order.
Changes which cause the greatest energy diffcrences are sifted over when the
control parameter T is large. These decisions become more permanent as T
is lowered. and attention then shifts more to smaller refinements in the so-
lution. For example. in the traveling salesman problein with the Mississippi
River twist. if A is large. a decision to cros~ the Mississippi only twice is inade
at high T. while the specific routes on each side of the rive- are determined
only at later stages. o

The analogics to thermodynamics may be pursued to a greater extent o~
than we have done here. Quantities analogous to specific heat and entropy
may be defined. and these cas: be useful in monitoring the progress of the \O
algorithm toward an acceptable solution. Information on this subject is found
in the references by Kirkpatrick et al. (@)

REFERENCES AND FURTHER READING:

Kirkpatrick. S., Gelatt, C.D.. and Vecchi. M P. 1983, Science. vol. 220,
pp. 671-680

Kirkpatrick, S. 1984, fournal of Statistical Physics. vol. 34, p. 975. [e o]

vecchi, M P. and Kirkpatrick, S. 1983, IEEE Transactions on Computer
Aided Design, vol CAD-2, p. 215. —

Metropolis, N., Rosenbluth, A., Rosenbluth, M . Teller A, and Teller, E.
1953 J. Chem. Phys.. vol. 21, p. 1087 foa

Lin. S. 1965, Bell Syst. Tech Journ., vol. 44, p 2245.

Christofides. N.. Mingozzi. A, Toth, P, and Sandi, C.. eds. 1979, Com®D
vinatorial Optimization (London and New York: Wiley-Interscience}
[not ssmulatec znnealing, but other topics and algorithms]. ~
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FACTORS FOR CONVERTING INCH-POUND UNITS TO METRIC (SI) UNITS

The following factors can be used to convert inch-pound units
published herein to the International System (SI) of metric units.

Multiply inch-pound units

inches (in)

feet (ft)

miles (mi) 2
square feet (ft°)
acres 2
square miles (mi”®)
gallons (gal)

gallons (gal) 6
million gallons (10 gal)
acre-feet (acre-ft)
pounds (1b)

feet per mile (ft/mi)
curies (Ci)

micromhos (umho)

By

2.54

0.3048
1.609
0.0929
0. 4047
2.590
3.785

3.785x10™>

3,785
1,233

0.4536
0.1894
3.70x101°

1.00

To obtain metric units

centimeters (cm)

meters (m)

kilometers (km)

square meters (m")
hectares (ha) 2
square kilometers (km“)
liters (L)

cubic meters (m))

cubic meters (m))

cubic meters (m”)
kilograms (kg)

meters per kilometer (m/km)
becquerel (Bq)
microsiemens (yS)



EVALUATION OF A PREDICTIVE GROUND-WATER SOLUTE-TRANSPORT
MODEL AT THE IDAHO NATIONAL ENGINEERING LABORATORY, IDAHO

By

Barney D. Lewis and Flora J. Goldstein

ABSTRACT

In 1973, a digital chemical solute-transport modeling study at the
Idaho National Engineering Laboratory (INEL) had been used to project
chloride and tritium waste plumes for 1980. The model indicated that for
the conditions assumed, the wastes would be at or near the INEL southern
boundary by 1980. Eight wells were drilled during the summer of 1980
near the southern boundary to fill existing gaps in the INEL hydrogeolo-
gical data base, to delineate the leading edge of the waste plumes, and
to monitor for first arrivals of aqueous wastes at the exiting boundary
of the INEL. The data from the eight wells were used to evaluate the
accuracy of the predictive model, and the assumptions used.

Data interpretation from the drilling program indicates that the
subsurface geology in the southwestern INEL vicinity is dominated by
thin basalt flows interbedded with layers of sediment and silicic rocks
are penetrated only in those wells near the INEL’s southern boundary.
The Arco volcanic rift zome was found to have a marked effect on the
regional ground-water flow regimen, and perhaps, on water quality. This
same subsurface geologic structure appears to have lower water-yielding
and transmitting capabilities than the surrounding aquifer matrix and
retards the movement of aqueous wastes.

Interpretation of data also indicates that the leading edges of
the chloride and, tritium waste plumes are 2 to 3 miles upgradient from
the southern boundary of the INEL, and higher-than-background specific
conductance values are measurable at about the same upgradient distance.
As expected, the waste plumes projected by the computer model for 1980
extended somewhat further downgradient than indicated by well data due to
conservative worst-case assumptions in the model inmput and inaccurate
approximations of subsequent waste discharge and aquifer recharge
conditions.

Future programs at the INEL are needed to determine more accurately
the hydrologic properties of the Snake River Plain aquifer, for inclusion
into and recalibration of the digital model, and to delineate more accu-=
rately the subsurface hydrogeologic characteristics and their effects
on the regional aquifer system.



INTRODUCTION

The Idaho National Engineering Laboratory (INEL), formerly the
National Reactor Testing Station, was established in 1949 by the Atomic
Energy Commission (AEC) and is now operated by the U.S. Department
of Energy (DOE) to build, operate, and test various types of nuclear
reactors. Fifty-two reactors have been constructed to date, of which 17
are still operable.

The INEL site covers 890 square miles of the eastern Snake River
Plain (fig. 1) in southeastern Idaho. The Plain is a structural and
topographic basin about 200 miles long and 50 to 70 miles wide. Thin
basaltic lava flows, rhyolite deposits, and interbedded sediments fill
the basin to its present level (land surface) from depths of approxi-
mately 2,000 to 10,000 feet. A more detailed description of the geology
is found in Robertson,; Schoen, and Barraclough (1974). Underlying the
plain, and contained in the upper part of this stratigraphic sequence, is
a vast body of ground water contained in the Snake River Plain aquifer--
the major aquifer in Idaho. The INEL obtains its entire water supply
from from this aquifer. Aqueous chemical and radioactive wastes are
discharged to shallow ponds and to shallow or deep wells on the INEL
site. Many of these wasie constituents enter the aquifer either directly
or indirectly following percolation through the wunsaturated zone.

The study of the effects of subsurface waste disposal on the region-
al hydrology requires a knowledge of the hydrogeology of the Snake River
Plain aquifer, the locations and quantities of aqueous waste disposal,
the methods of disposal, and the geochemistry of the waste solutions and
of the ground water in the aquifer. During recent years, the prime
concern has been to trace the movement of dilute chemical and low-level
radioactive wastes in the subsurface, and to explain the chemical and
radiochemical changes that accompany such movement in terms of the
geologic, hydrologic, and geochemical properties. Many project studies
and resultant publications have been completed during these past years
concerning these chemical and physical factors, but there are still areas
with insufficient data. Public concern about waste disposal and migration
prompted the initiation of a drilling program that was completed during
the summer of 1980. This program bolstered knowledge of the aforemen-
tioned factors and provided additional monitoring points for possible
waste migration in the Snake River Plain aquifer near the southern
boundary of the INEL.

PURPOSE AND SCOPE

In 1949, the AEC requested that the U.S. Geological Survey (USGS)
investigate and describe the water resources of the INEL and adjacent
areas. Information was collected that depicted hydrogeologic conditions
prior to reactor operations and waste disposal programs at the Laboratory.
A continuing investigative program serves to increase an understanding of
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the hydrogeologic system and to determine changes in that system result-
ing from activities at the INEL. The effects on the aquifer, and the
extent of migration therein, of low-level radioactive and nonradioactive
chemical wastes, have caused increasing public concern. With this public
awvareness in mind, eight new monitoring wells were drilled in the summer
of 1980 to supplement the existing INEL monitoring network. Geologic
information from this drilling program and analyses of ground-water
samples from the wells, along with those from monitoring wells, were used
to compare the extent of the actual chloride and tritium plumes with
those projected for 1980 by Robertson’s (1974) predictive digital model
of waste-solute transport. The information was also used for updating
and calibrating the digital model and to understand further the subsur-
face geology and hydrology near the INEL‘s southern boundary.

This report presents the information obtained by drilling the eight
new wells and the interpretations made from the data collected. Subsur-
face geologic interpretations were made from geophysical logs recorded in
each well and these aided in the construction of three hydrogeologic
sections. Pumping tests were run on five of the wells to help determine
aquifer properties and to collect pumped well-water samples for chemical
analyses. The results of the sample analyses helped to delineate the
southernmost extent of the chloride and tritium waste plumes, and delin-
eate an aquifer area with higher—than-background specific conductance
values. The water level was measured in each well to refine delineation
of the configuration of the regional water table.

Reports on previous USGS investigations describing geologic and
hydrologic studies of the INEL and the surrounding area, and related
reports by the DOE staff, are listed in the Selected References and may
be examined in the offices of the USGS at the Central Facilities Area
(CFA) (fig. 2) or the INEL Librarye.
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REGIONAL HYDROLOGY

INTRODUCTION

The eastern Snake River Plain is underlain by a vast ground-water
reservoir known as the Snake River Plain aquifer, which may contain
more than 1 billion acre-feet of water (Barraclough, Lewis, and Jensen,
1981). The flow of ground water in the aquifer is principally to the
south-southwest (fig. 1) at relatively high velocities of 5-20 feet per
day. The transmissivity of the aquifer generally ranges from 1 million
to 100 million gallons per day per foot or 134,000 to 13,400,000 feet
squared per day (Robertson, Schoen, and Barraclough, 1974).

The basaltic volcanic rocks and interbedded sediments composing the
aquifer are all included in the Snake River Group of Quaternary age. The
basement rocks are probably comprised of older volcanic and sedimentary
rocks, in addition to underlying crystalline rocks. The basalt is the
principal aquifer. Water-bearing openings in the basalt are distributed
throughout the rock system in the form of intercrystalline and inter-
granular porespace, fractures, cavities, interstitial voids, interflow
zones, and lava tubes. The variety and degree of interconnection of
these openings complicates the direction of ground-water movement locally
throughout the aquifer.

Ground-water recharge to the INEL is primarily by underflow from the
northeastern part of the plain and also from adjacent drainages on the
west and north. Most of the ground water flowing under the INEL entered
the ground in the uplands to the north, northeast, and northwest of the
site, moves south or southwestward through the aquifer, and discharges at
springs along the Snake River valley near Hagerman (fig. 1). Lesser
amounts of recharge are derived from local precipitation on the plain.
Most of the precipitation evaporates but part infiltrates the ground
surface and percolates through the unsaturated zone to the regional water
table. Some recharge.is also derived from occasional flow in the Big
Lost River.

CONFIGURATION OF THE
REGIONAL WATER TABLE

Figure 3 is a map of the southwestern part of the INEL site and
adjacent areas showing altitude contours on the water table of the
Snake River Plain aquifer for July to October 1980. The altitude of the
water table ranges from 4,494 feet above the National Geodetic Vertical
Datum of 1929 in the central part of the site (top of figure 3) to 4,415
feet near the southwestern boundary of the site. The general direction
of the regional ground-water movement is to the south and southwest. The
average slope of the water table is about 4 feet per mile. In the
southwestern part of the INEL, near Big Southern Butte, the water-
table gradient is low, sloping southwestward less than 2 feet per mile
(fig. 3). .
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Data indicate that the altitude of the water table (shown by figure
3) has declined by less than 2 feet to as much as 6 feet compared to
similar data for July 1978 (Barraclough, Lewis, and Jensen, 1981). The
largest declines were measured in areas where the water table position is
sensitive to changes in recharge from the Big Lost River, whose discharge
was abnormally low during the years 1977 and 1979.

SURFACE WATER

Surface water is mainly that in streams draining the mountains
and valleys to the west and north of the INEL (see fig. 1). On the INEL
locally, snowmelt and rain also contribute to surface water, especially
in the spring. The Big Lost River is the INEL’s most important source of
surface water. Recharge to the Snake River Plain aquifer from streamflow
during wet years has been significant. All streamflow that enters
the Snake River Plain is recharged to the subsurface, except for evapo-
ration and transpiration losses. During dry periods, streamflow does not
reach the INEL.

The Big Lost River flows southeastward down the Big Lost River
valley past Arco, onto the Snake River Plain, and then turns northeast-
ward through the INEL to its termination in playas, the Lost River Sinks
(fig. 2). The river loses water by infiltration through the channel
bottom as it flows on the plain. As flow approaches the terminal playas,
the channel branches into many distributaries and the flow spreads over
several flooding and ponding areas (Barraclough and others, 1967).

Two major artificial controls affect the river, in addition to
irrigation diversions. These are the Mackay Dam, 30 miles upstream from
Arco, and the INEL flood-diversion system in the southwestern part of the
site (fig. 2). The INEL flood-control diversion system was constructed
in 1958 to reduce the threat of floods from the Big Lost River on that
part of the site. The diversion dam can divert flow out of the main
channel to diversion areps A, B, C, and D (see Lamke, 1969, for discus=-
sion of flood control). During winter months nearly all flow is diverted
to avoid accumulation of ice in the main channel and reduce the possi-
bility of flooding INEL facilities.

The period of highest average flow of the Big Lost River below
Mackay Reservoir for the entire historical record (fig. 4) was from 1965
through 1976, with 1965, 1969, 1967, 1974, 1975, and 1971 recording the
six highest flows of record in order of decreasing magnitude. The total
discharge decreased during 1977 to 160,300 acre-feet, much lower than
normal. During the 1978 water year the discharge was measured at 225,900
acre-feet, slightly above average. In 1979, the discharge declined to an
average of 202,400 acre-feet. In 1980 the discharge rose to an above
average 249,500 acre-feet.
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Continuous flow of the Big Lost River was recorded at the INEL
diversion gaging station for at least three years prior to 1977 (Barra-
clough, Lewis, and Jense, 198l). However, since 1977 very little
or no water has flowed past the diversion, reflecting the dry period that
began in 1977. The above-average flow of the Big Lost River below Mackay
Reservoir for 1980 (fig. 4) was diverted for irrigation purposes in the
Big Lost River valley (see fig. 1) and only a very small amount reached
the diversion area.

GROUND WATER

Water infiltrates from the Big Lost River during periods of flow and
percolates to the Snake River Plain aquifer. Significant amounts of
this recharge have caused a regional rise of the ground-water level over
much of the INEL following several flow events. The water levels in some
wells have risen as much as 6 feet in a few months following high
flows in the river (Barraclough, Lewis, and Jensen, 1981). Water-level
changes in four regional aquifer wells (fig. 5) in the southwestern part
of the INEL illustrate the influence of recharge from the Big Lost River.
In wells 17, 23, and 12 (see fig. 6 for well locations), the lowest water
levels on record occurrcd in 1964 following four years of below average
discharge in the river. The highest water levels occurred in 1972
following the wet period from 1965 to 1971. '

The water level in well 12, which taps the Snake River Plain aqui=-
fer, rose 21.5 feet in 8 years from 1964 to 1972. This is the largest
measured fluctuation of the water level in an INEL well. The water level
in well 23 rose about 18 feet during this same period, which is the
second largest water-level rise that has been measured.

The water level in well 20 rose only about 6 feet from 1964 to 1972
and had declined by nearly 8 feet to a record low by the end of 1980
(fig. 5). The more stable position of this water level may indicate
that well 20 is not igfluenced by recharge from the Big Lost River and
represents the changes in water level for the Snake River Plain aquifer
on a more regional basis.

The Snake River Plain aquifer is the only source of water utilized
at the INEL. Twenty-five of the 28 production wells on the INEL are
generally in use. The combined pumpage of these wells has been about 2.4
billion gallons of water per year for the past several years. This
averages about 6.6 million gallons per day or 7,370 acre-feet per year.

Not all the water pumped out of the aquifer is actually consumed.
Some of the waste water is discharged directly back into the Snake River
Plain aquifer through deep disposal wells. Other aqueous wastes (radio-
active, chemical, and sewage) are discharged into ponds. Both methods of
waste disposal contribute recharge to the aquifer. Nearly 60 percent of

10
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the water pumped is disposed of to the surface or subsurface (Barra-
lough, Lewis, and Jensen, 1981). Pumping has little or no effect on
annual water-level changes in the aquifer in the vicinity of the INEL
because the amount pumped is a very small part of the total ground-water
storage and recharge.

WASTE DISPOSAL SITES

Liquid low-level radioactive and dilute chemical wastes have been
discharged to the subsurface at the Test Reactor Area since 1952, through
a deep disposal well and through ponds; and at the Idaho Chemical Pro-
cessing Plant since 1953 through a deep disposal well.

TEST REACTOR AREA

The TRA (see fig. 2) utilizes four disposal systems to dispose of
nearly 470 million gallons of waste water annually (Barraclough, Lewis,
and Jensen, 1981). Low-level radiocactive wastes are discharged to three
seepage ponds. These ponds receive more than 40 percent of the total
TRA liquid waste. A part of the waste percolates to the Snake River
Plain aquifer, 450 feet below the land surface. Chemical wastes are
discharged to another seepage pond. Two seepage ponds are used to
dispose of sanitary wastes. Cooling-tower blowdown wastes are discharged
to the aquifer through a deep disposal well.

The average annual discharge to the TRA radioactive waste ponds has
been about 190 million gallons for the past 10 years, but this rate
was reduced by more than 60 percent during 1979 and 1980. Barraclough,
Lewis, and Jemsen (1981) showed that water discharged to the radioactive
waste ponds during 1974 to 1978 contained an average of about 2,400 Ci
(curies) per year of activation and fission products. During. 1977 and
1978 this average was reduced to about 1,300 Ci per year as the yearly
volume of discharged waste water was reduced. By 1980, the average curie
discharge was reduced to less than 260 Ci as the yearly volume of dis-
charged waste water was again reduced. In recent years, the average
amount of tritium discharged to the ponds has also decreased from about
212 Ci per year to 120 Ci per year, but now represents a greater percen=
tage of the total discharged radioactivity. It should be noted that, on
the average, about 70 percent of these products have a short half-life
(less than several weeks) and probably move only a short distance during
their half-lives.
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A pond has been utilized at the TRA since 1962 to dispose of chenm-
ical (non-radiocactive) wastes from ion-exchange system. Sulfate and
sodium are the major chemical constituents in the waste water and are
disposed of in approximately 22 million gallons of water yearly, in
annual amounts of about 1.2 million 1lbs and 114,000 1bs, respectively.
These discharge amounts yield sulfate and sodium discharge concentrations
of about 0.05 and 0.01 1bs per gallon, respectively.

A disposal well (1,275-feet deep) has been used at the TRA since
1964 to dispose of about 306 million gallons per year of non-radiocactive
waste water. The well discharges directly into the Snake River Plain
aquifer. The water level is generally about 450 feet below the land
surface. Most of the injected water is from cooling-tower blowdown; it
contains a yearly average of 521,000 1bs of sulfate and ‘61,000 1lbs of
various other chemicals.

IDAHO CHEMICAL PROCESSING PLANT

The ICPP currently discharges low-level radiocactive waste and
dilute chemical waste directly to the Snake River Plain aquifer through a
disposal well 600 feet deep. The natural water level is about 450 feet
below the land surface. The average yearly discharge to the well has
been about 319 million gallons since disposal began in 1953.

Most of the radioactivity of this waste, except for tritium, is
removed by distillation and 1ion exchange before it is discharged into
the well. In terms of radiocactivity, more tritium is discharged than
any other waste isotope.

During the past seven years, 1974 through 1980, the average curie
discharge rate (all isotopes) to the ICPP well was 290 Ci per year, and
the average volume of water discharge was 377 million gallons per year;
resulting in an average radioactivity concentration of about 200 pico-
curies per milliliter (gpi/mL) in the discharge water. The amount of
radioactivity discharged to the well from year to year is variable and
depends on plant operations. For example, 223 Ci was discharged in 1979
and 112 Ci in 1980, below the overall discharge average. About 98
percent of the total activity was tritium, approximately 221 Ci and 109
Ci for 1979 and 1980 respectively, and nearly one percent (about 2 Ci
yearly) was strontium=-90. The remainder was made up of low quantities of
various other radioisotopes.
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WELL SITE SELECTION

The hydrologic data base used by the USGS at the INEL is comprehen-
sive. There is a need, however, to improve and expand the data base to
refine and quantify hydrogeologic concepts. Gaining additional knowledge
about the subsurface hydrogeology at the INEL could enhance the under-
standing of ground-water flow directions, flow velocity, and chemical
quality; waste product movement longitudinally and laterally from points
of discharge at the TRA and ICPP (see fig. 2 for facility locatiomns);
waste concentrations in the aquifer downgradient from the discharge
points, particularly near the INEL’s southern boundary; and the existing
geologic controls on the ground-water flow system and waste migration.

Figure 6 shows the expanded data base following the completion of
the 1980 drilling program. Wells numbered 103 through 110 were completed
during the summer of 1980. The figure includes only those wells in the
southwestern part of the INEL, which is the part most affected by aqueous
waste disposal (Barraclough, Lewis, and Jensen, 1981). It should be
noted that many observation wells near and immediately south of the TRA
and ICPP have been omitted as their inclusion would unduly congest figure
6.

Well sites 103 through 110 were selected by evaluating several
criteria:

1) to fill existing gaps in the INEL hydrogeologic data base by
drilling in areas not previously penetrated by wells;

2) to specifically determine the subsurface geology near the INEL’s
southern boundary and the Big Southern Butte, and to depict the
hydrological and geochemical effects of this geologic setting on
the ground-water flow system and waste migration;

3) to determine the southermmost extents of chloride and tritium
waste plumes in the aquifer, and define an aquifer area with
higher-than-background specific conductance values; and

4) to compare the tritium and waste chloride plumes with those
simulated for 1980 by Robertson’s (1974) model.

Additional siting criteria were used for the placement of three
wells in particular. Well 109 (fig. 6) was located near the eastern edge
of the Big Lost River diversion area (fig. 2) to evaluate the effects of
recharge from the diversion ponds on the Snake River Plain aquifer during
years of high flow. Wells 107 and 110 (fig. 6) were placed in stratigic
locations to monitor the possible migration of waste products toward
Atomic City, the only inhabited community downgradient and in the general
vicinity of waste disposal sites.

15



DRILLING AND AQUIFER~TESTING DOCUMENTATION

WELL 103

The drilling of well 103 began on July 29 and was completed on
August 20, 1980. Total depth of the well is 760 feet (fig. 7), of which
600 feet are cased with an 8-inch casing. The remainder of the well is
an 8-inch open hole from 600 feet to total depth. The measured water
level in the well is about 582 feet below land surface.

The geophysical logs shown in figure 7 indicate that the subsurface
geology 1s dominated by numerous basalt flows. A sedimentary sequence,
approximately 90 feet thick, was encountered at a depth of about 175
feet. Silicic rocks, probably rhyolite, exist at a depth of about 400
feet below land surface and are nearly 90 feet thick. A zone of frac-
tured basalt exists at depths from about 650 feet to 710 feet, which is
below water level, and it could yield significant quantities of water.

A pump was set in the well at a depth of about 630 feet for develop-
ment and testing purposes. A test was run on well 103 from December
22 to December 24, 1980. The duration of the test was about two days
with a pumping rate of 85 gallons per minute (gpm) for the first 20
minutes and an average rate of 96 gpm thereafter. No measurable water-
level decline occurred in the well during the test.

A total of seven water samples was taken at various times during the
test for selected radiochemical and standard chemical analyses (see table
1 and table 2 for selected representative analyses). No waste products
were detectable in these samples (table 1). The ground-water chemistry
is dominated by calcium, magnesium, and bicarbonate with minor concentra-
tions of sodium, silica, sulfate, and chloride (table 2). This water
chemistry type is consistent with that determined by Olmsted (1962) to be
representative of ground water in the Snake River Plain aquifer prior to
aqueous waste disposal. .,

WELL 104

The drilling of well 104 started on July 30 and was completed on
August 22, 1980. The total depth of the well is 700 feet (fig. 8) with
an 8-inch casing set to a depth of 550 feet. The remainder of the
well, 550 to 700 feet, is an 8-inch open borehole. The measured water
level is about 557 feet below land surface.

The geophysical logs recorded in the borehole (fig. 8) indicate
a predominance of basalt in the subsurface with two sedimentary layers
being present at a depth approximately 135 feet and 340 feet below land
surface. These sedimentary deposits are both about 25 feet thick. The
logs also show a basalt with few openings near to and below the water
level in the uncased portion of the borehole.
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Table l.~~Tritium and chloride analyses, and the
specific conductance of water fron ve}ls
drilled during the surmer of 1980

Time of
Well Date of collection Specific
number collection (hours after Tritium Chloride conductance
pumping started) (pCi/mL) (mg/L) (umhos/em at 25°C)
103 10-06-80 -2 <0.4 20 260
~Do- 12-22-80 0.23 <0.4 14 300
~Do- 12-22-80 5.25 <0.4 15 300
~Do- 12-23-80 20.17 <04 14 320
~Do- 12-23-80 27.67 <0.4 12 310
~Do- 12-23-80 33.92 <0.4 13 310
~Do- 12-24-80 45.58 <0.4 13 300
104 10-06-80 —--2 <0.4 13 230
~Do~ 11-26-80 0.13 <0.4 12 . 270
~Do- 12-05-80 7.33 0.6 12 280
-Do- 12-06-80 17.22 0.8 1 270
~Do- 12-07-80 33.80 1.0 11 280
-Do- 12-07-80 44,80 0.8 1 270
105 10-06-80 -2 <0.4 19 320
—Do- 01-05-81 0.25 <0.4 26 azo
~Do~ 01-05-81 3.83 <0.4 27 370
~Do- 01-06-81 20.08 <0.4 26 370
~Do- 01-06-81 23.58 <0.4 26 370
~Do- 01-07-81 38.92 <0.4 27 370
~Do- 01-07-81 45.08 <0.4 28 370
106 10-06-80 —-.2 3.2 18 270
~Do-~ 01-09-81 0.25 3.1 27 340
~Do- 01-12-81 65.58 3.4 27 340
~Do- 01-12-81 69.92 2.9 27 330
—Do- 01-13-81 88.25 2.5 27 330
~Do- 01-13-81 97.75 3.1 27 330
-Do- 01-14-81 114.58 3.1 27 130
107 10-06-80 — <0.4 18 270
~Do- 06-11-81 0.04 <0.3 21 310
~Do- 06-11-81 0.17 <0.3 22 320
~Do- 06-11-81 0.50 <0.3 22 320
~Do- 06-11-81 1.00 <0.3 21 320
~Do- 06-11-81 4.00 <0.3 22 300
~Do- 06-12-81 19.00 <0.3 22 290
108 10-06-80 —.2 <0.4 16 250
~Do- 12-29-80 0.25 <0.4 17 310
~Do- 12-29-80 3.25 <0.4 18 300
~Do- 12-30-80 17.83 <0.4 17 290
-Do-~ 12-30-80 26.08 <0.4 18 310
-Do- 12-31-80 45.25 <0.4 18 320
~Do~ 12-31-80 51.50 <0.4 17 310
109 10-08-80 -3 <0.4 26 310
~Do- 04-02-81 -3 <0.4 2 310
110 10-08-80 -2 <0.4 27 290
~Do- 06-16-81 0.04 <0.4 22 310
~Do- 06-16-81 4.83 <0.4 21 290
~Do- 06-17-81 17.83 <0.4 23 300
~Do- 06-25-81 2.00 <0.4 23 300

ll.aboratory measurenents made by the Research Eavironmental Sciences Laboratory
at the INEL.

2 Thief sampler used to collect water sample.

3Batler used to collect water sample.
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Table 2.--Chemical analyses of water from selected wells drilled during the summer of 1980

LY
.

N

(Constituents are dissolved and in milligrams per liter unless indicated otherwise™)

Specific Field Sodium

conduc—- water adsorp- Total

tance temper- Magne-~ tion Potas- alkali- Chlo-  Fluo~-
Yell Date of (Umhog/cm agure Calcium sium Sodium ratio sium nity Silica Sulfate ride ride
number collection at 257) pH c) (Ca) Mg) (Na) (SAR) (K) (CaCOa) (5102) (¢:10] (C1) (F)
103 12-24-80 353 7.9 14.0 35 15 13. 0.5 2.7 130 30 24 11. 0.3
104 12-18-80 316 7.9 13.0 35 12 7.6 0.3 2.3 130 29 20 9.4 0.2
105 01-07-81 413 8.0 14.0 43 16 14. 0.5 4.9 140 27 34 20. 0.3
106 01-14-81 380 7.9 14.0 40 17 1.4 0.2 2.1 150 20 25 12. 0.2
107 06-14-81 333 7.9 14.9 36 15 16. 0.6 3.2 131 32 26 17. 0.3
108 12-31-80 347 7.7 13.0 35 15 11. 0.4 2.7 130 29 22 11. 0.3
110 06-25~-81 361 1.4 14.5 35 14 16. 0.6 3.5 130 33 20 20. 0.5

1Lal'somt:ory measurements, except for water temperature, made at the U.S. Geological Survey’s Central Laboratory, Denver, Colorado.

Sample collected following many hours of purping.
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An aquifer test was run from December 6 to December 7, 1980 with
a pump set at a depth of about 610 feet. The well was pumpéd at 21 gpm
with a resultant water=-level decline of 51 feet. The computed aquifer
transmissivity for this test (using the semi-log, single-cycle, slope-
intercept method described by Freeze and Cherry, 1979) was about 50 feet
squared per day, with a computed specific capacity of about 0.4 gpm per
foot of drawdown. As indicated by the geophysical logs, the aquifer
water yield in the immediate vicinity of well 104 is much lower than
those generally associated with the Snake River Plain aquifer (for
example see Mundorff, Crosthwaite, and Kilburn, 1964; or Robertson,
Schoen, and Barraclough, 1974).

Six water samples were collected during the aquifer test and ana-
lysed for various chemical and radiochemical constituents (see table 1
and table 2). Chloride concentrations were low, which indicates that
chloride wastes have not reached this well; however, tritium concentra-
tions were found to be above the background levels of 0.05 to 0.1 pCi/mL
as depicted by Barraclough and others (1966). The average concentration
of tritium in the water samples was 0.6 pCi/mL and indicates that this
particular waste constituent has traveled downgradient at least 6 miles
from the nearest point of discharge. The ground-water chemistry is
dominated by calcium, magnesium, and bicarbonmate with minor concentra-
tions of sodium, silica, sulfate, and chloride (table 2); it is closely
similar to the chemistry of the water pumped from well 103.

WELL 105

The drilling of well 105 began on August 25 and was completed on
September 9, 1980. The total depth of the well is 800 feet with an
8-inch casing set from land surface to a depth of about 400 feet (fig.
9). The remaining 400 feet of the well is uncased and exists as an open
borehole. The water level in the well was measured at a depth of about
670 feet below land surface.

The geophysiéal logs shown in figure 9 indicate that basalt is the
predominant rock type in the subsurface. A silicic rock layer, probably
rhyolite, was encountered at a depth of approximately 245 feet and is
nearly 85 feet thick. Underlying this rhyolite zone is a thin clay
layer. The basalt near and below the well’s water level is severely
fractured and contains many openings and crevices. ‘

A pump was set in the well at a depth of about 720 feet and a test
was run on the well from January 5 to January 7, 1981. The duration of
the test was two complete days and the pumping rate averaged 63 gpm. No
appreciable water-level decline was measured during the test.

Seven pumped-water samples were collected during the test, and the
results of their analyses are listed in table 1 and table 2. The results
do not indicate the presence of tritium in appreciable concentrations
in any of the water samples (table 1). The chloride concentratioms,
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however, average 27 milligrams per liter (mg/L), and this 1is higher
than the 10 to 20 mg/L range normally considered to be background levels
for the regional aquifer (Robertson and Barraclough, 1973). This higher-~
than-background chloride concentration may not be assoclated with waste
migration as other anomalously high chloride concentrations have been
noted in the Snake River Plain aquifer that are not attributable to waste
disposal (Robertson, Schoen, and Barraclough, 1974). Unknown hydrogeo-
logic comtrols, such as varying rock types, could be contributing to the
anomalous chloride wvalues. Table 2 shows that the chemistry of the
ground water in well 105 is dominated by calcium, magnesium, and bicar-
bonate with minor concentrations of sodium, silica, chloride, and sulfate.

WELL 106

The drilling of well 106 started on August 18 and was completed
on August 28, 1980. The total depth of the well is 760 feet. An 8-inch
casing was set from the surface to a depth of about 400 feet (fig. 10).
The remainder of the well was completed as 200 feet of 10-inch open hole
to a depth of 600 feet and another 160 feet of 8-inch open hole to the
total depth of 760 feet. The measured water level in the well is at a
depth of about 587 feet below land surface.

: Figure 10 shows the geophysical logs recorded in well 106. The logs
indicate that basalt flows and interbeds of clay and silt, are the
predominant lithologic features in the subsurface. A prominent sedimen-
tary zone is present at a depth of about 130 feet below land surface and
is approximately 80 feet thick. A zone of fractured basalt is present at
a depth of about 680 feet. This 80-foot thick fractured zone is below
the well’s water level and is in the uncased 8-inch open hole.

A test was run on well 106 for two days from January 12 to January
13, 1981. The pump was set at a depth of 640 feet and discharged
95 gpme. No measurable water-level decline occurred during the test.

During the test, six samples of the pumped ground water were col-
jected for waste constituent analysis (table 1); and one sample was
collected for standard chemical analyses (table 2). The analyses listed
in table 1 indicate that tritium is present in the well water in an
average concentration of 3.1 pCi/mL, which is above background levels.
Chloride concentrations are also above background levels with an average
concentration of 27 mg/L. These results show that both waste chloride
and tritium have migrated at least six miles from their discharge points
at the TRA and ICPP. The chloride concentration is not markedly above
the background levels of 10 to 20 mg/L and, as in the case of well 105,
may represent an anomalously high chloride concentration in the Snake
River Plain aquifer. However, in the TRA-ICPP-CFA vicinity (see fig. 6),
the background chloride concentration is about 12 mg/L (Robertson and
Barraclough, 1973) and a part of the dissolved chloride in the water
sampled from well 106 is 1likely supplemented by waste chloride. The
analyses listed in table 2 show that the other constituents present are
indicative of those normally found in the regional aquifer and the water
chemistry is similar to that of previously discussed wells.

23



k&4

DEPTH, IN FEET BELOW LAND SURFACE

50 —

100 —

150 —

200

2501

300 —

350 —

400 —

450 —

500 —

550 —

600 —

650 —

700

750

800

COMPLETION
DIAGRAM

~rra— Elevation:

2

A

i
8 \5016.76Feet
1 .16 Inch Hole

|\ Expanding
\\Cement

Plug

12 Inch
Casing

l~— 10 Inch Hole

H—— 8 Inch Casing

- Water Level

~--8Inch Hole

<J—— Total Depth:

760 Feet

Figure

GENERALIZED
LITHOLOGY

~ Silty sediment

"~ Basalt

"~Clayey Silt

~Clayey Silt

with Cinders

~Basalt

~Clayey Silta
~ Basalt

“>Clayey Silt

™ Dense Basalt

~Clayey Silt

" ~Basalit

~ Clay

" ~Dense Basalt

~Fractured
Basalt with
Openings

“~Clay

“Fractured

Basalt

10.--Diagrams showing well completion,

GEOPHYSICAL LOGS

- 400

CALIPER GAMMA RAY GAMMA-GAMMA NEUTRO
L No Record | 1 } L
- Casing
Scale
{1 / Change
1t J
2 6 10 14 18
INCHES RADIATION DENSITY MOISTURE
INCREASES INCREASES INCREASES

geophysical logs for well 106.

geology, and

— 800



WELL 107

The drilling of well 107 began on September 2 and was completed on
September 8, 1980. The total depth of the well is 690 feet with an
8-inch casing set to a depth of 195 feet below land surface (fig. 11).
The remainder of the well is an 8-inch open hole from the termination
of the casing at 195 feet to the total depth of 690 feet. The measured
water level in the well is at a depth of about 480 feet.

The geophysical logs illustrated in figure 11 indicate that basalt
is the dominant rock type in the subsurface. 7Two thin sedimentary
deposits were encountered during drilling, one at about 50 feet and the
other at about 450 feet below land surface. The logs also indicate that
extensive fracture zomes are present in the uncased part of the well; one
at about 190 to 250 feet below land surface, which contains several
crevices, and another at a depth of about 340 to 440 feet. Following
completion of the well, the borehole contained two partly bridged areas,
one at a depth of about 500 feet and the other at 550 feet. The detrital
material that created these obstructions could have originated in either
of the fractured zones. Another zonme of fractured basalt exists below
the well’s water level from a depth of about 500 to 530 feet.

Well 107 was re—entered on May 7, 1981, to remove the obstructions
in the borehole. Following this cleaning procedure, a 6-inch casing was
suspended from land surface to a depth of 270 feet (fig. 11). The
severely fractured zome at a depth of about 190 to 250 feet was therefore
cased out. A caliper tool was then run to the bottom of the borehole,
and indicated that this cleaning and casing procedure had stabilized the
caving and bridging problem. The "recompletion" process was completed on
May 12, 1981.

A test was made on well 107 from June 11 to June 12, 1981. The pump
for this test was set at a depth of about 530 feet. The duration of the
test was 19 hours with a pumping rate of 125 gpm. No measurable water-
level decline occurred in the well during the test. Six water samples
were taken at various times during the test for selected radiochemical
and standard chemical analyses. No waste products were detectable in
these samples (table 1). The ground water is also dominanted by calcium,
magnesium, and bicarbonate, with minor concentrations of sodium, silica,
sulfate, and chloride (table 2).

WELL 108

The drilling of well 108 started om September 11 and was completed
on September 18, 1980. The total depth of the well is 760 feet with an
8-inch casing set from land surface to a depth of 400 feet (fige. 12). An
8-inch open hole makes up the remaining part of the well, from the end of
the casing to the well’s total depth at 760 feet. The measured water
level is at 607 feet below land surface.
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The geophysical logs recorded in the borehole (fig. 12) indicate
that basalt dominates the subsurface geology. Two thick sedimentary
deposits occur in the well at depths of about 180 to 280 feet and 360 to
390 feet. The deeper layer of sediment overlies a silicic rock zone,
probably rhyolite, that extends to a depth of about 430 feet. A zone of
fractured basalt with numerous openings occurs near and just below the
well’s water level, and a crevice zone is located about 60 feet below
this static water level.

A test was run on well 108 from December 29 to December 31, 1980.
The pumping rate was 88 gpm and the pump was set at a depth of about 660
feet. The duration of the test was 42 hours, during which no appreciable
water-level decline was measured.

The selected waste constituent analyses of six water samples col-
lected during the test (table 1) give no indication that waste products
are present in well 108. As shown by the analyses in table 2, the water
is dominanted by calcium, magnesium, and bicarbonate with minor concen-
trations of sodium, silica, sulfate, and chloride. As in the cases of
wells 103, 104, 105, 106, and 107 analyses, this ground-water chemical
characterization is similar to that normally found in the Snake River
Plain aquifer not affected by aqueous waste disposal (Olmsted, 1962).

WELL 109

The drilling of well 109 began on September 13 and was completed on
September 26, 1980. The total depth of the well is 800 feet below land
surface with an 8-inch casing extending to a depth of 180 feet and a
6-inch casing extending from a depth of about 180 to 345 feet (fig. 13).
The remainder of the well is a 6-inch open hole from a depth of 345
feet to the total depth of 800 feet. The measured water level in the
well is at a depth of about 620 feet.

The geophysical logs, shown in figure 13 indicate that various basalt
flows dominate the subsurface geology. Several thin sedimentary layers
and zones of fractured basalt are located throughout the sequence of rock
units penetrated by the well. The upper surface of an 80-foot thick
silicic rock zome, probably rhyolite, is located about 230 feet below
land surface. Immediately overlying this silicic rock unit is a sedimen-
tary deposit of clayey silt approximately 20-feet thick. The caliper log
(fig. 13) depicts many zones of fractured basalt with crevices occurring
in the borehole below the well’s water level.

Following well completion, an obstruction existed in the well at
about 635 feet below land surface. To correct this problem the well was
cleaned, the obstruction removed, and a 4-inch casing set in the bore-
hole. The 4-inch casing was set from the land surface to the well’s
total depth of 800 feet (fig. 13). The lower 200 feet of the casing was
perforated for well development and pumping purposes. This cleaning and
additional casing process began on May 12 and was completed on May 20,
1981.
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An aquifer test has not been made with the well because of the
non-availability of a small-diameter submersible pump. Therefore, an
analysis of pumped well-water is not possible, to date. A bailing method
was used to collect two samples of well water directly above the obstruc-
tion, prior to well recompletion, and analyses were made for tritium and
waste chloride, and the specific conductance was measured (table 1). No
tritium was detected in the samples but the chloride concentrations were
higher than background levels. These concentrations are similar to those
in nearby well 105. The relatively high chloride concentrations may
represent a natural anomalous occurrence as speculated for well 105.

WELL 110

The drilling of well 110 started on September 20 and was completed
on September 27, 1980. The total depth of the well is 780 feet with an
8-inch casing set from land surface to a depth of 350 feet (fig. 14).
The remainder of the well is completed as an 8-inch open hole from
the bottom of the casing to its total depth of 780 feet. The measured
water level in the well is at a depth of about 570 feet.

The geophysical logs depicted in figure 14 indicate that the sub-
surface geology is dominated by basalt. Two rather thin sedimentary
layers occur at depths of approximately 460 and 580 feet. Much of the
basalt, however, is fractured with several significant openings both
above and below water level. Two cinder zones were also encountered in
the borehole (fig. 14); one of particular importance is in the uncased
part of the well below water level. Caving in this lower cinder zone and
detritus from the uphole layers of sediment and fractured basalt, filled
the well with material to a level about 620 feet below land surface.
From April 28 to May 7, 1981, the well was cleaned and the detrital
material removed; a 6-~inch casing was set from the land surface to a
depth of 780 feet to preclude caving material from entering the borehole.
The lower 200 feet of this 6-inch casing was perforated prior to installa-
tion to facilitate well .jevelopment and pumping.

A test was made on well 110 from June 16 to June 17, 1981, and
lasted for about 24 hours. The pump was set at a depth of about 620 feet
and pumped at a rate of 92 gpm. No measurable decline occurred in the
well’s water level during the test. Three water samples were taken at
various times during the test for selected radiochemical analyses. No
tritium was detected in the samples but the chloride concentrations were
higher than background levels (table 1). As in the cases of wells 105
and 109, the high chloride concentrations may be due to a natural anoma-
lous occurrence. Due to generator problems, the test was terminated
prematurely and a sample for a standard analysis was not collected.
However, on June 25, 1981 the well was again pumped for a few hours and
samples were taken for selected radiochemical and standard chemical
analyses. The results of the previous radiochemical analyses were
verified (table 1) and the standard chemical analysis (table 2) indicates
the ground water is dominated by calcium, magnesium, sodium, and bicarbon-
ate with minor concentrations of silica, sulfate, and chloride.
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HYDROGEOLOGIC INTERPRETATION OF DATA

SUBSURFACE GEOLOGY

Basaltic lava flows interbedded with silty to sandy alluvial and
lacustrine sediments, rhyolitic air-fall ash deposits, and ash-flow
tuffs, constitute the upper 3,000 feet of the eastern Snake River Plain
in the vicinity of the INEL (Walker, 1964; Zohdy and Stanley, 1973; Nace
and others, 1975; Kuntz and others, 1979; Kuntz and Dalrymple, 1979; and
Doherty, McBroome, and KRuntz, 1979). The lithology near the center of
the INEL was quantified by the drilling of a deep well, the 10,365-foot-
deep INEL-1 well (see fig. 6), in the southern part of the site during
the spring of 1979. The upper 2,445 feet of the rocks penetrated by this
well consist of basaltic lava flows interbedded with cinders, silt, sand,
and tuffaceous silt (Doherty, McBroome, and Kuntz, 1979). Similar rock
units were expected to be penetrated by drilling the eight shallow wells
near the INEL’s southern boundary. The proximity of rhyolitic rocks at
the Big Southern Butte to the well sites indicated that rhyolitic rocks
may also be encountered at shallow depths. Silicic rocks were found in
the subsurface in wells 103, 105, 108, and 109 (see figs. 7, 9, 12, and
13). Silicic rocks were previously found in several other observation
wells near the INEL’s southern boundary; namely, the Cerro Grande, Leo
Rogers, Core Hole 1, number 1 and number 14 labeled wells on figure 6.
No silicic rocks were found in the other wells.

Figure 15 shows the traces of three hydrogeologic sections that
consist of selected existing observation wells plus those drilled during
the 1980 drilling program. Hydrogeologic section A-A‘° (fig. 16) depicts
the subsurface geology from the north, in the vicinity of the south-
central part of the INEL, to several miles south of the southern boundary
of the INEL. This section also shows that the regional water-table
gradient is to the south at about 4 feet per mile. Two east-west hydro-
geologic sections, B~B” (fig. 17) and C-C’ (fig. 18), show the subsurface
geology near the southern boundary of the INEL. These latter two sections
also show a minor component of the regional water table gradient from the
east to west of about 2 feet per mile.

Hydrogeologic section A-A° (fig. 16) delineates the shallow subsur-
face geology as several basalt flows interbedded with several sedimentary
deposits in its northern part. To the south the section grades into a
sequence of interbedded basalt flows with fewer sedimentary deposits.
Beginning with well 103, a moderately thick silicic rock unit thickens to
the south toward well 14. The thicker silicic rock units are near Cedar
Butte. The vertical position of the silicic layer in the geologic
sequence does not give an indication of its origin. Coring of the
silicic unit for comprehensive petrofabric, mineralogic, and/or age
dating analyses would be the only means of determining its emplacement
mechanism.

Hydrogeologic sections B-B’ and C~C’ (figs. 17 and 18) also show
increasing amounts of silicic rocks in the subsurface from the north to
the south near the vicinity of the INEL’s southern boundary. Section
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B-B’, located a few miles north of the boundary (see fig. 15), shows that
the subsurface is dominated by several basalt flows interbedded with
varying thicknesses of sedimentary deposits. Section C-C’, nearly
parallel to the INEL’s southern boundary (see fig. 15), shows subsurface
silicic rock units in the vicinity of and immediately north of the Big
Southern Butte. The numbers and thicknesses of sedimentary layers in
both of these sections generally decrease from west to east and indicate
that lacustrine and fluvial deposition, from streams exiting the moun=-
tains and valleys northwest of the INEL, has been an ongoing process
through recent geologic time. Silicic rocks in section C-C’ located in
the eastern part of the trace, namely Corehole 1, are part of a rhyolitic
dome that is between the Middle (fig. 15) and East Butte-located about
three miles east of the Middle Butte (Kuntz and Dalrymple, 1979).
Silicic units that may be associated with the Big Southern Butte are
present at different vertical positioms; wells 105 and 109 represent one
unit and wells 103 and 108 represent the other (fig. 18). Wells 105 and
109 contain a silicic. unit that correlates with a layer of sediment in
nearby wells. Wells 103 and 108 contain a silicic unit lying at a
stratigraphically lower level than the ome in wells 105 and 109, but it
also appears to correlate with a fine-grained sediment layer in adjoining
wells of the section. Well 108 contains a sedimentary layer directly
overlying the silicic unit that may represent a part of the sedimentary
deposit not altered during the intrusiom of silicic rocks. Intensive
studies of cored samples taken from boreholes drilled near these loca-
tions may verify or change these observatioms.

The source areas of both basalt flows and rhyolite units in this and
other parts of the eastern Snake River Plain have been a subject of
discussion in many recent publications (for example see Kuntz, 1978;
Doherty, 1979; Doherty, McBroome, and Kuntz, 1979; Kuntz and others,
1980). Basalt flows in the southwestern part of the INEL erupted from
fissure vents in rift zomes (fig. 19) that traverse the Snake River
Plain from the northwest to the southeast (Kuntz, 1978). One, the Arco
volcanic rift zone, traverses the southwestern cormner of the INEL (Runtz
and others, 1980) and was a locus for basaltic eruptions. Silicic rocks
in the subsurface in the same general area are associated with rhyolite
domes (for example the Big Southern Butte) that are also within the Arco
rift zone (Kuntz, 1978). The geologic information gained from the summer
1980 drilling program neither supports nor refutes the existence of the
rift zone in the subsurface. Hydrogeologic sectious A=A’ (fig. 16) and
C-C’ (fig. 18) show that silicic rocks are interbedded with subsurface
basalt flows and sedimentary layers, but their exact mode of emplacement
and origin cannot be determined precisely from the well data.

SNAKE RIVER PLAIN AQUIFER

Hydrology

The information gained about the Snake River Plain aquifer during

the 1980 drilling program has not suggested major revisions in hydrogeo-
logic concepts but has refined and quantified these concepts. For

37



Pillar
Butte
voicanic

%,
%z
5
Z
Z

T
e
MAWY,

-
-

Bitter Root Raﬁge s

v,

Dubois Q

W
7""
l\“\‘

At

W LN

&

3

44° —o
Mud Lake

Snake Rwe!

e
Miadle Butte 3"‘.

o}
Idaho
I W A W, Falis -
O atomic City
Cedar Butte
O Blackioot
No vents
inthis
area
43° —
0 10 20 MILES
L 1 1
I T T T
0 10 20 30 KILOMETERS

o= e == INEL boundary

= == Rift zone boundary,
dashed where uncertain

QO Towns

Figure 19.--Volcanic rift zones of the northcentral part of
the eastern Snake River Plain (from Kuntz, 1978).

38



example, the water-table configuration shown in figure 3 would not be
altered drastically if each of the water-level measurements for the newly
drilled wells were omitted. The measurements have, however, allowed for
a more precise delineation of the water-table altitude and configuration
near the southern boundary of the INEL and have added to the baseline
data for the INEL site.

The measurements of the ground-water altitude in each of the newly
drilled wells have also emphasized that a change in the gradient of the
water table occurs near the southern boundary of the INEL (fig. 3).
The gradient near and directly south of the Central Facilities Area (CFA)
is about 7.5 feet per mile, but changes abruptly to about 2 feet per mile
near the boundary. This change to a lesser gradieant was also noted by
Barraclough, Lewis, and Jensen (1981) on a similar water-table depiction
made for July 1978 and by Barraclough and Jemsen (1976) for a July 1972
water-table configuration. A minor difference between the later and
earlier depictions is that the area of lesser gradient is a few miles
upgradient. This change of position may coincide with the net decline of
the surface of the water table during the past few years.

The lesser-gradient zone indicates the probable occurrence of a
highly transmissive zone in the immediate area and a zone of lower
transmissivity upgradient. Kuntz (fig. 3, 1978) showed the geographical
relationships of the Great Rift Zonme, of which the Craters of the Moon
National Monument is a part; the Rock Corral Butte volcanic rift zone;
the Arco volcanic rift zone; and selected facilities contained within the
INEL site. The Great Rift Zone, approximately 20 miles hydrologically
downgradient from the southern boundary of the INEL (see fig. 19), has
been depicted as a zone of low permeability by previous investigators
(Mundorff, Crosthwaite, and Kilburn, 1964; Norvitch, Thomas, and Madison,
1969; and Crosthwaite, 1973). Two of these studies generalized in their
treatment of the transmissive properties of the regional aquifer in the
volcanic rift zone area; but Crosthwaite (1973) made a more detailed
study of the water-table configuration in the vicinity of this prominent
volcanic rift =zone. Figure 3 from Crosthwaite (1973) shows that the
water—table gradient increases dramatically as the Great Rift Zomne is
approached from the northeast. This change in gradient is interpreted to
indicate that the rocks in the Great Rift Zone, or in a subsurface
northeastern extension thereof, are 1less transmissive or have lower
hydraulic conductivities than rock units hydrologically upgradient or
downgradient. The Great Rift Zone, therefore, forms a barrier to region-
al ground-water movement because it is oriented transverse to the direc-
tion of flow, as is the Arco volcanic rift zone. Therefore, 1t appears
that a northeastward subsurface extension of the Arce volcanic rift
zone may be correlated with a zone of less transmissive rock units, and
is responsible for the steep water-table gradient in the southwestern
part of the INEL (fig. 3).

The ground-water-transporting properties of the Snake River Plain

aquifer underlying the INEL and vicinity have been estimated by areal
techniques rather than definitively characterized by quantitative methods
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such as aquifer tests. The lateral immensity of the aquifer and its
heterogeneous nature, its total water volume, the lack of hydrological
data 1in certain areas, and the improbability of drilling a well that
fully penetrates the aquifer; have all added to the difficulty of quanti-
fying the aquifer’s hydrologic properties. One such diagnostic property
of the aquifer is its transmissivity (T), the rate at which water of the
prevailing kinematic viscosity is transmitted through a unit width of the
aquifer under a unit hydraulic gradient (Lohman, 1972, p. 6). The
transmissivity may be defined as:

T=x [L2TN, (1)

where b is the aquifer thickness and K is the hydraulic conductivity of
the aquifer. Lohman (1972) defined K as follows: A medium has a hydrau-
lic conductivity of unit length per unit time if it will transmit in unit
time a unit volume of ground water at the prevailing viscosity through a
cross section of unit area, measured at right angles to the flow direc-
tion, under a hydraulic gradient of unit change in head through unit
length of flow. Previous workers (such as Norvitch, Thomas, and Madison,
1969; and Robertson, 1974) have utilized flow net analyses, an areal
method described by Bennett (1962), to estimate T values for the aquifer.

The flow net analysis technique used for estimating T utilizes a
finite-difference approximation of the basic ground-water flow principle,
Darcy’s Lawe. A simple statement of Darcy’s Law is that the rate of
laminar flow of water through a sand aquifer is proportional to the
hydraulic gradient. A generalized formulatiom of Darcy’s Law follows
(after Lohman, 1972, p. 10):

Q=K dn/ar a [>T, (2)
where
K = hydraulic conductivity, previously defined for
equation 1, (LT,
dh/dl = hydraulic gradient, unit change in head with _
unit length, parallel to flow direction, [ AR AR
or dimensionless, and
A = Cross sectional area, transverse to flow direction,
through which the rate (volume) of flow (Q) is
measured, [L?].
However,
A = bw

where b = aquifer thickness, [L], and

w = aquifer width, [L],
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therefore, by direct substitution into equation 2
Q = -Kb dh/dl w,
and, from equation 1, T = Kb, hence
Q = -T dh/dl w. (3)

This form of Darcy’s Law gives the volumetric rate of ground-water
flow in terms of the hydraulic gradient and two aquifer properties,
transmissivity and width. Thus, by constructing a flow net so that flow
lines intersect orthogonally with equipotential lines in a mesh-like
array of squares, where a segment of the aquifer width (Aw) will be
approximately equal to the distance between equipotential lines (Al-for
instance, the distance between altitude contours of the water-table
configuration shown in figure 3), equation 3 may be rewritten as a
finite-difference equation for the flow, AQ, through an elemental square
of thickness, b, in the following manner:

AQ = -T bw an/ar 3 7l (4)

But by construction Aw = Al, and equation 4 may be rewritten as:

5Q = -T an 317l (5)

However, Norvitch, Thomas, and Madison (1969) and Robertson (1974)
assumed the aquifer thickness, b, was constant so that the changes in T
values reflect only changes in hydraulic conductivity and, hence, permea-
bility. Therefore, the T maps published in the aforementioned reports
depict zones of high permeability for areas assigned high T values and
conversely, low permeability for those areas with lower T values. Also,
it is apparent from equatiom 5, to maintain a constant flow (AQ) through
each element in question, the change in hydraulic head (Ah) must vary
inversely to T when differing zones of transmissivity are encountered in
the aquifer flow, system. Thus, the poorly permeable Great Rift Zone is
depicted as an area of low T values (Mundorff, Crosthwaite, and Kilburn,
1964; and Norvitch, Thomas, and Madison, 1969), and also as an associated
area of steep hydraulic gradient as pointed out by Crosthwaite (1973).
It should be noted that flow-net analyses are valid only for systems that
are in steady-state conditions, which may present problems in the Snake
River Plain aquifer.

Figure 20 is a projection of part of Robertson’s (1974) T map
for the southwestern INEL and vicinity. The Arco volcanic rift zone is
correlatable with the zone of low T values in the southwest corner of the
INEL, indicating that it too may be a zone of low permeability as is the
Great Rift Zonme to the southwest. This conclusion is supported in
general by the T values depicted in the same area by Mundorff, Crosth-
waite, and Kilburn (1964). However, these observations are not supported
by Norvitch, Thomas, and Madison’s (1969) T values for the southwestern
INEL, which show a zone of high T’s in the same general area. The tests
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made on wells 103, 105, 106, and 108, which are located in the low T zone
of figure 20, resulted in no measurable water-level declines; the water-
table gradient is nearly flat in the same area; and Robertson’s (1974) T
map was based on a water-table map affected by local recharge and thus a
transient steep gradient. Therefore, it appears that T values are high
near the southwest corner of the INEL.

The basic data used by Norvitch, Thomas, and Madison (1969) were
collected during several years of unusually high flow measured in the Big
Lost River at the INEL diversion dam (Robertson, Schoen, and Barraclough,
1974), and large quantities of this flow were spread over the diversion
areas (see fig. 2) to prevent downstream flooding of the INEL facilities.
This flow diversion undoubtedly added a large amount of recharge to the
aquifer in the immediate area. The anomalously high ground-water levels
could have produced a flow net unrepresentative of normal flow condi-
tions; and the recharge mound would have created a steep water-table
gradient in the immediate area. T values estimated under these condi-
tions would have been estimated to be lower than normal.

The tests on wells 103, 105, 106, and 108 were made at pumping rates
of less than 100 gpm. No measurable water-level declines occurred during
the tests at these pumping rates. Perhaps with increased pumping rates,
significant drawdowns could be measured and the aquifer’s water-bearing
properties could be analyzed. The test on well 104 did yield some
measurable results that were listed in a previous section of this report.
Tests on well 83, located about two miles north of well 104 (see fig. 6),
indicate T values similar to that of the 50 feet squared per day deter-
mined for well 104 (J. T. Barraclough, oral commun., 1981). This T
value is much lower than the T contour line nearest the well (fig. 20).
This indicates that an area of low permeability may exist in the immedi-
ate vicinity of wells 83 and 104; but it may also suggest that these
wells were completed, by chance, near the mid part (vertically) of a
laterally small basalt flow, where the most dense and least permeable
basalt is found.

The steep water-table gradient shown in figure 3 may be correlated
with the low transmissivity zone in figure 20; they both coincide with
the Arco volcanic rift zome as delineated by Kuntz and others (1980).
Earlier it was noted that the hydraulic gradient associated with the
Great Rift Zone was much steeper than that either upgradiemnt or down-
gradient (Crosthwaite, 1973). This also appears to be the case for the
Arco volcanic rift zone. These rocks of low permeability may be associ~
ated with the rift where magmatic rocks were solidified as dikes in the
vents or fissures. The dikes may tend to "heal" the volcanic rift zome
by sealing many subsurface openings. This phenomenon 1s noticeable in
many Hawaiian volcanic rift zones (M. A. Kuntz, oral commune., 1981). The
dike forms a vertical "curtain" of dense rocks that tend to impede the
horizontal flow of ground water because the volcanic rift zone is orien-
ted transversely to the regional ground-water flow direction.

Figure 20 shows that the zone of very high T values located south-
east of the Big Southern Butte coincides with the junction of the Arco
volecanic rift zone, and the southwest-northeast trending Rock Corral
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Butte volcanic rift zone (fig. 19). The contours are elongated in the
same direction as the trend of the Rock Corral Butte volcanic rift zone,
which is parallel to the direction of ground-water flow. These relation-
ships indicate that where a volcanic rift zone in the Snake River Plain
aquifer is oriented parallel to the flow direction, the fissures, vents,
fractures, faults, and other openings connected with the rift zone may
provide a conduit for ground-water flow. The Rock Corral Butte volcanic
rift zone appears to be an area of high anisotropic permeability; and
with additional field data, the comparable area on figure 3 could exhibit
an even lesser water-table gradient than that depicted.

Water Quality

The ground water in the Snake River Plain aquifer has been classi-
fied as of the calcium-magnesium bicarbonate type with moderate concen-
trations of sodium, silica, sulfate, and chloride (Olmsted, 1962; Mun-
dorff, Crosthwaite, and Kilburn, 1964; and Robertson, Schoen, and
Barraclough, 1974). The results of the standard analyses listed in table
2 tend to support this concept; and as noted by Robertson, Schoen, and
Barraclough (1974), suggest that the water chemistry reflects little
influence of the basalts in the aquifer matrix; but rather is controlled
by reactions with minerals in the rocks of the surrounding mountains and
alluvial valleys, where the ground water must have had longer residency
time in rocks in the saturated zone that are more soluble, and by reac-
tions with minerals in the sedimentary deposits present in the aquifer
matrix.

The information obtained from the wells drilled in the summer 1980
did not alter the concepts regarding the rock-type makeup of the aquifer
except that silicic rocks were penetrated in several boreholes. In
each case these silicic rocks were present in the subsurface above the
regional water table (figs. 16 and 18) and probably have had no influence
on the chemical composition of ground water in the immediate area.
Silicic rocks may be present in the deeper parts of the aquifer not
penetrated by these few, wells. If the ground water from the deeper part
of the aquifer contained more sodium, silica, and fluoride than that of
the shallower part, especially when not accompanied by abundant chloride,
the breakdown of silicic rock might be indicated as the source of the
specific ions (Robertson, Schoen, and Barraclough, 1974). Regardless of
the hydrogeologic interpretation, it appears that large variations in the
chemical composition of ground water in the Snake River Plain aquifer are
results of many influences such as numerous and thick sedimentary depos-
its being present in the aquifer matrix, varieties of recharge sources
and, to a lesser extent, aqueous waste disposal.

DISTRIBUTION OF WASTE PRODUCTS

The distribution of a nonradiocactive waste product, chloride;
specific conductance values; and the radicactive waste product, tritium;
all ground-water-quality parameters that are influenced by waste disposal,
are discussed and illustrated in this section.
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The waste plumes exhibit similar configurations and show correspond-
ingly decreasing concentrations downgradient from the ICPP discharge well
and to the south of the ICPP. The waste plumes are not as well defined
south of the TRA because of gaps in the observation well data base and
because of possible dilution by recharge from surface-water flow in the
nearby Big Lost River. Analyses of the water samples collected from the
eight newly drilled wells have aided in the depiction of the southern
extent of the waste plumes and the concentrations of waste products.
The water samples collected from well 109 were bailer samples and may
not be representative of the ground water in this part of the aquifer.
The results of the chemical analyses of samples that were collected by
the thief sampler, bailer, and by pumping (table 1) indicate that the
constituents in the pumped samples differ in concentration from those in
samples taken by other collection methods.

Chloride

The average concentration of waste chloride disposed of through
the ICPP well during 1979 and 1980 was 206 mg/L (Batchelder, 1980b and
1981b). This is an increase over the average discharge concentration of
179 mg/L for 1974 through 1978 as reported by Barraclough, Lewis, and
Jensen (1981). The background or normal concentration of chloride in the
Snake River Plain aquifer in the TRA-ICPP vicinity is generally between 8
and 15 mg/L. The disposal of waste chloride through the ICPP disposal
well, plus a very small contribution from the percolation of waste water
from the overlying chemical-waste disposal pond at the TRA, has created a
large and laterally dispersed waste plume in the Snake River Plain
aquifer (fig. 21). The waste chloride covers about 25 mi~ of the
regional aquifer.

Figure 21 shows the distribution of waste chloride in the aquifer in
October 1980, which is similar in configuration to the distribution
determined for September 1977 by Barraclough, Lewis, and Jensen (1981).
However, the concentrations within the plume have increased and the
concentration contours have been extended in a southerly directionm,
downgradient 2 t6- 3 miles, with the inclusion of the waste chloride found
in well 106 (table 1) into the data base. The new position of the
leading edge of the plume is due primarily to the inclusion of this new
information from areas previously mnot covered by observation wells.

Specific Conductance

The disposal of dissolved ionic constituents increases the ionic
strength of water and its specific conductance, which is a measure of
it’s ability to conduct an electric current. The specific conductance of
ground water in the Snake River Plain aquifer containing no waste water
normally ranges from 300 to 325 mhos/cm in the ICPP-TRA area (Robertson,
Schoen, and Barraclough, 1974). Waste water disposed through the ICPP
disposal well and leakage from the TRA chemical-waste disposal ponds have
increased the specific conductance of the regional ground water signifi-
cantly (fig. 22), and have created a detectable area of higher-than-
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normal values approximately 20 ndz in size. The specific conductance
values of the sampled water from the eight new wells created only a
slight modification to the shape of the effected aquifer area as depicted
by Barraclough, Lewis, and Jensen (1981) for October 1978. Wells 105 and
106 were the only new wells that indicated a significantly higher-than-
natural specific conductance in the aquifer. However, as previously
mentioned, the anomalous chemistry of well 105 water probably reflects
natural influences rather than waste disposal effects. Natural high and
low anomalies in the specific conductance or total dissolved solids
content of ground water have also been observed in other areas of the
regional aquifer in the INEL vicinity (Robertson, Schoen, and Barra-
clough, 1974).

Tritium

The injection of tritium through the ICPP disposal well into the
Snake River Plain aquifer, plus the simultaneous percolation of tritium
contaminated waste water from a perched ground-water zone that underlies
the radioactive and chemical-waste ponds at the TRA, has resulted in a
large, dispersed plume of tritium in the regional ground-water system
(fig. 23). The October 1980 plume illustrated by figure 23 is closely
similar to a plume depicted by Barraclough, Lewis, and Jensen (1981) for
October 1978. The results of the analyses of the ground water from the
newly drilled wells have, however, allowed for a better delineation of
the southward leading edge of the plume. The analyses have, in fact,
shown a greater degree of lateral dispersion of the plume than determined
previously. The waste plume covers about 30 ud?, and tritium has migrated
about 7.6 miles downgradient from the ICPP disposal well and the TRA
disposal ponds since disposal began in 1952 and 1953. The arrival of
tritium at the Radioactive Waste Management Complex (RWMC) was first
detected in 1975. The apparent velocity of tritium migration, based on
first arrivals from either the TRA radioactive-waste ponds or the ICPP
disposal well, ranges from 4 to 5 feet per day since the beginning of
disposal operations. This probably is not indicative, however, of the
ground~water flow velociEy.

The highest tritium values were found south of the ICPP and south of
the disposal ponds at the TRA as shown by the concentration contours in
figure 23. The concentration contours between the ICPP and the CFA have
generally retreated upgradient toward the disposal well because of a
reduction of tritium disposal over the past several years.

COMPARISON OF WASTE DISTRIBUTION TO
MODEL SIMULATIONS

Perhaps the most significant information gained from the 1980
well-drilling program was the determination of the waste chloride and
tritium plumes for October 1980. A predictive digital model (Robertson,
1974) was developed and employed to project simulations of these waste
plumes for the years 1980 and 2000. Calibration of the model was based
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on the then existing INEL data base for hydrologic and waste-disposal
information and was compared with the historical data prior to 1973. The
ddta acquired through the drilling program and the interpretations
therefrom are of great significance in providing additional input and
verification data for the model. These data are essential for model
recalibration and in supplying the information required to determine
accurately the southern extent of the waste plumes, their overall shape,
and the concentration of waste products within the affected areas.

Digital Model Description

The migration and distribution of waste solutes in ground water
depend on hydraulic constraints in addition to those of dispersion and
aqueous chemistry (Robertson, 1977). Therefore, it is necessary first to
define and model the hydraulics of the system prior to solute-tramsport
modeling. The solute-transport model is then coupled to the hydraulic
model for simultaneous solution. The hydraulic segment of the model
approximates the solution of the standard transient partial differential
equation of ground-water flow in a bounded, two-dimensional, one-layered
aquifer by finite-differance techniques. The flow equation employed by
the hydraulic segment of Robertson’s (1974) model may be formulated as

-+
§h _ & Sh S (8 o)
S St = Ix T ox i+ 5}’ T <5y N W(x,y,t), (6)

where
S = storage coefficient, [dimensionless],
h = hydraulic head, [L],

t = time, [T],

T = transﬁissivity, [L2 T-lls

X,y = cartesian coordinates, [L],

1,j = unit vectors of direction, and

W = flux of source or sink, [LT-1].

The approximation uses the iterative, alternating-direction implicit
method as described by Pinder and Bredehoeft (1968), and Bredehoeft and
Pinder (1970). The hydraulic model generates the velocity of ground-
water flow at each finite-grid point and time step, and these flow rates
and directions are then used for the velocity field in the chemical-
solute transport segment of the model to simulate the migration of the
waste products in time and two-dimensional space (Robertson, 1974).
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In modelling a complex system, it is necessary to make simplifying
assumptions to solve the problem efficiently and still maintain a model
that is adequately representative of the real system. Many of the
assumptions employed by Robertson’s (1974) and other modeling studies of
the Snake River Plain aquifer (see Norvitch, Thomas, and Madison, 1969;

and Moreland, 1976), are as follows:

(1) Ground-water flow within the aquifer obeys Darcy’s Law, and
the aquifer is composed of isotropic and homogeneous material;

(2) Flow in the aquifer is two-dimensional, no vertical component
is considered;

(3) The aquifer is sufficiently thick so that T does not change
with water-level changes;

(4) Recharge and discharge to and from the ground-water system is
instantaneous, no transit time is involved;

(5) The model area is large enough for the justification of
neglecting aquifer effects outside the model boundaries;

(6) Ground-water storage changes occur instantaneously with water-
level changes, a constant value of 0.1 was used for the
storage coefficient;

(7) Intermittent recharge from significant surface-water flow is
simulated by recharge wells at each node along the course of
the Big Lost River; and

(8) The recharge to, or discharge from, a node occurs at a con-
stant flux rate over the entire nodal cell. :

Many of the above described assumptions about the hydrologic system
are not entirely, true on a local scale. With the size of the area
involved and the time transgression required for the many iterations
needed to simulate accurately a particular parameter, it appears reason-
able to assume that ground-water flow in the aquifer will approximately
obey Darcy’s Law (Robertson, 1974); in non-recharge or non-discharge
areas, flow will occur only in two dimensions with the given physical
constraints, but in areas of recharge or discharge there may be signifi-
cant components of vertical flow; and the aquifer effects outside the
model area may be validly ignored (Robertson and Barraclough, 1973). The
assumption that T values are constant at a node despite changes in
ground-water levels appears to be valid when comparing the relatively
small changes in water levels to the total saturated thickness of the
aquifer. Also many of the assumptions are time independent, such as
ground-water recharge, discharge, and storage changes, with water-level
changes. These assumptions are certainly not true for very localized
situations of a short duration, but again with the large size of the
modeled area and over longer time periods, year-to-year conditions, the
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minimal time dependent changes may be ignored (Moreland, 1976). The
assumption that recharge or discharge occurs at a constant flux rate over
the entire nodal cell appears legitimate for the spatial and temporal
scales involved and the very high transmissivities of this aquifer
(Moreland, 1976).

The second segment of the model consisted of simulating the chem-
ical-solute transport in flowing ground water. This transport is
described by a partial differential equation and its approximated solu-
tion must be correlated simultaneously with that of the hydraulic flow
equation (equation 6). The following differential equation describes the
transport of dissolved constituents that are subject to the effects of
convective transport; velocity divergence; two-dimensional hydrodynamic
dispersion; instantaneous equilibrium, linear isotherm, reversible
adsorption; and radioactive decay (Bear, 1972; Robertson, 1974; and
Robertson, 1977):

a b c d e £
e W et Wi et Wannnt s VA

s€ 1 > ~
n

3,

C = concentration of solute n in the ground water, ML~
t = time, [T],
¢ = effective porosity, [dimensionless],

= equilibrium distribution coefficient for instantaneous,

linear isotherp, reversible adsorption, [dimensionless],
-+ -+ > >

= %;»i + g;-j, where i, j are unit vectors of direction,

dispersion coefficient tensor, [L2 T-l],

Q-?q
i

-1 :
= gpecific discharge vector of ground-water flow, [LT "],

o Ay 4y g
[}

= production rate of a source or sink, [T-ll,
=3
C_. = concentration of solute n in a source or sink [ML ~], and

-1
A = radioactive decay constant for solute n, [T J.

Term "a" in equation 7 indicates the change with time in the concentra-
tion of solute n at any nodal point of the model grid system. Term "b"
accounts for the effects of reversible sorption and is commonly referred

52



to as the retardation factor. The distribution coefficient, K,, is
defined as the equilibrium ratio of volumetric solute concentration in
the solid phase to volumetric solute concentration in the liquid phase
(L3 /L3] of the porous medium (Robertson, 1977). Term "c" describes
the effects of two-dimensional hydrodynamic dispersion where the longi-
tudinal and transverse dispersion coefficients are related to the

corresponding dispersivities by Dy= a1V and D= V (Bredehoeft and Pin-
der, 1973); and where Dy and Dy are the dispersion coefficients, respec-
tively longitudinal and transverse; and .. are the dispersivities,

of consistent notation, and V is the ground-water flow velocity. Term
1"4" describes the effects of convective transport; and term "e" accounts
for source or sink terms, such as input from the ICPP disposal well.
Term "f" adjusts for radioactive decay where the decay constant, \,, is
related to an isotope’s half-life, H 2 by the relatiomship An = 0.693/
H,,, (Robertson, 1974). The dispersion tensor, D, and term "d" in the
equation, depend on the specific discharge or flux, 3 (Robertson, 1977).
This flux is calculated in the hydraulic segment of the model for
each node in time and space, and stored for use in the transport model.
Therein lies the reason for the simulataneous operation of both the

hydraulic and solute-transport segments of the model.

Equation 7 is a partial differential equation for which analytical
or direct solutions are not feasible except for systems where the most
simple boundary conditions exist (Robertson, 1977). The equation must,
therefore, be solved approximately by numerical techniques for depicting
chemical-solute transport in the Snake River Plain aquifer. With some
adaptations, Robertson (1974) employed the method of characteristics as
developed and described by Pinder and Cooper (1970) and Bredehoeft and
Pinder (1973) to approximate the movement of solutes in the regional
ground water. The reader is referred to these references for a detailed
description of the method of characteristics.

The data input into the solute-transport segment of the model
included natural (background) concentrations of the solute of interest
at each node, transverse and longitudinal dispersivities (characteristic
mixing lengths), location of waste sources and sinks, radioactive decay
factors, and distribution coefficients for sorption (Robertson, 1974).
The effective porosity of the aquifer is considered to be of prime
importance to a solute-transport model (Konikow and Bredehoeft, 1978)
and for this study it was assumed to be 10 percent, based on the best
available field data. The most speculative of these input data were the
dispersivities and the distribution coefficients. These parameters had
to be estimated because there was, or is, no practical or effective
method to measure them in the field where large-scale aquifer hetero-
geneities exist.

A potentially significant shortcoming of the solute-transport
model is that it assumes no vertical dispersion, which certainly occurs
in reality. The magnitude of the error from this assumption is not
known, but would increase with increasing time and transport distance.
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Chloride

Perhaps the best tracer for waste behavior in the Snake River Plain
aquifer is chloride (Robertson and Barraclough, 1973), and as such, was
first used to test and calibrate the solute-transport segment of the
digital model (Robertson, 1974). Chloride has been a continuous non-
radioactive waste product since disposal began at both the TRA and ICPP.
It has probably been discharged in more consistent and uniform quantities
than any other waste product, although the concentration of chloride in
the ICPP waste water has increased over the past few years. Chloride is
a conservative solute in ground water and is virtually free from many
chemical reactions such as sorption and precipitation, that would com-
plicate its behavior. Therefore, K4q and X, of equation 7 were zero
in Robertson’s (1974) analysis; and the transverse and longitudinal
dispersivities of the aquifer were the principal unknowns. By comparing
simulated waste chloride plumes with those depicted for 1958 and 1969
from actual field data, Robertson’s (1974) best simulations were obtained
by using 300 feet for the longitudinal dispersivity, & _, and 450 feet
for the transverse dispersivity,«, . Most of the discrepancies between
the correlations were considered "simply due to the coarseness of the
model grid which was set at 4,200 feet between nodal points.

The simulations depicting the waste chloride distribution within the
aquifer by 1980 were projected by varying the input of normal recharge
data and the discharge rate of waste chloride through the ICPP well.
Figure 24 shows Robertson’s (1974) predicted waste chloride plume for
1980, assuming disposal ceased in 1973 and the Big Lost River did not
recharge the aquifer. The apparent effects on the plume by this set of
imposed conditions were that the absence of recharge from the Big Lost
River allowed the plume to spread transversely through the aquifer in the
ICPP-TRA vicinity; the higher chloride concentrations within the plume
moved downgradient to encompass the CFA; and a preferential flow path
developed as the plume’s leading edge approached the INEL’s southern
boundary. This flow path may be controlled by a high transmissivity zone
south of the boundary (fig. 20).

Robertson’s (1974) original plume maps also included an outer 15
mg/L equal concentration line, intended to represent background levels.
However, background chloride concentrations are somewhat variable so
concentrations above 20 mg/L are used here to denote the effects of waste
disposal. '

Figure 25 shows the simulated waste chloride plume projected for
1980 (Robertson, 1974), assuming chloride disposal continued at 1973
rates and flow in the Big Lost River recharged the aquifer in odd num-
bered years. Here again, the high T zone near the INEL’s southern
boundary has aided in creating a preferential flow path in that direction
but the lateral extent of the entire plume was greater for this case.
With continued disposal of waste chloride, the concentration contours
were no longer centered near the CFA but were progressively higher toward
disposal points, as would be expected. Also, recharge from flow in the
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Figure 24.--Model-projected distribution of waste chloride in the
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assuming disposal ceased in 1973 and the Big Lost
River does not recharge the aquifer
(from Robertson, 1974).
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river caused a separation of concentration contours within its immediate
area, and with obvious continued discharged at the TRA, the plume con-
tained a much larger area of higher concentration values on the TRA side
of the river.

Comparison of the two simulated waste chloride plumes, dependent
on the above discussed sets of conditions and shown in figures 24 and
25, with the plume depicted for October 1980 (fig. 21), immediately
indicates that the 1980 simulated projections crudely resemble the field
data but differ in detail. The waste chloride concentration in water
samples collected from each newly drilled well did not verify a plume
with an extended lobe toward the zone of supposedly high T values in
figure 20. It is apparent that the projected simulation represented in
figure 25 more nearly corresponds to the actual situation than that in
figure 24.

The projected simulation of the 1980 waste chloride plume shown in
figure 25 assumed that disposal of chloride through the ICPP disposal
well would continue at 1973 rates and flow in the Big Lost River would
recharge the aquifer in odd-numbered years. These conditions have not
been duplicated in the time period that elapsed between 1973, when the
model study was completed, and October 1980, but have approximated the
actual conditions more closely than the other simulated projection.
Disposal of waste chloride has not only continued through the ICPP
disposal well, but has increased during the seven year elapsed time
period. Noticeable from figure 21 is that the aquifer has apparently
received less waste chloride than assumed from the overlying chemical
waste disposal pond at the TRA.

Following 1973, three years with exceptionally high flows in the Big
Lost River were recorded at the INEL diversion (fig. 2) and the aquifer
received recharge from the diversion areas and the river itself (Barra-
clough, Lewis, and Jensen, 1981). However, following these high flow
years, little or no flow was recorded at the INEL diversion from 1977 to
and including 1980, Water levels have declined to record and near record
lows in many wells of the INEL observation well network. This hydrologic
phenomenon would undoubtedly have affected the distribution of equal
concentration lines within the waste chloride plume due to the effects on
hydraulic head gradients and the amounts of diluting recharge water.

There are two main variations between the plume depicted in figure
21 and the projected plume in figure 25. The first is that the field
data (fig. 21) show more dispersion laterally in the 20, 40 and 60 mg/L
equal concentration lines within the main portion of the plume. The
second difference is that the actual distribution (fig. 21) does not
exhibit the elongated flow trend toward the INEL’s southern boundary that
was drawn in the model-projected plume (fig. 25). The reasons for these
variations could result from mathematical, physical, or chemical causes
or a combination thereof. The reasons for the differences may be sum-
marized as follows:
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(1) The 1977 to 1980 period of below-normal aquifer recharge from
river flow could have resulted in higher concentrations in the
actual plume, due to reduced recharge dilution;

(2) The increased chloride disposal rate through the ICPP disposal
well over the past several years, coupled with the hydrologic
conditions presented in number 1 above, would have caused
increased concentrations within the central portion of the
plume;

(3) The model grid was, perhaps, too coarse for an accurate pro-
jected simulation of the waste plume and a better fit might
have been obtained using a finer-meshed grid;

(4) Inaccurate aquifer hydraulic parameters such as transmissivity
and porosity, were used in the model;

(5) 1Inaccurate dispersivities, transverse or longitudinal, were
used in the model;

(6) The aqueous waste being disposed of through the ICPP disposal
well contains a higher specific conductance value than that of
the aquifer ground water and, as such, the waste water would
have a slightly higher density and would tend to sink in the
aquifer system;

(7) There may be significant components of vertical flow or thick-
ness variations which are not included in the two-dimensional,
constant~thickness model;

(8) There may be an inadequate distribution of observation wells
to accurately map the plume, and some of the wells might not
have the appropriate depth nor comstruction to yield represen-
tative data; and

(9) The numerical method of approximating the solution to the
solute-transport partial differential equation produces some
error, although there is no indication that the error is
sufficient to account for the observed differences.

Perhaps the most critical factor in the solute-transport equation is
the ground-water flow velocity, q/e, which is calculated using Darcy’s
Law (eq. 2). The assigned value for the effective porosity, e, in the
solute-transport segment of the model was 0.1, or 10 percent. Other °
studies concerning the aquifer hydrologic properties have determined that
the average effective porosity ranged from 8 percent (Isherwood, 1981b)
to 10 percent (Nace and others, 1969). Therefore, it appears that the 10
percent value used by Robertson (1974) is reasonable; but small errors
in ¢ would result in proportionate changes in the extent of and concen-
trations within the chloride plume. For example, if € were really 12
percent instead of the assumed 10 percent, the velocity would be reduced
by a factor of about 17 percent, which would have a significant retarda-
tion effect on the movement of a solute in the ground water.
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Another porosity factor is the difference between total and effec-
tive porosity. Total porosities of Snake River Plain basalt core samples
range from 12 to 20 percemt (Robertson, Schoen, and Barraclough, 1974).
Although part of this porosity is not effective in transmitting water,
dissolved ions may diffuse into and out of pore spaces. This diffusive
process, herein termed matrix diffusion, was described by Freeze and
Cherry (1979), and discussed in detail by Grisak and Pickens (1980). The
process occurs in the following manmner. When the waste chloride moves
through the fractured aquifer system, there initially exists a solute
concentration gradient between the ground water in the fracture and the
ground water in the unfractured material. A portion of the solute mass
will move by molecular diffusion from the fracture into the matrix, if
the matrix is porous. This mass of the solute is removed temporarily
from the flow regimen in the open fracture. The flow of the solute in
the fractured system then appears to be retarded because part of its mass
has been transferred to the aquifer matrix. As time progresses, the
solute will diffuse farther into the aquifer matrix until a concentration
equilibrium is reached with the matrix material and the fracture. This
equilibrated situation would occur only if the waste solute was being
disposed of over many years at nearly uniform rates and the matrix
diffusion process, therefore, could occur undisturbed for a long time.

Matrix diffusion, coupled with the large apparent dispersivities of
the Snake River Plain aquifer and the fractured nature of the aquifer,
which may provide large masses of rock in which diffusion may take
place, is probably an important factor affecting the rate of waste
chloride movement in the aquifer. The waste chloride plume depicted in
figure 21 has not advanced downgradient as much as was expected, which
may be due in part to matrix diffusion effects.

The density variations noted in item 6 could conceivably cause the
waste products, including chloride, to move downward into a deeper
part of the aquifer. This natural reaction between liquids of differing
densities was well documented by Freeze and Cherry (1979) for a waste
disposal situatign. The implicatioms of this relationship to the waste
chloride plume are: (1) perhaps a third-dimemsion of the October 1980
plume exists that is not represented in map view; (2) the wells drilled
during the 1980 drilling program, especilally wells 104 and 107 (see fig.
6), were not drilled deep enough to intercept the advancing front of the
plume; and (3) the higher lines of equal chloride concentration within
the plume may extend to even greater depths thanm the supposed effective
permeable zone that is contained within the upper part of the Snake River
Plain aquifer. The waste chloride could, therefore, have entered a
dimension not accounted for in the model and was not represented in the
projected simulations.

Another source of dispersion error in the model, as mentioned by
Robertson (1974), results from ignoring vertical dispersiom. This
effect would also result in downgradient concentrations lower than those
projected by the model.
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The Arco rift zone and its subsurface extension may be partly
responsible for the greater degree of lateral extension of the waste
chloride plume in figure 21 compared to that of the simulated plume in
figure 25. The spreading effect would be due to flow divergence, rather
than hydrodynamic dispersion. This volcanic rift zone of lower perme-
ability may, therefore, be an impedence to ground-water flow, as is the
Great Rift Zone, and a localized flow component is parallel to its
emplacement. The Arco volcanic rift zone of lesser transmissity near the
southern INEL boundary (fig. 20) may be more influencial than previously
determined or as indicated from water-level data.

Grove (1977) made a study to compare finite difference, Galerkin-
finite element, and the method of characteristics for approximating
the solution to the .solute-transport equation for the waste chloride
plume at the INEL. He concluded that for this type of problem, the
method of characteristics is as accurate as the Galerkin-finite element
method and because of less numerical dispersion, is more accurate than
the finite difference method. Therefore, it does not appear that signi-
ficant improvements in simulation accuracy would be obtained by changing
numerical methods.

Tritium

Tritium was included in Robertson’s (1974) solute-transport study to
test the radioactive decay parameter in the model, term "f" of equation
7. Tritium, 1like chloride, is also a fairly conservative solute in
ground water amnd not generally subject to chemical reactions; so that
term "b" in equation 7 may again be omitted. Little or no background
tritium in statistically positive amounts is detectable in the Snake
River Plain aquifer, which also makes this solute an excellent tracer in
the ground water. Simulations of the model-produced tritium plumes were
compared with those depicted from historical data. The best simulations
were accomplished by using the same dispersivities as for the chloride
simulations; o, was equal to 300 feet and oy was equal to 450 feet.
These correlations of , simulated to actual plumes indicated that the
radioactive decay portion of the model accurately simulated conditions in
the aquifer.

The model-projected distribution of tritium in the aquifer for 1980
is shown by figure 26 with the assumptions that disposal ceased in 1973
and the Big Lost River did not recharge the aquifer (Robertson, 1974).
Because these assumed conditions have not been met, the simulated plume
could not be expected to correlate accurately with the observed plume for
October 1980 in figure 23. Flow in the Big Lost River, and hence aquifer
recharge, has not been totally absent during this seven-year period; and
discharge of tritium did not cease in 1973, although it has been reduced
since that time.

The - many hydrologic variables and subsurface geologic uncertain-
ties discussed in the section on chloride could also have similar effects
on the configurations of and the lines of equal concentration within the
actual and 1980 simulated tritium plumes.
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FUTURE PROGRAMS

The information collected and the interpretations made during and
following the 1980 well-drilling program near the southern boundary of
the INEL have shown that most of the chloride waste plume is approxi-
mately one to two miles upgradient (north) from the position projected
for 1980 and that the advanced front of the actual tritium plume is about
2 miles upgradient from the projected position. However, the central
parts of both plumes are close to the simulations. The subsurface
geologic structures and rock types control the subsurface hydrologic
system and the movement of the wastes through this system. However, many
questions still exist about this complex system.

Additional drilling and coring programs in future years would
enhance our knowledge about the natural hydrogeologic character of the
Snake River Plain aquifer, and about waste movement within this wvast
aquifer. These drilling programs would be useful in providing:

(1) Better identification of natural chloride councentrations
in the ground water and identification of anomalous zones;

(2) More comprehernsive determination of subsurface geologic struc-
tures and delineation of their influence on the ground-water
flow system and waste product movement

(3) Understanding of the effects of silicic or other non-typical
rock types on the aqueous geochemistry and on the physical
framework of the flow system;

(4) Additional information on the transmissive and storage charac-
teristié¢s of the aquifer in general;

(5) Better understanding of the hydrologic properties of the deeper -

part of the aquifer, more than 200 feet below the water table,
and identification of the possibilities of waste products
moving deeper into that part of the aquifer;

(6) Filling existing deficiencies in monitor well locations in
order to better define waste plume concentration distributions;

(7) Determining the possibility of upward flow from deeper zones
of the aquifer near the INEL’s southern boundary and within the
Arco volcanic rift zone; and

(8) Better determination of the arrival times of waste products,
south of the INEL boundary when and if they move that far in
detectable concentrations, and identification of the hydrolgic
properties of that area.

A less expensive method than drilling or coring to delineate subsur-—
face geologic features near the INEL’s southern boundary would be surfi-
cial geophysical methods. The two methods which might be useful are

62

—~—



S——

seismic refraction or reflection, and resistivity surveys, which may be
run transverse or parallel to the supposed low~transmissivity zone. The
applicability of these methods to determine subsurface geologic features
in a basalt environment is questionable at present, but new techniques
have been and are being developed that will enhance their utility.

Mathematical methods, such as the kriging technique, may be employed
to interpolate the aquifer’s hydrologic properties into areas where well
data are sparse in the INEL’s basic data network and would not involve
the use of external physical methods such as well drilling or geophysical
surveys. These interpolation methods are mathematically complex but are
readily solvable by digital computer techniques and, therefore, may be
easily incorporated into a digital modeling scheme.

Varying techniques of interpolation have been employed to solve
many problems that require the projection of data or their interpretation
in space and time for the filling of a gap in a network of basic data.
Such techniques have included the classical Lagrange interpolation, the
least squares approach, and several weighted interpolation methods
(Gambolati and Volpi, 1979). When applied to the science of hydrology,
many of these techniques yielded estimations that contained large inter-
polation errors and were very limited in their use. However, several
recent studies have shown that one method, the kriging technique, may
have broad applicability to hydrologic situations (Delhomme, 1978;
Gambolati and Volpi, 1979; and Skrivan and Karlinger, 1980). The reader
is referred to the references for detailed descriptioms and applications
of the kriging technique.

The ultimate use of the information gained in the recently completed
drilling program and planned programs will be for inclusion into and the
recalibration of a revised predictive digital model that approximates
chemical solute-transport in the aquifer. This primary goal of updating
the model should continue for many years at the INEL as an ever expanding
data base makes possible a continued refinement of model simulations.

*e

SUMMARY

This report describes the data collected, and the interpretations
made therefrom, during and following the drilling of eight shallow wells
near the southern boundary of the Idaho Natiomnal Engineering Laboratory
(INEL) during the summer of 1980.

The information gained from the drilling program and existing
ijnformation in the INEL data base about the subsurface hydrogeology in
the southwestern INEL vicinity and the movement of aqueous wastes within
the Snake River Plain aquifer are summarized below:

1. The general direction of the regional ground-water movement is
to the south and southwest with an average slope of the water
table of about 4 feet per mile. In the southwestern part of the
INEL, near the site’s southern boundary, the gradient is rather
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low, sloping southwestward at less than 2 feet per mile. The
water table has declined from about 2 to 6 feet during the
two-year period from 1978 to 1980. The greatest declines were
measured in areas where the aquifer is subject to large changes
in recharge from the Big Lost River, whose average discharge has
been abnormally low for the five years preceding preparation of
this reporte.

Geophysical logs recorded in each of the eight wells, supple-
mented by driller’s logs, show that the subsurface geology
consists of basalt flows and interbedded layers of sediment.
Silicic rocks (rhyolite) encountered in four wells located
near the INEL’s southern boundary appear to be associated with
Cedar Butte or Big Southern Butte, both of which lie in the Arco
volcanic rift zone. The silicic rocks appear to be correlated
with sedimentary layers at corresponding elevations in ad jacent
wells of the hydrogeologic section. The geophysical logs also
show that many of the wells contained severely fractured zones
of basalt below water level and indicated the wells should be
good water producers when pumped.

Tests performed on six of the eight wells indicated that the
Snake River Plain aquifer has high water yielding characteris-
tics, as expected. However, the test on well 104 indicates an
unusually low transmissivity for that part of the aquifer. The
well was pumped at 21 gpm, which resulted in a drawdown of 51
feet and a computed transmissivity of about 50 feet squared per
day, compared with 134,000 to 13,400,000 feet squared per day
generally associated with the regional aquifer. A possible
reason for the difference is that well 104 could have been
completed near the vertical center of a laterally small basalt
flow, where the most dense rock is located.

The analyses of water samples collected from seven of the
eight wells indicated that the water in those wells not affected
by waste products was predominantly of the calcium, magnesium,
and bicarbonate type with minor concentrations of sodium,
silica, sulfate, and chloride, water chemistry consistent with
that determined to be representative of the Snake River Plain
aquifer in the INEL vicinity by previous investigators. Water
samples from two wells were found to contain detectable concen-
trations of waste products. Well 104 ground water contained
tritium; and the ground water from well 106 contained both
tritium and waste chloride, and higher specific conductance
values. Both of these wells are 2 to 3 miles upgradient from the
INEL s southern boundary and may depict the approximate position
of the leading edges of the chloride, and tritium waste plumes,
and an aquifer area with higher-than-background specific conduc-
tance values.

It is postulated in this report, based on water-table gradient
data, that a zone of low permeability exists in the southwestern
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part of the INEL site within the Arco volcanic rift zonme. This
rift zone i1s situated transverse to the regional ground-water
flow direction. The zone of low permeability may be caused by
solidified igneous rocks that "healed" fractures and fissures
that constitute the volcanic rift zome. This hypothesis may
also be supported by the fact that the waste plumes exhibit a
greater lateral dispersion near the INEL’s southern boundary
than estimated previously. This spreading effect may be a
result of flow divergence and in direct respomse to a geologic
feature in the subsurface that is of low permeability; and may
be directly correlated with the Arco volcanic rift zome. The
anomalously high concentrations of various chemicals in samples
of water from wells located along the INEL’s southern boundary
that are not apparently affected by waste products, may result
from aqueous reactions with varying rock types of the Arco
volcanic rift zone.

The model simulations made in the early 1970°s of the 1980
waste chloride and tritium plumes were approximately correct,
but differed in detail, as expected, because of several conser-
vative assumptions that tended toward "worst case" conditioms.
The frontal parts of the actual plume are upgradient ome to
three miles of their correlating model simulations, which
indicates that either the projected modeling assumptions for the
disposal or recharge rates were inaccurate, and/or that the
hydrologic parameters included in the model format for the Snake
River Plain aquifer were not completely representative of the
physical conditions. The aquifer properties to which the
solute-transport model segment is most sensitive are effective
porosity, hydraulic conductivity, aquifer thickness, and the
longitudinal and transverse dispersivities. The hydraulic
gradient is also an important parameter but is the least subject
to error of the properties cited. The coarseness of the model=-
ing grid itself perhaps limited the accuracy and precision of
the simulations. The methods of approximating the solution of
the partial differential equation for solute tramsport appear to
be as accurate as any available for these particular conditions.

Future programs are recommended for the INEL to delineate
more accurately the subsurface hydrogeologic structures; to
determine their effects on ‘the regional aquifer flow regime and
the movement of aqueous wastes in the aquifer; to quantify
spatially the hydrologic properties of that part of the Snake
River Plain aquifer which underlies the INEL; to determine more
accurately the aquifer’s background ground-water chemistry and
the areal extent of the waste plume; to better understand the
hydrologic properties and dynamics of the deeper part of the
aquifer, more than 200 feet below the water table; and to
determine the possibilities of waste products moving into this
deeper part of the aquifer. Much of this information could be
obtained from drilling, coring, geophysical logging, sampling,
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or various surface geophysical surveys. In addition, interpola-
tive -mathematical techniques (kriging methods) could be employed
to expand data into areas of little or no information. The
ultimate use of the information and data gained by the physical
methods or mathematical techniques will be for incorporation
into a revised predictive digital model, that will make possible
more accurate simulations of waste-solute movement under various
assumed disposal and hydrologic conditions.
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