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Abstract 

An ar<'a of UJIJwr/mitldle :-.lortandad Canyon on tlw Los Alamos ~CI­
tiunal Lcahumtory is mudl'lt·d in nuss·M·t·tiuu. {T~S.\'1'~. a finite• t•k·mc•nt 
mUtlt•l ( FE:\1) i:~ ust•tl to JHt•dirt mobturt•ll&O\'t'llll'lll. ll.rdraulic rhamclc•rb­
t ks of I h!' 111 If a r<' tl<'srTih<"l hy n 11 ( :t•nurhtc•n paramt•ll•rs tlt•l<'rm in<'tl from 
lahoratory h•sls on t·or!'s tak<'n from a hort•holt• wit hill t ht' noss-sc•rtiou. 
:\lat<'rial propt•rtit•s arc• tlistrihuh'd horizuntal planar in span• to ronor till' 
~olution tlomain with r<' ,nirc•d i•!iiial rontlitions. ,\n t'stimat<' of Sl'('(l<IJ!.t' 
!lux from a·thi11 pNrhed alluvial atl'lift•r into tlw upJwr surfar<' of th<' tulf 
is tak<'n from a lumJu•d para11wiN : wdt'l. :\loi~tun• n•tlistrihution for a 
ponded huu11tlary rontlition ant! a laq!,t'r llux is invl'stigatt•tl. :\ compos­
ite simulation using malt•rial propt•rlit•s from two st•paral<' ror<'hnll's is abo 
l'\·aluat l'tl. 

"This ~tu<ly was po:rform ... l un•l•·r al•l'oiulmt•JII to the r:ulioartin· \\'a:-;1\' :\lauagt'lll•'llt Fd­
low~hip pror,ratn ;"luoiubtt·rt·.l l•y Oak II i•l~;t• ,\s:,odatc•l llnin:r:,it it-s for the lT .S. D•·parluwnt 
•Jf 1-:twr::,y. 

OISTRIElUTION OF THIS DOCUMENT IS UNL !MITEO 
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1. Introduction 

Los :\hunos Natio:wll.ahoratory (L,\NL) 1 is lornlt'd inuorth n•ntral Nc•w Mc•xim, 

U.S.:\. Tin~ La hom tory is situatl'cl atop t he• Pajarito Platc•au, which is romposc~cl of 

Bauddic•r t ulf. The tulf ranges in thickness fl'Om about 1000 ft. along the ,,·cstc•na 

eclgl' oft h<' plat<'all to ll'Ss than !)0 ft. f'a..,twarcl towarcl the Rio Grande rnnyon. 

For t hc pmposc-s of this study the Unndclicr tuff is a.o;snmed to consist of three 

nwmhc•rs: tlw 'l'shin·g<'. Tsankawi, 11ncl Otowi. Tlwse material'l ar<' descril•C'cl 

below. The ash llow. ash fall. and pumice of the Uandclicr tuff was deposited by 
a sc•ril's of volcanic eruptions 1.1 to 1.-1 million years ago (Purtymun et al.. IH8!J). 
Th<' Vnlle C:rand<', a l'<'lllllant expr<'ssion of the cald<~ra, is directly west. of the 

Labomtory area. 

1.1. Ph}~ical System 

lut<•t·mittenl stn•ams have ntt tll't.'p c·anyons in the Pajarito Plateau. Tlll'sc 

canyons rourcntrah• surface runoff into thin str<>am channels in the canyon hot­

toms. Fig. 1 is nwntmu· map oft lw port ion of ~lortanc.lad Canyon containing the 

study o:·ca. Tlw heacl of the c·anyon r<'n'i'.·<·s National Pollution Disduuge Elillli­

natioia Syst('m (NPDES) p<·rmiltt'<l elllucnt'> from tht• J.,\NL Haclioacti\'<' l.i<tnid 

\\'ast<> Trealuwnt I•lant as well as otlwr pt••·mittecl clisdtargl's and stonU·\\'ctlt•r 

runoff. The disdtarge out fall is approximatl'ly 1.2 milt'S up canyon from corc·h<•IP 

~1<.':\1 !).1 (sec· Fig. 1 ). This l'IHuent and natural surface runoff recharge a shallt~w 

J>I'IT!wd illlu,·ial aqnift·r. The aquifl•r i:; in a thin \'<'nl'<'f o£ scdiml•nts that n·sl un 

top of the unsatmatt'd tuff. Fig. 2 schematically depicts the rdationship hctwt•t•n 

nllm·ium am\ t utr in a cross-s£'dion pcrpcmlicular to I he canyon axis. 

The :tllm·ium is derin•tl from \\'<'alhercd tuff nnd consists o£ day, silt. sanr1s, 

and gr;\\'cls ~~r 'l''artz. sa nadine. ro<·k fragments oft ul£. pumic<'. latitl'. and rhyolit ... 

all gPtwrnll~· lt"Ss thaH l-inch in cliamctc-t·. The• sediments wesl of :\10:'0 :) are 

<lomiuatP.d by sand, transitional to a silty clay unit ncar ~tCO G (see Fig. l ). Ea~t 

1This sltllly was pt~rfonn;.><l for I::M-8. l::nvironmental Protcrtion Group, LANL 
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Canyon 

Tuff 

~~~~;\ts \ ....................... T ............................... \ 
Symmetry ~Simulation Domain~ 

---..:Jt:;,_ ____ Ax_i_s ___ _...t ............. J .............. J 
Fig. 2: Schematic cross-section of alluvium- tuff relationship. 
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of :\1('0 () silty day dominatPs. Tracer studies have shown t lw vdocity of wat f'l" in 
tlw saud unit to he 011 i.he onl(•r of !JO ft.jtlay, :W fl./tlay in the transitional an•a, 
ami (i-i ft../ «<ay intlu.• silty clay an•a (Stok{'r t•L al.. l!)!JI ). L:'!Uid migralt•s throu~h 
1 lw alluvial !W<Iinwnl s alii I ponds iu plan-s on top of the underlying luff. Sur fan• 
lluw :;ddom p~·rsists past t ht• first sc\'t'l'ill I housillld fct'l down the li\'1' mile lung 
canyon. Dming tlw most t'XI rPIIW predpit at ion t:vPnt s, smfat·e nmolf has lwc•n 
ohsPI'\'t•d to llow 11101'1' than:! milt-s down the small stn•am rhan1wl. -'!ftc•r whirh 
it quidd_,. r<•n•dt•:<. In I he winlt•r. wlwn stream d:.mnd seclinwnill n·main frozc·n .. 
smfan• llow nmy rout inne down t·anyon f;u·t her on il\'<.•rage d11{' to a dt•rn•ast• il, 
dHIIIllt'l pNnwahility t·auo;Pd hy in• {Pmtym11n, pcrs. <'011\',). 

The t·anyon has bt•t•n roncepluaily divided iuto three se<"lions: llppt·r Canyon. 
:\liddiP ( 'anyon. and l.o\\'f'l' ( 'nnyon (Stok<'r <'L al.. l!l!ll ). The hydrologit· dwrar­
teristirs ·A c•at·h arc• slightly tlilfcn·nt. ~~('~(!).I is lornted in lhl' Upper C'anyou 
which is narrow ;uul lillt•d with underbrush. shrubs. pitw. fir. hox Pltll't', and o11k 
tn•c·:-o. Th£' alln\'ium thil'kl'ns t'iiSI\\'i\1'<1 from lt-ss than I ft .. at till' NPDES outfall 
to Hbout :.?0 ft. ncm :\lC:\1 -1..). ami nt•arly :m ft. at :\lC~l 5.1 (sec Fig. I). 
Strt·mnlluw intlu~ wt•stern half of this sc·t·tion is pen•nnial tlue to waste wal<'r and 
pt•riodit· r<'lt•.:lsPs of industrinl <'lllnt•nts. ThP strPam cha111wl is c•nlrc•wlu."!. ~l<~jol' 

rcrhargt• to the shallow allu\'ial aquifer ol'CIII'S in the Uppt•t· Canyon. \Valet· luss 
hy e\·apol ranspiration abo ocnms in this sertion of the rauyon due to the lcngc~ 
amo11nl of \'<'gl'lation anti !<hallow t>XIPnl. of the.• st•diments. 

~~(_'~( .').!):\ is in the ~Iiddle t'nnyon which is wider than till' UppC'l' l'an:•on 
and dlarat'IC'!'i;.c~cl by thickl·r scdinwnts. The setlinwnts 1\NII' l\lC~l !).9:\ nr<' :l8 l't. 
I hirk . The st l'l'i\11\ d!antwl is well ddint•tl, but smfarc flow is intt•rmittent. Tht• 
umlerlmtsh thins a1nl the canyonlloor is littered with pines. The Lower Canyon is 
widt•r nntl has I hirkt•t· sedinwnts I hnn till' ~litldlc Canyon. Till' str<'illll rhantwl hl:'­
nmws 'list·ontiuuous, braiding out on llw canyon lloor. Fig. :1 :;bows noss-sc•ction 
( BBI ) llt'ill' rorl'holc• ~W:\1 i"J.!):\ (st'l' 1-'ig. I) induding the g£'twralloration 11f a 
typical rompniPr sim11lntion domain IISt·tl in this study. The n,rc•hol<' p<'ll<'ll';llt'S 
I he uppc•r l!J-1 ft. of I he pwlile. Nine t'OI'!' samples W<'l'e nnillyz(·d to tlel\'rminc• 
p<'rlitwnt hyclrilnlir t·harilrtl'ristirs (Siok<'r l'l aL. 1!)~)1 ). Tahlt' I j-. .. Slllllllliii'Y 

of the hydraulic clat a for I ht:'~e rm t•s, iurh11liug the import aut ,-nn Gl'nud11 <'II pa­
raml'lers. The !;nmple lllllllht.·r Jenolt•:; I he depth al which the core sample \\'lis 
lnkl'n. Tlwse !orations ;m· r<'pi'PS('IIII'tl hy "pins .. through tlw sdwmatic rorc•hol<' 
shuwn on Fi.~. :,, TabiP:! is a sumnlilry of similar dnta for ('()I'Pholl' :\1<.'~1 .·,.I. 
I'<'))J'('SI'IIIt'd J,y \ine ;\,\I 011 l~i~. \. 
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Sample Nu111ber ·n N 011 0::; /\'.'> 

({'ordtok• :\IC:\1 :,,!)A) (e~u- 1 ) ( ,·m 3 /[.(l ) 
,.,.~·,., , I 

( ,.,..~/flO ) 
,,,.a·r,f ( x ;o-• :;:.) 

~IC.\1 !).!lA 1'\!i.!)-~(i.O 0.101-1!1 l.:n II:! .:!0!) .!iSfi :i!l.ll 
~1<':\1 :).!lA !1-L!Hl:i.U 0.0-1-I:J:J l..lil91 . l:?-1 .-1!)8 11.0 
.;c:\IC:\1 5.!):\ 1 o l.!i-1 or, .o 0.~11!)08 1.72!181 .:tm ,!'):3i :w.n 
* ;\l(':\1 !'),!):\ I O!J.0-1 0!1 .:; 0.00818 1.1!">1 :20 .1!)8 . (i 1(\ I :1.0 
:\1<_'.\l :,.!):\ 11!1.:i-1:no II.UI;iS:! 1.5!i lOS .0.'):! .l:if) T.!l 
:\IC.\1 .'),9,\ I :2-l..i- •·::.i.O 0.0080 I l.8GiGO .OR I .:,:,2 :!.S 

.\I<'.\ I ~~.!I:\ 1 :!!I.:;- I :m.o o.ou:-,!J:i 1.!!2:3!)8 .08:! .!"•I!) iS.O 

.\1<'.\1 .-,.!):\ 1-W . .",-150.0 0.00.';8!1 l.i-IO!i8 .O!J I .:):l8 I i .0 

.\1<"'.\1 .).!1:\ l(i.I,.-,.J Ci.i.O 0.0()80:\ l.G89V' .I :20 ..18(i :!.!) . 
·-

( • = Tsilllkilwi :\ll'lllbt·t·). 

Tilbll' 1: llytlranlir data for cores !akt•n fro111 test holt' :\1<'~1 .'i.!l:\. 

Sa111plc ~111111)('1' ll N Ou 0.-; I\ .. ~ 

(<'orPhol<" :\1('~.1 !).J) (nu- 1 ) ( ~m·' 1/lO ) 
rm·\'fu 

( ,.,,J 11~0 ) 
~·m·' 'I' u ( X l o- I ~:::. ) 

.\ll \1 !).1 .:.·J.U--I:i .. i 0.0010·1 l.jj:J61 .u~m .!i:!l :!.U 
.\1('.\1 ;j,l .;:1-:i I C II E.\ l o.oos7:J 1.88177 .1()8 .-I!'> I I..'") 

.\1('.\( i).l .j7.G-:·,s.o 0.00!172 l,()(jj.l(i .OG1 .!''>:20 1.8 

.\1<':\1 !>.1 !i:Hil CIIE~l 0.01710 l. 11 :J85 .08!) .r,:l:l l.:J 

:\1(':\1 :).I (i j .O-!i7 .. ) 0.010lfi [..).').1:30 .0-1!1 . .'):!0 1.1 
:\IC\1 .-,.I i:!.0-7:!.:-, O.Oi 178 1.-I!>I:H .010 ,!"",~!", 1.1 
:\ ll' .\I G.1 ~:!.0-t':!.:; 0.0 l O!i!J l.!l!l I :l:l . :!:!0 .!iS!J 1 •) 

:\1(':\1 :).I ~7.0"~;.:-, 0.00!1 l:J I.!"> I 02:l .0-HI .!'i l:! 1.1 
.\1('~1 ;i.l !l2.;i-!J:J.U 0.002!J:! l.(ii 116 .102 ~-·) .. ,_ 0.17 
•:\1('~1 .i.l !11.!)-!1.->.0 0.01 :!{i!J 1.!)0 I!)() .:!87 .6!i(i (i.~ 

*.\H.'~ I !}.1 !li .0-!li .:, 0.00117:l 1.r>!l!J2(i .10!' .. 1!)5 o .. -,s 
-~l(.';\l '>.1 107.0-lOi.;) 0.0:.!!168 1.181!)1 .150 .178 l:LO 

( ~ = Tsankawi .\lemlwr ). 

Tahle 2: llydraulk data fer corPs takc•n from test holt' I\1(.':\l !i.l. 
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.\ hril'f tlc•snipl ion of the unsa I mnlt-tl !Janclt·lit.•r Tulf lwnl'ill It I he Si'.llll'il tt·d 
allu\'ial ::t>dinwuts in I he• c:anyon bottom is pn.•spnlt•tl in dl'sl'l'lllling ordl'l': 

• TshirPgf' :\kmhPr: llnit lA Tnlf is non W<•ld"tl to modc•rntPiy Wl'ldt"d, li!!,hl 
)!;l'iiY in color. ronsi~ting of quartz aud sanadine nystals ami crystal frag· 
nwnts,rol'k fragnwnts of ptunin•, latill'. antlrhyolitl' in a matrix of gmy ash. 
It is WNttlu.·rctl ,!!;ray. hulf, ot· light to tlarl.; brown in pianos. The p11min• Hnd 
ash matrix is typi<"illly \\'l'ill hPn•tl lc c-lay. 

• T:mnl.;ilwi :\kmber: Thin l~·nsl'S of silt.. sand, anti )!,l'il\'i'ls. consi:.;t ing of 
pnmkt•. qnilrtz. ilnd . ..;anadinl' nystals. i\1111 rork l'rng•m•nls of latite• itntl 
rhyolitt.• l'illlging in color from gray to tl;u·k hwwn repr<'~enlerosion and ck•­
posit ion at I Ill' top of a mass in• ash lluw. :\shill Ill sum<.' pttmict.• is \\'t.•at lwn·d 
to day. 

• Otowi .\ le·m he•r: .\lassi\·e non-•\'l·lclc·tl I o mode•mtely \\'e•ltl<~d t nlf <'Onsist i ng 
of quartz acd silnaclim• rrystals and crystal fntgnwnts. lllllll«'J'OIIS puut!n• 
fraguwnts up to :!-inrlws in lt·ugt h. mrk fragme·nts of lat itt• a111l rhyolite· iu 
itll ash 111atrix. Tulf is gray to dark brown in C"Oim wlu•n \\'c•atlwn·d. ash 
mntrix ami sonw pmnic·c is \\'l.'at.ltc•rc•cl !o silts and day. 

Scn·ral hunch·cd fcC'l hi' low these 1111'1'1' II nits lie I h" (:uajt• .\ler: :,<'1'. a li~ht 
tau to light. gray pumic·l'. a mnglonwrate• unit, altll a ha~mlt layPI', Tlw rt·gioual 
\\'iltC'r t nhiC' is approximntC"Iy (i()U f('t•t he·low t he• hasP of tltP simulnt ion clomain. 
as dt·pict<•tl is fig. :t Tlw prc-seltn.' of tltc·~·w units is nolt•d for n>mplt•lt•Jtc•ss 1,111 
tlwy an• not inducle1l in tlw 11101lding elfort as no hydri111lir data c•xists for tlw!ll. 
:\I at erial properties for the Otowi unil an• assunwd to e•xist l<.' I he hmw of tlw 
siltllthtl ion domain. 

2. Unsaturated Flow l\tlodel 

Till' rompuiC'I' motlt•l IISI'tl to dC'snilw moist 111'1' lllO\'f'llll'lll. in I Itt' I ulf is 11:\S.\T:! 
( Oa\·is t•t al.. I!IS:J). a fi11itc• •·lc·mt•nl mo1\d ( FE~I). :\ sonrn• 1'01\e listing is ,.;111-
lilinl'd in tht• itppc·mlin•s. The ha:;i<.' two-dimt.•nsioual tlilfl'rt.'lllial <'<tllillion snln·cl 
hy tit is modf'l. cli~n·ganling storagf' e·ff<'rl s as a rf'sult of tulf l'ellllprPssihilit ~· or 
auy «'XJ>illlsioll ol watC'r. i\Jttl any sotn-n•s or sinks in the flow tlomaiit is: 
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l (II)-. = -. ,, (h) -:- + -:- ,, (h) -:-,.. iJh i) [ . i)h] i) [ . iJh] 
i)l 0.1' ().r ( J.:: ():: 

wlwre: 
h = prC'ssun• head or matrir poll'lllial[L). 
1\'(h) = unsaturnted hydraulic ronductivity [L/TJ, 
('{II)= spc•cifk moistun.• Ctt(li'rity = ;ffi {l/L]. 
0 = \"olulliC'I rho watt•r c·ontC'ut ( \'olum<:> of w:1IC't' p<•r bulk \·ol.•,,lf' of tuff) . 
. t·,.: = ~p;.tial coordiuat<·s [L], nut! 
f == I in· .• [T]. 

(I) 

Bnsic· assumpl ions tu•c·dPd for I he prartka IIIUill<'l'iral :-;ohtl ion of (I) ill'<' isotlwr­
lllal ;m<l isolmliuP con <lit ions. Solution of (I) at any latC'r I inw require's I hat l1 IH• 
known <'\'erywlwre in :;pace at the IH•ginning of I he~ imulntion period, and l hat any 
normill tlu"\l'S or dilfl'n•nl II on I hC' boundary oft he solution domain lw spC'ciliPcl. 
Tlws<' initial :11~<1 bmtnclary c·otulit ions c·au lw slil tee I mal h<'IIHI I ically as: 

h(.r . .:.O) =h.,. h(.l' . .:.l) =he nmlt•(.t·,.:,l) = l'c· (2) 

w IIC're: 
h0 = (li'('Scrih('d h<'ild function of span•. 
h,. = pn•snihc•d hracl function of spa1·r and I inw, nncl 
t'c = pn•sniiH'd normal Oux funcl ion of spac·C' ami I inw. 

The .~olution of ( l) subject to(:!) rl'quires that h he a single \'ahu.·cl function 
of 0. That il-l. wlwtlwr a matl'rial is Wl'tting or drying, th<' same one-to-OtH' rm·­
respondc·m·c lwt WC'<'II 0 ancl h Pxists. Whill• this is not rigorously I rue, at ~>t·c•st·ttt 
th<.·rc is no simple way to account fur this type of hystcr<.·sis. For tlw purposl•of tlw 
pH'Sl'nl study this li1st constraint is satisliPcl by :hr \'illl Gc•nudJIC'II rc•latiottship 
( \'illl CPtllu·ht C'll. 19t'\O). Tbis .-~·li11 ionship is: 

0:.; - Ou 
IJ(h) = \1 + Ou 

[t + (oh)''']' 
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wlwn•: 
0 . .;:.; t'Xpt•rimt•nta\1.\' 1kll·rmiut'd :::•turah•d \·olnnwtric wall'r :·ontenl. 
On= t•Xpt.•rinll'ntally ckll·rmilu•cln•sidnal ·.-olnnwtrir watl'r co11tt•11t. 
n = cun·t~ litting p~:r<mll'tt·r [I /L] . 
. \1 = I - * . ilnd 
.\' =anotlwr 1'111'\'t• fitting parauwlt·r. 

I) or /1 ranlw nll'asun·tl in lilt' fil'!ll aud thl' otht·r t·akulat<:d ah•T u anti,\' lwn· 
h1'l'll 1ltot <'rtuinc•,l. To rio t hi~. pa i rt'd ,·alttl's of 0 a 11 d f, a rt• p,t'tll' rated 1':\)wri 11ll'llt ally 
for Padt mat1•rial ~ampk. tt~tmlly whik• till' matrri'll is dryiu!!;. Tlwn c1 attd .\' ill'l' 
;uljuskd to minitni:tl' thl' total dislitllrt' lwt Wl'l'll t!u.• I'XtH't'inu.·nlitl•lata and tltt• 
tlworl'lil'alrurn· dcsl'!'ihl'd by(:,). On1.• tniiY 11:<1.' this \uforuwtiott to 1ll'll'nllill1' 
tlw rdativt• hplraulit· t·otulttl'li\·ity for a eorr<•spondin!!, h (•JI' Oj at·t·ording to: 

i I) 

w lwn•: 
1\u(h) =n·lati\'c hydn\lllir ,·mulurti\'ity. and 

(/ ::; I\ II ( " ) ~ 1. 
.\11 otlwr ,·ariabiPs an· a!> pn·,·iou:;iy dl'lillt>d. 

f,"(lr) is tlll'n fomul hy tlw rdation~hit' /,'(11) = /\ 11 (/r)/\"". wlwrl' /,· . .;is tlw 
expt'ritm•ntally clt.'lenuint·ll satnrntcd hydraulir ronducti,·ity [1./Tj. Tltt' rl'quin·d 
par:\llwt<'rs ha\'1• all hP<'ll ciPII'rminc·cl for this study (Stokl't', ,., al.. 1!1!11). and 
art• indudt•cl in Tahlt~ 1 aiiCI :! abon•. Thl' laboratory aualysis was pnfonnecl by 
Danid B. Stc•pl.t•ns ,\.: :\ssol:iiltc-s. Inc. of .\lhnctttl'rqtw. :"-lc•w :\lt•xiro. 

2.1. UNSAT2 Flow Equntion 

TIIC' (1;\iS:\T:! c·ompntf'r progr:nn was cle\'f·lopc>d to analyze• isotlwnnal llow in 
,-ariahly :-;at nratc•cl porous nwdia (DaY is P.t it I.. l!iS:I). For the pmptN' of I his 
projl'rt it. is u:<c•clto clt-~rrilw flow in t\ n·rtic-al plalll' through conn·ptttillly layc·n·cl 
matt·rials. < 'on\'c•ntioual prt•srrilwcl lwacl ancl pr<'srrilwd normal llux hounclaric·~ 
an• i1pplic·d tot lw solution domain. Tlw following Pquation is soln•cl hy tt~S.\T:.?. 
cli:-rc·gt~rding :->(Wrilk ~turagc• t·lft'l.'ts, nncl iltty sottlTl'S or :<i11ks: 
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wlwre: 
.r; = spilliall'Oonlinal<~ (i.j = l.:!.:J with .r:1 = \'t•rtiral c:oordinah•). and 
/,·:• =h\'Ciraulk nlll:;u,·t i,·it ,. lrnsor at sal Ill'" I ion. IJ ,.. • 

,\II nl lwr \'al'iahlc•s arc• as prl'\'iously dc·liJIC'cl. 

'!'l1e first ll'l'lll in (:))tlc:~crih(.•s a mall-rial's rapacity to resi.-;t ;, dlilll~l' in wa­
ll'!' .-ontc·nl for a gin•n .-h:lllge in hea1l. O\"t•r time. Th<' seroncl tc·rm I'I'JU'I's<'nts 
aclvPrlion .. and th.~ r!.ircl l«'rtll rf'Jll'l~t·nts drainagl'. Tlw t·oncluctivity IPn:•or is 
isotropic (lwn·). :\solution to(!)) is ohtainl'd using tlw GalC"rkin linik <'lt·uwnt 
nwthod (D~\'is l't nl.. lm~:q. For this projc>ct the storng«' prop«•rlit•s of tlw si111· 
ulat ion domain are cousiciPn·d m•gligihl<·, whirh r1•quin·s tlw use of a bad.; ward 
dilfcreurc tiult• int<·gration sclwnw. The use of li,lik dt•ment'> allows spt·dlica-
1 ion uf irrc•gular clom<~in honiNs ancl irrf'gulnrly layf'rc•cl malf'rial. llowf'n ··. I he· 
grid clewlop1'd hl'l'l.' is wei angular. wit It horizontal and \"l'rtienl spacing tl.·at fn­
cililalt'S comparison (of physical aut! nnuh·mic siguiricaJH"e) with any fulmt> finitl' 
dill"c•rt"lrt• simulntions. as tlw \lorlandad canyon modPiing pffort progn"Ss<•s. Till' 
intr=cilc·i~~ of tht• :;olution procedun: Cilll Ill: found in Da,·i:.: et al. ( l!l::>:J). 

3. Lumped Parameter Model 

Th1• hlnlpc·d pnranll•lf•r 11101 kl is hil);t•d 011 n dynamic<~ lly ro11nc•c·h'd st n·am-a IJu,·ial 
aquifl'r :;ystc•nL Till' :;tnKimal simF1;1·ity of this IC'chniq11c is inlll'r<'nlly wlall'cl 
to till' s~·sll•ms op<'lillion itpproadt it. takl's: till' sysl!'lll is d1•snilwd ouly to 1111' 

:l<'g!"l'l' thilt it n·latPs an•rag«'d input-oulput-slorngt> chnng«'s 0\"1'1" limP (StokPr. 
1'1. ill. I!J!ll ). For tlw stn·am co11nc·cll'd (phl'('ilt.ic) allu\·ial aq11if<·r syskm luc·itlc·cl 
in :\lmla11clacl ( 'auyon. a simple• watc·r l,alanrc c•quation may lw writ l.t~ll as: 

tf: 
n- = •t:>- •to- ,,,. .. .,.- •rr 

"' 
(li) 
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wlwrP: 
n = awwgt- dfertin:- aquift·r t>c..rosity l~·.:]. 
; = a\·t·rn~e satmated aiiH\'i;.l a·111ift·r t'[lid;nl.'ss If.]. 
+r = total tlt•ri\'atin., rr-•J, 

. 'I"= streamleakal!;e [ 1 \'1-J. 
'I~~~ net alln\'ial aqui.r/:;:·;>,;t'flow [1~,-~ ]. 

' • \, 
1

,1 .· ~'t IJ • 11/1( 

'/FT = 1,'\'ilpOti'CIIIS(III'ilthJII [) r -J, a:1tl 
• • • , 1· .~r·· l"'( 

fJT = SI'I'(Htgf'IIIIO \ulf {I ·r· J• 
•· ft"J• "'" 

Tl11· m•t aquifer outflow tt·rm. '/O • is approximall'tl J,y a li1war n·lation:-.lcip 
g•n·n as: 

1/0 = II (.; - ;o) 

wlll'rt': 

:n .. ..;t rPam rPferl'ncP '"''"' [/.]. ;uul 
II= a \umped outflow COIIStant ['f-l]. 

( j) 

Ecpwtion (i) is inherPntly rclatl'd to Darcy\ l11w. In !V'Ilf.T•~! . . :n can lw a 
fun I'! ion uf t imP. bnt is usually assnllle<l must aut siun.• llnc:luat iou in :o are 
!:~Hally much smilllt•r than thos«> for:: (Stok•·r, C'l. al. I!J!ll ). StJbstituling (i) into 
(fi) yil'lds a tlilft'l'l'ntialequation of the for111: 

(S) 

w lwre: 
1:: = n·prt'SPllts tlw hllli(H'd time dt-pt'llllent inputs minus output. 

Thr modPI l'~'pn·srntrd hy (8) is a lllltlpf'tl pnranwtf'r motlrl in tlu• form of a 
wdl mixt•d lim•ilr rt•scn·c,ir. The tt:'rm ~ wpresents the hydraulic rt•sponst• tinw 
(/J,} of thf• sy~tf'lll sine«> it dcilrilrtrriZ«'S 1111' ii\'('J'ilgt• I'PSpOIISI' tillll.' of till' \\'illl'l' 

lwlall<'l' ~"C(IIittion. Typif·ally /1, will \'iii'Y lwt\\'f'('ll om• illld tlm·c> months in \lo•·· 
tanda.t cauyou (Stokt·r. f't al.. l!l!ll ). ~lllllt'I'Olls aual)ti<'al solutions for I<') ;m• 
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<t\'<lililhh• for a wide• \'<lrif'ty of initial c·onditions. Parnnli'INS for tlu• 1110ch•l ha\'f• 
lu·c·u c•sl i111al• d fi"JIII a prc•lilllinary calibration performed on II lOIII hly lidd data 
('()llc•rtc•d in :\lmtand<tclt·;lllyon fro111 .July l!)(i:J to HHi.",, 

Till' <~lln\'ial ;u,nifPr I' ill I he.• I lwngbt of as a long n·rt angular \'olunw of sill II· 

rntt·tl ~l'cliuwut:; thnt fullows tlw ranyon axis undc·r tile.• slrt'illll daanllc'l, on lop of 
the• t ulf. This mlunw of ;natc•l'ial has a smfan• nn•a of .J() ft. hy i.:!OO ft.. illlcl 
a thirk1wss (;) clc-snilwcl hy (G). Tlw i.:WO ft. clistaun· rc•prt-sPnls 1111' lt·ugth of 
upperhuidtlle ~lurtmulacl t'i\11,\'0II. The st'l'J>ii)!;C.' an·a i11 eat'h cmuput<"r sinmlHtion 
clomai11 r<'IJII'Sf'llls one·· half of I he.• 10 lt. wilh• salumlc•d :wclinwnl hox. Tlw silllll· 
latiou do111ain honk•r tlwt c•xlc·nds \'c•rlically clown lwm•nlh the st•c•pagc• arc•a (sc•c• 
Figs. :! it! HI :l) n111 lw I huu~ht of as a sylllllll'l ry axi:i, about which the llow paltcom 
is mirrorc•d. Equation (G) is soh·Pd for '/'f· which is applic•cl as a flu:-: hounclary 
rundit ion iu I lw se£'png£' a;n1. 

4. Computer Sinmlations 

4.1. Boundary and Initial Conditions 

S;llurnl ion rnn l11• ch•lilwd as I he \'olunu• of wah•r pc'l' volunw of pon• span•. i.t•.: 

.. 0;-0u 
,'i = _,;__~ · o ... - Ou 

where·: 

For a gin•n S'. 0,,. nnd 011 • Olll' can ~ol\'f• for tlw <'OI'J'c•sponding O,, ancl tht•n 
I'OIItpllll' f1 using {:J). pro\'itliug o and .\' lt;l\·c• he«'! I clderminl'tl for I hat mall·ri;d. 
Initial lwacl rottliguratioJI:> ror I lw following simulations an· hasc'll ()JI i\11 iiSSIIIlll"' 

iniliill s;tlmalion \·ahw of 0.:!0 (:W JH'rc·c•nt). Table :l shows thl' matric pol<'n· 
I i;d <"OIIIJHI !I'd for \'il riuus lc•\'C•ls of sa In ra I iu•1 i 11 <·ordtole :\I C.\ I 'i. !l A. Sat Ill' at ion 
sli~ht 1.'· lc'!!s I han :!0'/. prmlnn·d ,·a I Ill's for h I hal reprl'sent. a \'('1',\' clry coudil ion. 
Tit is caused c·on\·f'l'gc·n<·t· pn,J,It·nts ,Jming run tillll' i\S a rt•stlll of stl't'p mat rit­
potenl ial p,radienls in front of I he in lilt rating water and cliscont inuities in h arross 
maiNial iull'l'filc't'S. Sal ural ion gn·alt•r I han 20%. is Ps~Will ially a WC'I sysl<'m I !tat 
dol's not 111<tld1 ohsc·n·nt iu11s of in-o;it 11 waiC'I' content I akl'll to he similnr to I h11s1' 
ohs<'I'\'C'd al dc·pt bin tlw Otowi. Tahlt• I is a Sllllllllary of similar <lnta for t·on·hoiP 
~ I<' .\ I .-i.l . 
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i 

I 
I 
l 

Sit mph• :"i tunlH'r :\I at c•ria I " (- ft ) , ( -ft) h ( -ft) 

( ( 'oreholt• :\1('~1 .).!1;\) :"llulllllt'r (S=U.U.",) (S=ll.! ')) (S=O.:!O) 

~\I( ':\1 !l.!L\ ~;,_:;-~(i.O !) :!0 IG :w~ :J.') 

.\I< ':\1 .j,!l.\ !) 1.5-!l.j.() s IOli !II :!:! 

•:\IC.\1 ;,,!1:\ I 0-1.!'1- I o:;. 0 j :\!11 I:; I :)8 

•.\1<'.\l G.!IA 10!1.0-1 O!I.!J 6 :\O(ij (j(i() 1-11 

.\1<':\1 ;),!1:\ II !1.1-1 :?0.0 !j -li(i 1:\.) :!8 

:\I( ':\1 :,.!lA I :.!-V>-1 :!:J.O I 1:!~ :,~ :!(i 

.\lt'.\1 :-,,!1:\ 12!1._..,_, :m.o :I 1:) I 71 :\:l 

\I< ':\1 .j,!),\ II !J .. i-1 :iO.O :! :H~ I:! I 1$ 

:\I< '\I :,.!1:\ lli-1. _..,_ I b.'Ul I :li."'J II;, -I:! 

TahiC' :1: :\IatriC' pol<"nti:tl \'aluc•s (h), for con•s from .\1<'.\1 .).!1:\. C'akulatt•d 

nsiug ( ;J ). ilSSIIIIIillg s = O.O!j, 0.10. aud o.:.m. . 

Sam piP :\latc•rial " ( -ft) " (- ft ) " (- ft) 

~ 111111>1'1' :"llumlwr (S=O.ll.)) (S=O.IO) (S=O.:!O) 

\1<'.\l !:.I t:J.u--t:t.-, 12 t.') l:i Iii i :!1!1 

:\1<':\1 !'U ."',:\ . ."'11 <'IIE:\1 II Ill :, 1 2:1 

:\1<'.\1 :u .;-; .. ; .. -,s.u 10 :mo IU(i :n 
:\I( '.\I :u li:l-fi I <'IIE:\1 !I . :.!Ci:!-"1 ·1!1:! !I:! 

:\1<'.\1 !).I Iii .fHii .-i 8 itS :~11."'1 !")~ 

.\l<.':\1 :).I i:!.O- i:!.-i ; I :!:3:; :I(\'! j:l 

.\l<'.\1 ."'>.J 82.0-:)2.-"'1 (j I!> I 1!"12 ·li 

:\J('\1 :,.1 Si .0-8i .'i :-, l2i:! :Jn 81 

.\1 <'.\1 ."'J.l !tU,-!J:J.O I !J;)(j :I-ll l:ll 

•\IC.\1 -"'>.I !I 1..')-!l:>.n :l !):l(i 2:r·, !)!) 

•:\IC':\1 -i.l !JI.li-!Ji .. -, :! (i{i(;:! :!O!I:l (i.j I 

•:\1(':\1 .-).\ !UI .0· I 01 .:'i I :,:) I I:H :II 

( .. = Tsank;"\"i \h·mlwr) 

Tahlc• 1: :\liltrir pntcuti,,i \'alurs (h). for mn•s from :\IC:\1 !"J.l. rilknl<ttC'd usi11~ 

(:l). iL'-'"'llllill,L; . .:...· = O.IJ.). 0.10. illltl 0.20. 
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:\lotf'rial proJlPI'Iit•s as cle:;nilwd hy \'illl (:t•nueht<'ll Jlill'illllt'l<'rs ar•~ asSIIJI)('d to 
f,mu pliln<H lilyl'rs thitl I'XIend infinitdy into spa<·c. ,\ point equidist;111l hellw<.·n 
cow sautpl<·s was arbitrctrily chosl'll to r<·pnos<·nt a material houudmy. <•xu•pt at 
I lw boundary lu·t \\'<'<'n til<' Tsankawi nwmlwr and I lu• material aho\'<' and h<'low 
it. Tht> local ion of I his major lit hologir t·ont mst was dc•tf'l"lllin<•d from th<• drillc·r's 
log. 

( 'orchole :\1< ':\1 .:-,.!):\ is I!J I ft. dr·t·p. illlll is lili..<•n to iiCCUralt•ly r<'(U"f'S<'Ill llu.• 
top :.!00 ft. of rnatNial lwrwat h t l11• surface of t )I(' canyon hotto111. The upp<'. · 
most :IS ft. of this llliltcrial is alluvium, and the remaining 16:! ft. is tire primary 
font~: uf t Iris III(Hic·ling l'lfort. T<thl<· :, is a snrnnrary of gra\'inwt ric waiPr rotrktrl 
ditlil ror \1(':\1 .j, 1J:\ t·orP saurplt•s. with Ple\"ation gi\"<'11 abow• this arbitrill')' :!011 
1"1. tk•pl h dat 11111. Daniel B. Stepht·n:; S:. ;\:;:;udal<':;, Inc detennincd (Jill"illlll'll'ls 
for th<• samplPs indicated. Tlw wnrainin~ sampl<•s llild gra\'illll'lri~· \\'alt•r rotrtr·ut 
determined during a radiodll'lltird aualysis pNfornwd al L\NL. Tht.' \·olumet ril' 
walt·r <"OIIIf'trt for tlwst• Solllplt·s was C"OIIIflllll'd using vaiiiPS for bulk cll'IISily. lllille· 
ri<d tkn:-;ity. and porosity fr11111 adjan·nt. l<'slt·tl sillll(>ll.'s. The rclationsltip bct\\"t't'll 
t he~c pi! ramt•l ('I"S is: 

whl'l"t': 
- I ,,·L; 1<'11 ·r't ,. { "H .. lk l fl~ - ) I I . s . ,,.. H"'f . . . 

p,, = matf',·ial density[;.~ ~:~.\::~J. 
. II' I' ., I t;J = t>OI"USII\" ~ • f.·' H,/k • 

O,.,.i = \"olllnretrir waiN <"OIIIelll If 'J~':J. 
O:w•v =gnl\'illwtri<" waiN ronle11t [ -~t ~~::J. and 
n1 = tknsit \'of watt·r [.\I 1110 ]. I ak<'ll to be 1.0 1''"". ,. · 1~ 1 1/JO ,.,., 
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Sample: Ogral' P& ,,,. ¢J 0, ... , 

EIP\'aliou ( 9u1ct ) 
, ul · (~) c:-rn·'· 11 • 

( Y·~··!ij' I) ·, .. ,, •."'u t. 
( , . .,,:lJ•,),., .. ) 

cm-',Yuik 
( ,.,., u.o) 
',~mlH,II.-

I til .119 1.00+ :LtH . .'ifi!l+ .1·1!1+ 

llil.i .I !J;) .1.00+ :U:!+ })(i!l+ .l!J.'H 

I :-,c. .189 1.00+ 2.:~2+ ,!",(i!l+ .18!1+ 

,.-.:~ .101 \.Oil+ :!.t!+ .;;w+ .101+ 

1:"11 .I !I:? l.llO+ :!.:1:~+ . .'i(i!l+ .I!J:!+ 

1111 .2:1::\ 1.00+ 2.:~2+ ,;',(i!J+ .2:~::\+ 

t:u; .\1'\:l 1.00+ :!.:~2+ .!'i(i!l+ .18:H 

I:H .1!1-1 1.00+ 2.:~2+ .:,cm-t .HI I+ 

I :!!1 .lSI 1.011+ :.U:H · .!iCiB+ .lSI+ 

1:!1 .:!:)(; 1.00+ :U:!+ ,T,(i!l+ .:!:W+ 

ll.'i. .:mt 

I 
1.00 :!.:1:.? .. 'i!l:l .:~8!1 

Ill.. .:1!).1 1.0!1 :.!.:I:H -~- .:ISS ,:,.,:) 

Ill .. ..1-1:! 0.!1?) :U:!+ .(ilO ..1:!2 

lUG .. .11·1 1.52 :U:! .:lSI ,-., . ,_ 
•!IS . ()(if) 0.!12+ 2.·1~+ .G2S+ .O{i0+ 

•!l(i .. .fiO:l 0.!12 :!.IS .G2-I ,;,:,~ 

•!II .. ..1!1:~ 0.90 :!.IS .(i:t! .·II!) 

..... (; .:ns 0.!12+ :!.I~+ .(i:!~+ .:!:!!1+ 

$1 .. .21-1 1.08 ·~.:11 + ..'i!) 'j .:!:l:! 

iCi .. .IGI l.ll :!.:H .:';IG .l 'iH 

il.. . u~;; 1.0;) :?.:u .:;;o .I !J:) 

liG .. .lSi l.Ofi+ 2.:H+ . .)10+ .1!1!1+ 

(il.. .18!) 1.0!1+ :u1 + ,!',:10+ .:.wr,+ 

.'i(i .. .Iii l.O!i+ :!.:H+ .:,:m+ .1!1:1+ 

I ;,1
 .. .1!10 1.16 :!.:H ..'i:!.'i .:?:!1 

Hi .. .171 1.2·1 :!.:H .-1!1:! .:! li 

11 .1:):) 1.11'1+ :!.:11 + .1!10+ .IS:!+ 

:w .. .HiS 1.:!6 :!.:11 .-185 .:! I:! 

:II.. .\.'iS 1.:!0+ :Ul+ .·ISO+ .l!lll+ 

:!(i .. .I :jl) 1.:.?0+ :!.:U+ .1~0+ .1!11 + 

:!I.. .l.'i!l l.:!U+ :!.:11+ .ISO+ .1!11+ 

16 .. .1 (i:, 1.22+ 2.:11+ .·liO+ .:!0:!+ 

11 I~., .. ,_ 1.:!2+ :!.:11 + .liO+ .IS:",+ 

(" = Tsaukawi :\lt•miH'r ... = D.li.Sit'(llll'us. lui' .. + = assnlllt'•! ,·alut•s) 

Tahlt•.'): ~1<-asnn·d gra\'illl<'tric Willt·rnmtent. iiiHI raknlatt•tl \'olnnwtrit- wall'!' 

contt·nt wlwrt• uolt.•tl. Bulk anti matnial dt·nsity assllllll'd wlwn• nolt·d. 
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Figure \ n·pre~Pnts obspn·ed \'olnnll'tric \\'illt•r conll•ut in ~1('.\l :>.!):\ with 
.tistan<·t· ahm·t• tlw :!00 ft. dt·pth datum. using the data from Tailh· ,;, ,\n oh~c>r· 
,·at ion matlt.• from this figurt• is I hat walt·r rontenl generally innea:·H•s 011 top uf t lw 
two m;;terial iutt·rfan-s. Tlw Tshin•gt• lluit 1:\ has a fint•r port· stnu:tun•than tlw 
Tsilltk<nri lwlow it. anti water ronlt•nl is I hough! to innt•ast' on I his intt.•rfan• dtw 
to tht.• capillill'y harrit•r t•lft•t·t. Thill is.tlwn.· is no pol<•utiill for tlw liut•r lllillt•riill 
to rl'!t•ilsP walt•r to tlw marsr-r illiiiPrial lwlow it uutiltlw prt•ssme is innt·a~t·!L 
Tlw pn•ssun• imTf'ii~<'S with an ass<H'ialt•cl iun<·asP iu walt•r coult•ut on tlw ntalt•· 
rial intl'rfan•. aut! the walt•r llows out of lite lim·r uwlt•rial. Ou tlw otl.er llilntl. 
1l11• Otowi is murh lt-ss pPI'Illf'ilhlt• I hilll I he Tsauki1\\'i abtJ\'P it. aut! tlw walt•r 1'1111· 

It'll! iunt.•a.~t· on this iutc·rfan.' is thought \o hf.• ;, rt.•snlt uf this restrktiou to llo\\', 

Fig. -1 ~hows th11t tht• two larp,e inrn.·as<'s in wakr nmlt•ut do not ot'l'lll' t'XMtl_,. 
at tlw iutcrfan-s. This is attrilllltt•d to sontl' lllll"t'rlaiuly in I h" P:'\at·l local iou of 
t lw lllil!t•rial lwutHlarit-s as rt•pre:wutnl on t lw figurt•. If the :!0 ft. I !.irk hand ol' 
ntatf'rial n•prl'st•utiug tlll' Tsanknwi 11'<'1"(' 11\ol'«'tlnp !'">-10 ft.. tlll'st• innc·a~t·~ \\'o•tld 
ot·ntr n'l'y dosP to the· malt'l'inl intl'l'fat'l's. llowf'\'('1', tlwn• is no justilicalion to 
l'hangt• the lorntion of the intPrfnrc-s in tlu~ rc·fPrc'JH'<'s, nnd this dr.:" ts usPd to 
i\('('I'SS I h<' gf'tlt'ral \"aliclity or I ht• 1'0111J>111l't' simulations. 

flu• simnlat ion tlomain tlinu·n:-;ions l'ary in with h and tlt•ptlt I o pw\'l:nt tllol·ing, 
watt·r from Pncount(•ring any presrrihl'd no 1\ow hountlarirs and to [,H·ilitatt.• roll· 
1"1'1'!.\t'H<"I' hy kc.'l'ping ~riel sizf' to a minimum. :\II hotmtlaric·s art• no 1\ow t•xn·pt for 
tlw "''l'Pil!!,l' mt•a (st•t• Fig. :q. which is pn•sc•nt in tlu.· 11p(wr lt·ft-hatlll mnu·r of all 
I'Olllour plots. This portion of the boundary has thr<'t~ conditions pwsc"rihf'd on it. 
which ••n·: I) ,\downward !lux. f•qualto I hat prl'tlktc-tl hy tIll' huupt·d pitl'illl\Plt·r 

11\0c\col. uf •tr = :;.6 :< w--l ft./drt~' (:\lrl.in. pers. ('011\'., rc~porl ill pro~rt'ss): :.!) 

.\ nm-.lillll· (polid(.>tl) ht·acl l'flllill to \.0 ft. of 1\'illt•r: :l) .\11 ordtTof lllil~nitwlt· 

.!.\~"~'i11Pr downll·;,rtl llnx of '/'f = .">.(i x to- 1 1'1./tlay. Tlw ronstant pondPd lwatl w;,s 
dtosc•n to l'!'pt·c-sf'nt tht• base of tlw allul'illtll whic·h is intc•rlllilh•ntly and ,.,,J"ial•l." 
pond£'11. hut usually !"atmatc•tl in t ht• ill't'i\ llt'ill" .\lC~I .).!1:\. 

4.2. Finite Element Simulations 

ThP t::'\S:\'r2 input fit;-s <~tnl somt·<' rode ust•d to gf'IIPI'ill<• tlw n•Jnaining li.l!,Hn•s 
an· iudntll'd in the appt·ndix .. \11 fiuit" t'IL'IIII'lll siulllliltiou:-; \\'t•n• pt·rromwcl 1111 

tlw lutq~rillt·d ('omputiug :'\t'!wot-k. ~li~t·ltint• Hlto. L,\;'\L1 . This is" ('rily Y-\IP 

'Tiw aut h(lr w1,ultllikr lo arkuowkd~;•· tlw as.~i,.r :utrr or rl"' t'-li IC~ < 'ousull iu~ Olli•···· """ 
.Iilli rat ... r for Ia is as~itaun· (Jll porting ro•le to tlu· ('my. 
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running l!NI<'OS. \W. fi.O.I. ThP lf:'\Sr\T:! liniiP P!Pm<'l!• griclu~wd to gi'JH'rall' 
Fig~. :J. G. ami i, hat! ·x· dirt•rtion nodt•s span•d ()at :'l.O ft. apart. t:J al 10.0 
ft.. and fi at 1:}.0 ft. from I lw syuHIIPI ry axis. and ·y· din•ct ion uodt•s span•d 
:?:jO nt :!.0 ft. apart. IOU nl !.0 ft., ami 1:!-1 at 0.:) ft. from tlw has<' ol' llw 
:simu!Ht iun tlomain. This t·onl:gumtion tldinl'.'i a !!,!"it! t'ontaiuiug 1:!.:~:-,u nodPs 
( JI.s:,o f'lt'nwnts). C.'Pli tinw was appmximatt·ly -ltlllO sl'co•uls f;,r tilt' lOU y«'ar 
flux run of Fig. ~~. and nl'arl,v I 0.000 ~l'Willls for tlw pontlt.•tl ht•atl run of F'•J!.· 
i. whid1 only simulatt·d Iii tlays of watn nlo\·c·uwut. u~iug i<lt•Jitil'altinll' siPp 
coni rols. Th<• largP tlilfl'l'c'IH'f' in computational c•fforl for two idc·nt inti grids is 
a n•sult of t\11"' non-liJH'ilrity of tlw unsaturatl'd tluw Pl(llilliou. Spe•dlindly. the• 
t·apill"it~· l<'l"l\1 iu (1) c·auses i\ discontinuity to OITIII" wlwrc• the dmugc· in Jllatric 

potPntial (d/1) bPromt•s \'l'ry largP. In iufiltmtiou pwblt•Jus with sc•\'PI'lllmakriills 
! lai.'i sit Hill iou will m·isl' arross the welting front of till' Fl'l'llle'al ing fluid. atul ill' ross 
mate·ria I interfa('(.'S whc·n~ the mat ri<- poll'! II ial graclic•nt is initially dismut inuons. 

Fig. :'1 ,\: i show contours of pressHr<' lll'ncl (in fl:'l'l ). Tlll'rl' nrc.• no saturatl'd 
no•'l's in tlw profile of Fig. :;, walc.•r mm·e·m•·nt is t.•utirdy by IIIISilllll'aleclllow. Fig. 
6 shows prPelktc•d and ohsPrn•el wal<'r c·ontf'lll for I Ill' top 1 (i:! fPI'I of i hf' Fig .. ·, 
lhc> r11n. Comparison of Figs. ;) & l; is not oh·.-ions as a n·s11ll of I lw many clilfen·nt 
!ll<tleriicls IIS<'tl. Fig . .')shows ll\Htrk polt'ntial inneasing (IH'mllling ll'ss lll'gali\"1•) 
on top of a11<\ thro11gh the T~ankawi. as WI' mow townrel th<' symtnf'lt·y nxis. ThP 
,·laangPs 1\1'(' on I ht• onl<~r of l<•ns of f<•et. Fig. (i slwws I !11~ m;soriittC'tl imTt·,,sl' in 
walt·r •onll·nt thru11gh dw Tsankawi. h11l as a rt>s11lt of matc·l"ial pmpt•rti•·s. shows 
thP \\'a1Pr COIIII'tll dropping olf on top of tlwTsa11kawi. This is c•asil.\· nncll'rstood 
if IIIII' re•ff'rs lo the datil of Table• I. Sittllplt•s 7'.1('~1 .i.~l;\ s:,,.j-~(i.O aut! 7'.1<'~1 

.·1.!1.\ !)l..i-!J.').O are ttsPcl to I"C'JII'l'SI'III tlu• Tshin•gt• linit 1:\ ill tiH'se• simulations. 
Till' r·,.rosit,:.· (lnk<•IJ as sallll"illccl mhlltll'lrk wnl<'t' ronll'llt) is O.CiSG for ~I( '\I 
~: •. .-,.,-::-(i.O. aucltlrops off to 0.1!18 for ~It' \I !I 1..)-!10.0. just o11 top uf I he Tsilnkawi. 
\\'hi\(' Jll'itlwr matt•rial is satmatPd. this clt•t'rt.•as<• in porosity limits tlw a\,ility to 
n•flprt thl' large• dJallgc• (innc•ast•) in wall'!" nmte·nl that may physi1·ally O<'<"lll" uti 

thl' it~le·rfan·. ('ttmulati\'1' inflow fot· the syslc•m at till' time· of Fig . .-,is 1.:.!00 It .·•. 
Fi)!,. i is inrlttcle·tl lo clt•IIIOIISI rate~ t hi' que•sl iunahll' \'ali<lity of 01 pontic·<! bc·atl 

bo11ntlary condition in the ~ePpag<' nrPa. ObsPn·ations of watl"'l' content al thl' 
has<' uf the allu\"inm lypkCIIIy show saturated sedinwnts on Ill<' urdc·r of se\·•·r;tl 
fppt tIt ick. Fig. 7 shows I hat onP foot nf ponclc•cl !wild on I his syst l'lll sat Ill' a I • ·tl 
ne•<~rl.\' 1~0 fl. uf tht• profile·. t'llllllllath·t· inflow at the tillll' of Fi~. 7 ( lil days I is 
:lti.llll 1"1."1

• Tlw O.ll ft. conloms n·prt-sc•t;t the sillmatc·d part uf tlw prolilt•. illlll 
t IIi' \\'l'!i ing front Wils fotTe•tl to I Ill' obsl'n·e·cl dPpt has a rc·snlt of I lw impe·n~JC·;ti,J" 

20 
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hou11tluy at x=:!:'"•O ft. fro111 tlu· symniC'try axis. :\I I l1is poi111 in tlw st urly st•\·t·r<~l 
\'aria! ious in nodt' :-;pacing and gricl dilll<'llsion \\'Pl't' testC'd to arrin• ill a n•;,son<d,l<• 
solution llf t lw po1u!Pd !wad pml,lt•IIJ. ~la11y cortvcrg<'ll~"" prol,I<•JIIS orcun<'d ""a 
rt-stllt. of tlw large· IIIIJllbc•r ef lllilll'rials IISI'cl. ;1ucl a syskm wlwn• a Zl'l'O prc•ssnn• 
i:sub;u· is migwti11g through illl initi;llly llllsalm<tll'<l prolilc·. 

:11rn•asi11g, col11p11t at ion a I t inw and I'XJH'IISI' lll'r<'s~il a lc•d a si 111plifyi11)!, of till' 
r·omC'ptnal sy .... tl'lll. Fig. S repn·s<'llls tlw i11itial water I'Oiltl'llt pmfilt·. as pn·dict<·cl 
1,,,. ii;\S.\T:!. fc•r a s~·stl'lll l·ousislin);!. of tlm·c· lllill<·rials. Samplt• IIIIJnlll'r ~)('~I .·,.I 
1:!.0-i:.!.:-, (st•t• Tablt•s I luI) \\'its llsl'd tun·pn'SI'lll tlu· ·rshin·~~· (luit 1:\ ~k11dwr, 
s;unpll' ~1<.'~1 .-,.1 IOi.O·IOj' .. -, Wit>; u:wd to n.•pn•.o;l'lll the· Tsaukawi .\II'Jlllwr. intd 
sa111ple ~I< ·~1 .).!1:\ II !1.:",.1 :.!U.O was IISI'rllo l'l.'lli'I'St'lll till' Otowi ~kllllll'r. Stukn 
( pt•rs. rom·.) qui's I ions t II(' \'ill id it y of \'<Ill Ct•nurltl I'll pa l'illlll'l t•rs rcpn'sl'nl iu)!, tl w 
'[\hirPJ:!,I.' liuit 1:\ 1\lill<'rial i11 ~~('~I .).!),\,as a result oft hP sampli11g pron·d11ws 
us1•d .!11rillp; coriug. Tahll' I shows tlw till' salmilll'cl h.\'clr<~nlir couclucti,·it.\' .,f 
this Jllilll'l'iai to lw IIIllCh gr<'aii'J' and lllfJI'C' \·ariahlt• I han \'illllc's at I'OITI'SJllllldin)!, 
d1•ptl:s i11 ron•ho!P \1<'.\1 :i.l (st•c• Tal,!<·:!). 

Fi~s. !}, I 0. <II HI II. show pond<·d 111'<111 sinllllat ions at t.:t II.:.?. c\lld :.! I.! I .n·ars 
I'<'S(>PI'I i\'l·ly. fer 1 h<:' 1 hn•1• mat1•ri;d ;;ystc•m. Till' li<JII<• ~pitcin,r; fort h<•s<• simulal iuns 
is 10 at :"1.0 ft. it part. a11d I:"J al 10.0 ft. apart l'ro111 I h<· symnll'l ry axis. illlll II'.! 
at 1.0 ft. apart from 1111' bast• of till' .o;imnlatioll do111ain. This dc·fi,ws it grid 
of :.!:LI:.!::l nodes (:!:.!.li@ Plelllt'llls). Tlu~ inliltratiug \\'iiiiT in tlwse ,;illln'''liorts 
did not fet·l tlw impl'l'llll'itble hor.ud;u·~· al x=000 ft. from till' s~·llllllf't,~· axis. 
llo\\'1'\'1'1'. till' llow fil'ltl clo<·s d<•moustl'illl' illsllll,ilitit·s tlli•l IIHl:Jifl'st thl'lll"''h·.·o.; 
as 'IJIII.I.Ie:s' ur positi\'1' Jll'l'SStll'l'. most nolalJII: in Fig. 10. Tltl'l'l' is 110 ph,\·~i··•tl 
<'XI' Ia 11 at ion fo:· tlwi r o<TIIJTI'nn·. lkha \'ior of wall'l' lllo\'1'1111'111 a rm11ul t hl' ma 1 '·ri;tl 
intc·rfan·s iu t !.1• uppr·r part of tlw prolill' has t "" ,.:amc• p!J_,·sil'id just ifit-at i1111 ••s 
.~i\'1'11 ;chon· for tlu.> pn·Yiolls ~im11latious ;11,,: tlw ,,!,st·n·c·ll \\'illl'l' nmll'lll. Th .. l 
is. nlill rie potc·nl ial incrPasc•s on lop of I h<' Tsauknwi (toward tlw s~·mr1wtr·~· ;1xi-. I. 
••nd t ltro11gh 1 his unit. ('llulltlat in· in !low ill till' t inw of Fig. II is (i~. l:l I ft.'. 
which is ren1otdy nmsistc•nl with lii'Miy !:!:'"> ft. of satmatl'd scclinwnts ••I tlct• 
hasP of till' simulatinll rlnn•;,iu! Fi~;. 1:.! is a plot .,f simlllatl'd ancluhsl'r\'l•cl w;ll•·r 
c'Olltf'lll ;dong till' symnlf'try axis iu till' lop IG'.! ft. uf Fig. II. allll al~o cli~pt.,·;..; 
t h1.· ti•;tl nws t h;tl ha\·<' no physica!P~plan;tl iou. llitllll'l~· t lw l wo !ill');<.' imTf'''"'''~ in 
\\'iltl'l' nmlc·nt lll'ill' :w ft. ,.,,.,·ation. Ob~Pr\'aliult of ,\'a\1'1' c·ontPilts at lt~s tlc.olt 
satnr01tiu11 thrc,ttgh tlw '1\hin·gl.' "1'1~111' against a po11d<·cl !ll'ad uppc·r htJilllll;,l\' 
nmcliti••ll. t:nsaturatPclllow is n·qnin·clto allo\\' this lllatf'l'i;d t<! l'f'tllilill ;tl J,.,.., 
t!.an.,aturatilllt. ;ts obs~·tTI'd. and th" Jlllliclf•rl hl,tllidar_\' l'flllrlition <tpproach ,t..,•tid 
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Co~pos,to profllo, 4.3 yoors of 1.0 ft. pondod hood. 
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Composlle proflle, 2~.9 yeors of 1.0 fL. ponded heod. 
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not he pursued. 
Figurt>s t:J. l·l. and J.'). show watrr infiltrating the composite profile at a rate 

of IJT = 0.0!)() ft./ day. This value represents an ord£>r of magnitude incrl•ru;t• in 
the lumped panunetl'r model predicted infiltration rate. Scn•ml saturated uotlcs 
orcur at the ha:;e of the simulation domain ati a result of redistribution within 
t ht• profilt>, ot ht•t·wise wat.c1· movcmcnt is hy unsatmalf~d flow. C:t·avity ap)H'ilrs 
to play a larger role than capillarit.y in causing the matric potential contours t.o 
migralf' <lownwmd. Their configmation exhibits very little capillary spr<•ading of 
thf" moi:;tmc plume. Fig. 16 •md li show the simulate<! water cont(ont profik• 
in I he I op 16~ feet of Figures 1·1 and 15 respectively. Cumulative inflow at I he 
timl" of Fig. l·l was :!.191..'} ft.:S, :uHI was :l,li1.5 ft.:S at the tim<> of Fig. 1.'}. The 
oscillation of the water content plot for x=0,5, and 15ft. through the Otowi (on 
Fig. 1 i) l'i\11 only he <lt>scribed as numerical im;tahilily. 

5. Conclusions and Discussion 

Figurf's 16 ;md li show the migration of a high water content peak through the 
T!<a nkawi. A plausible explanation for the occurrence and movemt>nt of this rwak 
could he that water leaving the Tshirege does so at a saturated conducti\'ity 
controlled rate of 1\s = 1.-l x 10-·• :: • while the Tsankawi is able to move it away 
from the contact at a faster rate of /\ s = 13.0 x 10-·l:: . resulting in decn•a:-oc•d 
watPr t·onl<'nl just bdow the interface. While the Tsankawi is filling with wnll"t· 
from aiJow~. it is also b«.•iug drained fl'Om helow. The peak occurs because tlu.• 
Otowi is able to move water out of the Tsankawi slightly faster than it ent<·rs 
fwm the T:.hin·ge. (Saturated comlurti\'it.y oft he Otowi is 1\:; = i.!) x tO-·I :;:; .. ) 
The s_v:-;lt•m tlynamics are very colllpk·x tutU the peak could also be allrilmted to 
some type of dynamic e<1nilihrium. not allowing i he Tsankawi to simply drain. 
Figure 15 shows a good correspondence between observed (shown on Fig. l5 and 
in Fi~. -l) and simulated water content tf'ndency (increa:;ing and Jecrt'asing i11 
tantl<·m) from the top of lht> Tsankawi Member downward. llowc\'<'f, tht>re <l<>f's 
not sl'elll to bt> any way to simulate the observed water contents in the Tshin·,~e 
with watC'r flowing in from the top of the profile. With any upper homulary 
contributing wnlC'r to the simulation clomain, the water contents in this rt>gion ;,IJ 
moYe toward ~aturation. The watcr contents we obst>rve in the Tshitegc arc 1war 
::!tJ';'r. c;nlmation (see for f':<amplf' Fig. 8). This pat!ern is also ohser\'f'd in \1<'\1 
.;.J. Tl1c .,mo•mt of water potentially contributed to the system by a pomlt>tl 
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heaJ boundary conJition is being reduccJ. One possible reason is that the highly 
wc•athC'rt•d tuff immC'diatcly ht>low thl• tuff/allu\'ium intC'rfnce is rt•stricting flow. 
The hydraulic rharactcristic of tins material ha\'e not yet been c\•alunted and 
some sampling in this region should be performed. Also, for tlw determination of 
gJ;mm<l watc·r travt>l timP to tlw r('gional watt'r tahlt.>, mort> hydraulic paranwtl•rs 
arc needed for malC'rial at Jept h. The Guaje pumice, the conglomerate, and I hl• 
bru;alt Ju•cd io he indudcd in any larger scale modeling f'(fort. 

The> ohs<'f\'('(1 dC'rrc>ru;c in wat<'r rout f'nt nhove tlw upJwr contact ( t hrongh I h<' 
Tshirrge) could also be the result of upwani diffusion of water \'apor from the 
'wet' intC'rface. The next st<'p in nunwrical simulation should include this pht>­
nom<'na, eitlwr in a multi-phase analysis, or by diffusion simulation alone. The 
wnter ,·ontC'nt increase on t'ach lithologic contact couhl he simulated as a plannr 
source for diffusion, allowing water to diffuse downward~ well. ..\numerical solu­
tion for I he diffusion Pquation in hyclrogrologic systems is listC'd in til<' n•f<'n'lii'I"S 
(Ishii. l'l al.. H.IS!J). Also. the strata in this system are not p<'rfcctly horizontnl. 
Tilt!!'~ ; !!•,' simulation domain to take the principal conductivity off horizolltitl 
and assigning some arbitrary anisotropy could pro,·ide more enlightening results, 
possibl~· r.ausint; water to flow along I lw contacts to a gr('atcr extent. 

:-.lotahly ahsent from this analysis is an accounting of mass. The balnnn• 
bet \\'Cl'll pr<'scribcd flux rate and changl" of watl"r contl"nt, element by el<'m<'nt ( ot· 
ct·ll by cell), should he evaluated. The canyon has been collecting and seeping 
waiC'r into the tuff for lO's of thousands of years. WatN JllO\'<'nll"nt for this ll"ngth 
of time can not be modeled reliably in the unsaturated zonL'. Our ability I o 
g('nPratt' compll·X numerical computf'r met hocls is still mor<' sophisticate(! t lw n 
our understanding of physical sys! rms such a.<I this on('. The accmunln t ion of 
moistttn• on top of the two lithologic contacts could he attributed to a 11111rh lowc•r 
flow rat f> o\·C'r this longer I ime period . 

..\ n I'Yaluat ion oft his systf'm hy finite <liffrr'.'ll<"t" should ht" und<'rtakC'n. VS:.?DT 
( Lapp;da, et. al, l!J87. and Healy, l!J!JO) is the suggested code for this pmposr. 
THHIS(lOrt of I ritium could tlu.·n be used as an aid to understanding, as \'S:.?DT 
is capn 1·1e of soh·ing the transport problem. Boundary conditions, initial <·ondi­
t ions. lllOI('('IIlar diffusion coelfirien t. of tritium in tuff. and dispersi,·ity, are Pit-.ily 
mnnipulat<'ll in romputer simulations, whkhis the benefit of this type of aual_p·is. 
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7 .1. Input files 



Input File for UIISAJ2 rl.ll of figures 5 & 6. 
····················~······················································ "CM·5.9A, Large Grid Cx•250,y•66Z feet), 2' to y•SOO ••• 
12350 2611850 Z 9 0 IS 1 0 0 1 

0,001 
1. 

.822 
4.819 

22.110 
.7937 
2.239 

12.189 
5.669 
3.118 

, .055 

25,474 
1,1 

70.0 
t. 

.822 
4.819 

22.110 
.7937 
2.239 

12.189 
5.669 
3.118 

11.055 

6°5 13•10 6•15 
zso•2.o 100•1.0 1Z4•o.5 
12:sso•o 
12:s24•o s•o.oo56 21•o 

0.0001 1.1 36525.0 

0.486 0.0 0.120 
0.538 0.0 0.094 
0.519 o.o O.OJZ 
0.552 0.0 0.064 
0.435 0.0 0.052 

0.6465 o.o o. 198 
0.537 0.0 0.329 

0.4985 o.o o. 124 
0.686 0.0 0.209 

7618°·42.0 468°·48.0 338°·33.0 130··26.0 104°·38.0 
286"·141.0 286°·58.0 416°·22.0 2704•·35.0 

so.o 

0.24475 
0.17953 
o. 16916 
0.24506 
0.48219 
0.24933 
o. 15484 

1.351178 
3.164855 

T3o0•1 45~·z 325•3 125•4 1oo•5 275*6 275•7 400•8 2600•9 
1 1850•0.0 
END 

100 

1.68945 
1. 74058 
1.92358 
1.86760 
1.55108 
1.45120 
t.n981 
1.47491 
1.34112 



Input file for UNSAT2 run of figure 7. 
•···•···········•················•············••······•···················· 
MCM·5.9A, Large Grid tx•250,ys662 feet), 
12350 2611850 2 9 0 

0.001 
1. 

.822 
4.819 

22.110 
.7937 
2.239 

12.189 
5.669 
3.118 

11.055 

25,474 
1,1 

70.0 
1. 

.822 
4.819 

22.110 
.7937 
2.239 

12.189 
. 5.669 

3.118 
11.055 

6*5 13*10 6* 15 
250*2.0 100*1.0 124*0.5 
12350*0 
12350*0 

0.0001 

0.486 
0.538 
0.519 
0.552 
0.435 

0.6465 
0.537 

0.4985 
0.686 

15 I 

1 .1 

o.o 
o.o 
0.0 
0.0 
o.o 
0.0 
0.0 
o.o 
0.0 

2' to y•500 ••• 
0 0 1 

36525.0 50.0 

0.120 0.24475 
0.094 0.17953 
0.082 0.16916 
0.084 0.24506 
0,052 0.48219 
0.198 0.24933 
0.329 o. 15484 
0.124 1.351178 
0.209 3.184855 

7618*·42.0 468*·48.0 3l8*·33.0 130*·26.0 104*·38.0 
286*·141.0 286*·58.0 416*·22.0 2678*·35.0 5*1.0 21*·35.0 
7300*1 450*2 325*3 125*4.100*5 215*6 275*7 400*8 2600*9 
11850*0.0 
END 

100 

1.68945 
1. 74058 
1.92358 
1.86760 
1.55108 
1.45120 
1.72981 
1.47491 
1.34112 



Input File for UNSAT2 run of Figures 8, 9, 10, 11, and 12 • ....................•....•........................•.•...................... 
MCM 5.9A, Large Grid <x•500,y•162 feet), del••5',dely•0.5• 
23128 5622660 2 3 0 15 1 0 0 1 

0.01 25.0 0.001 1.2 365250.0 
1. 

2.239 
3.690 
0.397 

55,412 
1,1 
10*5.0 45*10.0 
412•1.0 

1. 
2.239 
3.690 
0.397 

23072*0 5*1 51"0 
23o12•o 5•o.o s1•o 

0.435 o.o 
0.478 o.o 
0.515 0.0 

18648*-38.0 1120*·31 3304*·73~0 5*1.0 51•-73 
18260*1 1100*2 3300*3 
22660*0.0 
ENO 

0,052 
0.150 
0.040 

75.0 

0.48219 
0.90465 
0.35905 

100 

1.55108 
1,48191 
1,49131 



Input File for UNSAT2 run of Figures 13, 14, 15, 16, and 17. 
··•••·••••··•··••··••··•·•••·••·····•········•········••·•······•····•···•· 
MCM 5.9A, lerge GrlcJ (11•500,y-162 fHt), delx•5' ,dely•0.5' 
23128 5622660 2 3 0 15 1 0 0 1 

0.01 25.0 0.001 1 .2 365250 .o 75.0 70 
1. 

2.239 
3.690 
0.397 

55,412 
1.1 
10•5.0 45•1o.o 
412•1.0 
23128°0 . 

1. 
2.239 0.435 
3.690 0.478 
0.397 0.515 

23072•0 s•o.oo56 s1•o 
18648•·38.0 1120•·31 3360•·73 
18260*1 1100°2 3300•3 
22660*0.0 
ENO 

o.o 
o.o 
0.0 

0.052 0.48219 
0.150 0.90465 
0.040 0.35905 

1.55108 
1.48191 
1.49131 



7.2. UNSAT2 Source Code 



************** LIST OF MODIFICATIONS .************ 
September 1986 VERSION OF PROGRAM UNSAT INCLUDING EVAPORATIOtl, 

TRANSPIRATION,AND WELL OPTIONS 

Spring 87: MODIFIED TO TAKE Van Genuchten ANALYTICAL EXPRESSIONS 
FOR THE SOIL HYDRAULIC PAR~ETERS. TABULAR INFORMATION IS NOT 
LONGER REQUIRED 

Spring 89: MODIFIED TO DISPLAY INFORMATION ABOUT TIME, TIME STEP, 
AND ITERATIONS. THE FREQUENCY OF PRINTOUT IN TERMS OF TIME STEP 
IS CONTROLED BY THE INDEX "INPR" 

Spring 90: 
INCLUDE ADDITIONAL SOIL HYDRAULIC PARAMETER MODELS: NOW, THE 
UNSATURATED SOIL PARAMETERS MAY BE REPRESENTED BY THE FOLLOWING 
MODELS: 

IDM(I) 
= 
= 
= 

1: 
2: 
3: 
4: 

VAN GENUCHTEN MODEL 
EXPONENTIAL MODEL 
GARDNER-RUSSO MODEL 
EXAMPLE OF USER-SPECIFIED MODEL 

summer 92: To port code to LANL ICN Cray Y-MP running UNICOS 6.0.1 
search for "cmike" and !'lake suggested changes. Otherwise 

this version of the code will run on an IBM PC. 
Aut~m~~~c t:me stepping included. Time step is divided by two if 
convergence is not achieved and simulation restarts from last con-
ve~gent time step. · 

Autc~ntic Grid Generation for simple geometries is controlled by 
the v~riabla IGG in Group B 

********* TAPE AND MEMORY REQUIREMENTS *********** 

-----TArE 1 REQUI~ES A STORAGE OF AT LEAST 8*(100+6*NUMNP+7*NUMEL+ 
. ( 2*HK+4 *MP) *IIUMMAT+NDIM* ( 2+MAXSP) +2*NUMDP+NDIMP* ( 4+4*MXCOL+2*f':IXNOD 

)+:·.l:<::CD) E'i'!'ES 
:-----TA::~ ~ ~EQU:.:ES A STORAGE OF AT LEAST 8*(IJ+3)*NUMNP BYTES. 
:----THE s:zE OF !3D MUST BE AT LEAST (IJ+3)*NUMNP 
' --- THZ ~: ~:E OF 'S !·!UST BE AT LEAST ll*NUMNP+7*NUMEL+ I. +~',X(l.~S~E~)*(2+MAX(l,NSP(I)))+2*MAX(l,NUMEP)+MAX(l,NPLNT)*(4+4* 
j MA::(1,:.coL(:) )"'"'2*MAX(1,NSOUR(J) )+2*MAX(1,NSOUR(J))) 

I
----THE ::.;:;::E OF 2ACH ARRAY IN COMMON /MAT/ .MUST BE AT. LEAST NUMMAT 

UNIT DESC~IPTION 

1 Sto::--:s the necessary information for "RESTART" runs 
2 Contair.s the A and B matrices (scratch file) 
6 Conc~ins general input/output information 
a Cc~tains Time versus Cumulative Inflow into the flow domain 

10 Con7.:iir.s X, Y, Pressure Head, Node numbar and Total Head for 
plo~~ing porpuses 

LAST MODIFIED 06/29/1990 

PROGRAM U2 
.ike HED*4 should be ~hanged to HED* (and END and RESTAR if they are used) 
IFILE is deleted ~here it appears below. 

cH:~r-~:,cTER ::::u r T :.r:: "60, HED* 4, END*4, RESTAR* 4 

ike This line should be com:nent(!d out, and the variables it contains 

f
ike Thuse arrays must be dimensioned for each run. 

DI11£J:SION BD 120000) I BS ( 17000) 



.ould be removed from the code. 
INTEGER*4 IHR,IMIN,ISEC,I100,IHRE,IMINE,~SECE,I100E 

tike (9) represents nine materials, and must be changed to the number 
materials used 

COMMON /MAT/ CONSl,CONS2,Cl(9) ,C2(9) ,SS(9) ,POR(9) ,ALPHA(9), 
* BETA(9),WCR(9) ,IDM(9) 

COMMON /FIX/ HED(20) ,INIT,MAXIT,KAT,IJ,INTEG,NSEEP 
COMMON /WEL/ NB ( J), NE ( 3), NBW, NPT, llPT1, NPB, NPBl, LW, NEP, US\-1, AL, ALl, 

1 QP,QA,RW,RT,ALFA 
DATA END/'END '/,RESTAR/'REST'/ 
OPEN(l,FILE= 1 UNS1.CAT',STATUS='UNKNOWN 1

) 

OPEN(2,STATUS= 1 SCRATCH 1 ,FORM='UNFORMATTED 1
) 

OPEN ( 6, FILE= 1 UNSAT. OUT' I STATUS= 1 UNKHO\oJN I) 
OPEU(8,FILE= 1 UNS8.DAT 1 ,STATUS= 1 UNKNOWN') 
OPEN(10,FILE= 1 UNSlO.DAT 1 ,STATUS= 1 UNKNOWN') 

"ike All reads and writes to (*,*) should be removed, here and in 
1e rest of the code, search for them. 

WRITE(*,*)' TYPE DATA FILE NAME: ' 
~ike Delete the next two lines and open the input file, UNIT=l5, with 
standard open statement. 

READ(*,'(A) 1 )INFILE 
OPEN(15,FILE=INFILE,STATUS= 1 0LD 1

) 

NERR=O 
"ike Remove all calls to GETTIM 

CALL GETTIM(IHR,IMIN,ISEC,IlOO) 
WRlTE(6 1 8)IHR,IMIN,ISEC 

8 FO:lM.AT (/I I 5 (I*') I I STARTING TIME: I I 2 (I 2, I : I) I I 2, 1X, 5 (I* I) I I/) 
10 RE~D (15,20) HED 
20 FORHAT (20A4) 

IF (HED(1) .EQ. END) THEN 
CALL GETTIM(IHRE,IMINE,ISECE,I100E) 
WRITE(6,19)IHRE,IMINE,ISECE 
CPU= 3600.*(IHRE-IHR)+60.0*(IMINE-IMIN)+FLOAT(ISECE-ISEC)+ 

& 0.01*(IlOOE-I100) 
WRITE(*,21) CPU 
WRITE(6,21) CPU 

19 FO::l-lAT(//,5( 1 * 1
),

1 EUDIHG TIME: ',2(I2, 1 :'),I2,1X,5('*'),//) 
21 FORMAT(' ***CPU TIME= ',ElJ.5, 1 SECONDS*** ') 

S'!JP 
EtlJIF 
IF (HED(1) .EQ. RESTAR) GO TO 100 
REl.D ( 15, 3 0) NUMNP, IJ", tlUMEL, KAT I NUMMAT, !NIT I MAX IT I INTEG, NSEEP I MAXS, 

&IGG 
RE.~D f 15 1 3 0) NBH, NPB, UPT, NEP, LW 1 NUMEP, NPLNT, MXCOL, MXNOD 

30 FO?MAT (1615) . 
NU:-IDP=NUMEP 
IF (UUMDP .LT. 1) NUMDP=1 
NI:.!HP=NPLNT 
IF (NPLllT .GT. 0) GO TO 40 
NDIMP=1 
M~:COL=1 

M~:!IOD=1 

40 N~.'..PE=-0 

Nt::1RES=O 
MJ,>:SP=1 
NDUI=l 
IF (liSEEP .LT. 1) GO TO 50 
NDI!1=NSEEP 
MJ,;.:,s ?=HAXS 

50 ME.;.::o=IJ+2 



80 M2=l+MBAND*NUMNP 
N2,..l+NUMNP 
NJ=N2+NUMNP 
N4=NJ+NUMNP 
N5=N4+NUMNP 
N6=N5+NUMNP 
N7=N6+NUMNP 
N8=N7+NUMNP 
N9=N8+NUMNP 
NlO=N9+NUMNP 
Nll=tllO+NUMNP 
Nl2=Nll+5*NUMEL 
NlJ=tll2+NUMEL 
Nl4=NlJ+NUMEL 
N2l=Nl4+MAXSP*NDIM 
N22=N2l+NDIM 
N23=N22+NDIM 
N24=N23+NUMDP 
N25=N24+NUMDP 
N26=N25+NDIMP 
N27=N26+NDIMP 
N28=N27+NDIMP 

& 

N2 9=tt2 8+NDIMP 
NJO=N29+MXCOL*NDIMP 
NJl=NJO+MXCOL*NDIMP 
N32=N3l+MXCOL*NDIMP 
N3 3=!13 2+MXCOL*NDIMP 
N34==:13 J+MXNOD*NDIMP 
N35="34+MXNOD*NDIMP 
N36·::lJ5+NUMNP 
If(nED(1) .ne.RESTAR)then 

TP1 = 8*(100+6*NUMNP+7*NUMEL+NDIM*(2+MAXSP)+ 
2*NUMDP+NDIMP*{4+4*MXCOL+2*MXNOD)+2*MXNOD) 

~~2 = 4*(IJ+J)*NUMNP 
\-lR!TE ( 61 1) M2 I N36+NUMNP 

1 
1 
2 

?OF~~T(' ','STORAGE CHECK'//' THE DIMENSION OF BD SHOULD BE' 
~~~EATER THAN' 1I10/ 1 ' THE DIMENSION OF BS SHOULD BE GRE~TER' 
'Ti 1AN' I I10/) 

2 
·.:r..: :'!': ( 6 I 2) TPl/ 1000 I TP2/ 1000 
:-·c::..i!AT( sx, 'UNSL DAT REQUIRES: 'I F7 .1,' Kb' I 1 

5X,'UNS2.DAT REQUIRES: 'IF7.11 I Kb' ,/) & 
Et-:DI? 

90 CALL FEM (BD(1),BD(M2) 1BS(1) 1BS(N2) 1BS(NJ) 1BS(N4),BS(N5} 1BS(N6) 1 
1BS(N7),BS(NB) 1BS(N9) 1BS(N10) 1BS(Nl1),BS(N12) 1BS(Nl3),BS(Nl4) 1 
2BS(t:n) ,BS(N22) ,3S(N23) ,BS(N24) IBS(N25) ,BS(N26) 1BS(N27) 1BS(t-..;:8), 
3BS(II.:9),BS(N30) 1BS(N31) 1BS(N32) 1BS(N33),BS(N34),BS(N35),BS(N31'), 
4NC:·U:P ,l1BAND 1 NUMEL, NUMMAT, MK 1 MP, NERR 1 NDIM 1MAXSP 1NTAPE, 
5NUt·:P.:::.> I NtJMDP I NU!-iEP, NPWT I NDIMP' MXCOL, MXNOD I IGG) 

& 

IF ll :ERR • GT. 0 )'!'HEN 
CALL GETTIM(IHRE 1 IMINE, ISECE 1 IlOOE) 
C?U = 3600.*(IHRE-IHR)+60.0*(IMINE-IMIN)+FLOAT(ISECE-ISEC)+ 

0.01*(IlOOE-I100) 
W2ITE(6,19)IERE,IMINE,ISECE 
WRITE(*,21) CPU 
WR!TE(6,21) CPU 
STOP 

EHDIF 
Go ro 10 

---Rf."STi\RT PROCEDURE 
100 RJ::\HND 1 



READ ( 1, *) NUMNP, l-tBAND, NUHEL, UUMMA'r, HAXSP, NDil1, NSEEP, NUI1DP, 
lNUMEP, NPLNT, NDII1P, HXCOL, MXNOD 

GO TO 80 
END 
SUBROUTINE FEM (A,B,KODE,Q,P,Pl,T,D,CR,C,X,'i,KX,SAUG,CAUG, 

lNP,NSP,KODES,WIDTH,BTP,NCOL,NSOUR,PW,TPOT,NRB,NRT,W,PR,RDF, 
2MTR, SAVE, CC, NUMNP, MBAND, NUMEL, NUMMAT, HK, MP, NERR, NDH1, 
3MAXSP, NT APE, NUMRES, NUMDP, NUMEP, NPUn, NDIMP, MXCOL, MXNOD, IGG) 

DIMENSION A(MBAND,NUMNP),B(NUHUP),KODE(NUMNP),Q(NUMNP) ,P(NUMNP), 
lPl(NUMNP) ,T(NUMNP),D(NUMNP),CR(UUMNP),C(NUMNP),X(NUHNP), 
2Y(NUMNP),KX{NUMEL,5) ,SANG(NUMEL),CANG(NUMEL), 
JNP(NDIM,MAXSP) ,NSP(NDIM) ,KODES(NDIM) ,WIDTH(NUMDP) ,!jTP(NUMDP), 
4NCOL(NDIMP) ,NSOUR(NDIMP) ,PW(NDIMP),TPOT(NDIHP) ,NRB(MXCOL,NDIMP), 
5NRT(MXCOL,NDIMP),RDF(MXNOD,NDIMP) ,MTR(MXNOD,NDIMP),W(MXCOL,NDIMP), 
6PR(MXCOL,NDIMP),SAVE(2,MXNOD) ,CC(NUMUP) 

COMMOH /MAT/ CONSl,CONS2,Cl(9),C2(9),SS(9),POR(9),ALPHA(9), 
* BETA(9) ,WCR(9) ,IDr1(9) 

COMJ>lON /FIX/ HED{ 20), INIT, MAX IT, KAT, IJ, INTEG, NSEEP 
COMMON /WEL/ NB ( 3) I NE ( 3) , NBW, NPT, NPTl, NPB, UPBl' LW I NEP I NSW, AL, ALl, 

1 QP,QA,RW,RT,ALFA 
DATA RESTAR/4HREST/ 
EPSLON=O. 
IF (HED(1) .EQ. RESTAR) GO TO 580 

-----READ SEEPAGE FACE INFOR!-!ATIO!: 
IF (NSEEP .LT. 1) GO TO 30 
IF (MAXIT .LT. 4) MAXIT=4 
DO :!0 I=1 1 !lSEEP 
READ (15,10) NSP(I) ,KODES(I) 

10 FO?.MAT (16I5j 
NS;:::;sp (I) 
READ (15,10) (NP(I,J) ,J=l,NS) 

20 CONTINUE 
-----READ POTEUTIAL St:RFACE FLUX INFORMATION 

JO IF (tlU:-tEP .LT. 1) GO TO 50 
READ (15,91) EI,PL,BTPI 
READ ( 15, 9l) (WIDTH (I) 1 I=l, NUHEP) 
DO ~:l :i:=1,:;UMEP 
BTP (I) =BTPI 

40 cc~:·.:-::ruE 
-----RE.\0 .?!..ANT WFOR!-".ATIO!l 

50 IF (fi?LNT • LT. 1) GO TO 70 
READ (15,10) (NCOL(J) ,NSOUR(J), J=l, NPLNT) 
READ ;15,91) (PW(J), TPOT(J), J=1, NPU:T) 
DO 60 1=1, :IPU1T 
NCJ='ICOL (J) 
NSJ=IISOUR (:) 
RE:.D (15,9l) (W(I,J), I=l,NCJ) 
REi,D (15,10) (NRB(I,J), NRT(I,J), I=1,NCJ) 
NSJl=NSJ+l 
REhu (15,9:) (RDF(N,J), N=1~NSJ1) 

RI:AD (15,10) (!1TR(N,J), N=1,NSJ) 
60 CC:IT!!IUE 

-----RL;,D f.'ELLBORE IrlFORMATION 
70 AL=O. 

QA=i). 
IF (!IBW .L':'. 1) GO TO 80 
NS\·:=~!PT-HP3 

NPBl=IIPB+1 
u;::-: -=; !PT-1 
RE,\D (15,10) (UB(I) ,I=1,liB\v), (UE(I) ,I=l,NEP) 



READ (15,91) RW,RT,QP,AL,ALFA 
IF (ALFA .LE. 0.) ALFA=.S 
AL1=AL 

-----GENERAL INFORMATION 
80 READ (15,90) DT,DTM~X,DTMIN,DMUL,TMAX,TOL,INPR 

90 FORMAT {6E10.3,I5) 
WRITE{6,92)DT,DTMAX,DTMIN,DMUL,TMAX,TOL,INPR 

92 FORMAT(lSX,'INITIAL TIME INTERVAL----=' ,E12.5,/ 
2 15X,'MAXIMUM TIME INTERVAL---- =',E15.5,/ 
3 15:X., 'MINIMUM TIME INTERVAL---- =' ,E15.5,/ 
4 15>:, 'TIME MULTIPLIER---------- =',E15.5,/ 
5 15X, 'MAXIMUM SIMULATION TIME-- =', E15. 5,/ 
6 15X,'MAXIMUM ITERATION ERROR--=' ,E15.5,/ 
2 15X,'PRINT OUT EVERY',I5,' TIME STEPS'//) 

IF (KAT .EQ. O)WRITE{6,100) 
IF {KAT .EQ. l)WRITE{6,110) 
IF {KAT .EQ. 2)WRITE{6,120) 
IF {KAT .EQ. 3)WRITE{6,130) 
IF ~KAT .EQ. 3)KAT=1 

100 FORl!AT { 15X, 22H HORIZONTAL PLANE FLOW) 
110 FORHAT (15X,18H AXISYMMETRIC FLOW) 
120 FOru1AT (15X,20H VERTICAL PLANE FLOW) 
130 FOID~T (15X,54H AXISYMMETRIC FLOW TO A WELL WITH PRESCRIBED DISCHA 

1RGE//) 
IF (INTEG .EQ. l)WRITE(6,131) 
IF (INTEG .EQ. 2)WRITE(6,132) 

131 FOru!AT (15X,' BACKWARD DIFFERENCE SCHEME '/) 
132 FORM~T (15X,' TIME CENTERED SCHEME'//) 

WR!~E(6,140) HED,NUMNP,IJ,NUMEL,NUMMAT,MAXIT 
140 Fc;:.>-t.-.·: < 5X, 20A4, 11, 14X, JOH NUMBER OF NODAL POINTs-------, I4/ 

114:<, JOH MAX NODES IN A TRNSVRS LIUE--, I41 
214X,30H NUMBER OF ELEMENTS-----------,I41 
314X,JOH ~UMBER OF MATERIALS----------,141 
414X,JOH MAX NUMBER OF ITERATIONS-----,I4111) 

IF IUBW .LT. 1) GO TO 160 
WR r-.:::: ( 6 I 150) NPB, NPT, RW, RT I AL 

150 FO:~.i·!.;T (22H BOTTOM NODE OF WELL =, I41 
1 22H TOP NODE OF WELL--- =,I41 
2 22H RADIUS OF WELL----- =,Ell.31 
3 2:H RADIUS OF TUBING--- =,E11.3/ 
4 22H INITIAL WATER LEVEL =,E11.31/I) 

AA=.5*(RW*RW-RT*RT) 
RH=?~ 

160 IF (!IPLNT • LT. 1) GO TO 200 
00 1~0 J=l,NPLNT 
NCJ=~ICOL(.J) 
NS.J -=!:SOUR {.J} 
NS.J1=tiS.J+1 
WF:l7!::(6,170) J, PW(.J) I (NRB(l,.J) ,NRT(I,.J) ,I=l,NC.J) 

170 FOID~T ( Ill/ 21H INPUT DATA FOR PLANT, IJ /II23H WILTING PRESSURE 
1HEAD =, ElJ. 5 I/ 44H LIST OF ao·rTOM AND TOP NODES IN ROOT ZONE -1 I 
210{2!5,JX)) 
WRIT:C:(6,160) (RDF{N,.J) I N=1,NS.J1) 

180 FOID1AT (//I SOH ROOT DISTRIBUTION FUNCTION AT EACH NODE IN ROOT ZO 
1NE, STARTING AT BOTTOM NODE -; / 10 {El3. 5)) 

190 CONTINUE 
-----READ r\flD G::HEF:ATE MATERIAL INFORMATION 

200 C.\LL MATIN (HU"l1MAT) 
--.,---READ AUD GZNER.hTE NODAL POINT INFORMATION 

IF(IGG.NE.O)'!"HEN 



CALL SGRID(KODE,Q,P,P1,X,Y,WIDTH,NUMNP,INIT,BTPI,EI,KX,SANG, 
& NUMD?, CANG, NUMEL) 

ELSE 
CALL NPIN (KODE,Q,P,P1,X,Y,WIDTH,NUMDP,NUMNP,IUIT,NERR,BTPI,EI) 
IF (NERR .GT. 0) RETURN 

ENniF 
:------INITIALIZE PLANT SOURCES 
r IF (NPLUT .LT. 1) GO TO 220 

DO 210 J=l,NPLNT 
CALL TRANSP (Q,P,P1,T,CR,Y,NCOL,NSOUR,PW,TPOT, 

lNRB,NRT,W,PR,RDF,MTR,SAVE,NUMNP,NUMMAT,NPLNT,NDIMP, 
2MXCOL,MXNOD,J) 

210 CONTINUE 
-----RE.i\D AND GENERATE ELEMENT INFORMATION 

220 IF(IGG.EQ.O)CALL MAFILL (KX,SJ\NG,CANG,NUMEL) 
-----SETUP FOR TIME INTEGRATION 

LA=l 
TH!£=DT 
QTOT=O. 
ITER=O 
IT:T=O 
write(*,*)' Input data has been read! 
IN:'P = 0 

230 WRITE(*,240)HED,TIME,LA,DT 
240 FOF.:~T (///15X,20A4//10X,6HTIME =,El3.5,3X,11HTIME STEP =,I4, 

&2X. IHDT =,E13.5//) 
EP~Ull=l. OE:.!S 
EPE :.1:2==1. or.: a 
EP~ UJN=l. OE28 

-----PE!TURB WAT:::R LEVEL IN WELL 
IF (UBW • LT. 1) GO TO 250 
CALL WELBOR (KODE,Q,P,Y,NUMNP,DT) 

· -----GEt:ERATE TZPJ·1S OF MATRIX EQUATION 
250 CAL!. RES£T (l:ODE, A, B,Q, P, Pl, T, D, CR, C, X, Y, KX, SANG, CANG, 

1NUI-::lP, !1BAH!:>, NUMEL, NUMMAT, M, KAT, LA, D'r, DT1, ITER, INTEG) 
• -----MO~tFY ?C~ CONSTANT PRESSURE HEAD NODES 

CAL:. C0!-12.:':? (A,B,KODE,P,NUMNP,MBAND) 
• -----SOLVE BY GAUSS ELIMINATION 

CA::. SOL'lS (A,B,!lUMUP,MBAND) 
DO 260 I""l,NUMNP 
P(l)=B(!) 

2 60 co::TIUUE 
-----DETEPY.INE BOUNDARY FLUXES 

CA:.L FIXQ (A,B,KODE,Q,P,P1,D,NUMNP,MBAND,DT,LA,INTEG) 
-----ITERATE TO IMPROVE SOLUTION 

270 IF (MAXIT .~T.1) GO TO 460 
I'I'ER=ITER+l 

-----MCDIFY <;ONDITIONS ON WELLBORE 
IF (NBW .GT. 0) CALL WELBOR (KODE,Q,P,Y,NUMNP,DT) 

' -----MODIFY CONDITIONS OU SEEPAGE FACES 
IF (NSEEP .EQ. 0) GO TO 320 
DO 310 I=1,NSEEP 
IC:lECK=O 
NS=NSP(I) 
DO 300 J=1,NS 
N=tiP(I,J) 
IF (KOD.S(ll) .NE. -2) GO TO 280 
IF (P~U) .LT. 0.) ICHECK=1 
IF (!CHECK .GT. 0) GO TO 300 
KODE(ll)=2 



P(N)=O. 
GO TO 300 

280 IF (KODE{N) .NE. 2) GO TO 300 
IF (!CHECK .GT. 0) GO TO 290 
IF ((Q(N) .LT. O .. AND. KODES(I) .LT. 0) .OR. 

l (Q(N) .GT. O •. ANt;. KODES(I) .GT. 0)) GO TO 300 
290 KODE(N)=-2 

Q(N)=O. 
ICHECK=l 

300 CONTINUE 
310 CONTINUE 

-----MODIFY POTENTIAL SURFACE FLUX BOUNDARIES 
320 IF (NUMEP .LT. 1) GO TO 390 

I=O 
DO 380 N=l,NUMNP 
IF (KODE (N) . NE. 4} GO TO 330 
I=I+l 
IF ((EI .LT. 0 .. AND. Q(N) .GE. EI*WIDTH(I)) .OR. (EI .GE. 0 .. AND 

l.Q(N) .LE. EI*WIDTH(I)))GO TO 380 
KODE(N)=-4 
Q(N)=EI*WIDTH(I) 
GO TO 380 

330 IF (KODE(N) .NE. -4) GO TO 380 
I=I+l 
IF (EI .GE. 0.) GO TO 350 
IF (P(N) .GT. PL) GO TO 340 
KODE(N)=4 
P(N)=PL 
GO TO 380 

340 IF (ABS(P(N)) .GT. -.OOl*PL) BTP(I)=BTP(I) *ABS(PL/P(N)) 
IF (ABS(P(N)) .LE. -.OOl*PL) BTP(I)=l. 
GO TO 37CJ 

350 IF (P(N) . LT. 0.) GO TO 360 
KODE(N)=4 
P(N)=O. 
GO TO 380 

360 IF (ADS (P(N) -PL) .GT. -. OOl*PL) BTP(I) =BTP(I) *ABS (PL/ (P(N) -PL)) 
IF (hES(P(N)-PL) .LE. -.OOl*PL) BTP(I)=l. 
IF(Pt~l) .LT.PL) BTP(I)=l. 

3 7 0 IF ( DTP (I ) • GT. 1. ) BTP ( I) = 1. 
Q (U) =~HP (I) *EI*WIDTH (I) 

380. CONT::IUE 
-----MODIFY TRANSPIRATION RATE 

390 IF (l!i?LNT .LT. 1) GO TO 410 
DO 400 J=l,NPLNT 
CALL !RANSP (Q,P,Pl,T,CR,Y,NCOL,NSOUR,PW,TPOT, 
lNRB,NR~,W,?R,RDF,MTR,SAVE,NUMNP,NUMMAT,NPLNT,NDIMP, 

2MXCOL,MXNOD,J) 
400 CONTI!:UE 

-----TEST FOR CONVERGENCE 
410 IF (ITER .EQ. l) GO TO 450 

EPSLCU=u .. 
DO 420 I=1, rruMNP 
AA = ABS(P(I)-CC(I)) 
IF (AA .LT. EPSLON) GO TO 420 
EPSLON=AA 
Nl1AX=! 

420 CONTIUUE 
WRITE (*,431) ITER,EPSLON,NMAX 

431 FORMAT (13X,'MAX ERROR DURING ITERATION',I2,' WAS',E13.5,' A 



1 T NODE I I I4) 
IF (NBW .GT. O)WRITE(6,440) AL 1 QA 

440 FORMAT (/24H WATER LEVEL IN WELL WAS,ElJ.5,29H. DISCHARGE FROM AQ 
1UIFER WAS,E1J.5) 

IF (EPSLON .LE. TOL .OR. ITER .GE. MAXIT .OR. EPSLN2 .LE. EPSLON) 
lGO TO 460 

450 DO 455 I=1,NUMNP 
455 CC(I)=P(I) 

EPSLN2=EPSLN1· 
EPSLN1=EPSLON 
GO TO 250 

-----PRINT RESULTS 
·----QTOT IS UPDATED AND PRINTED ONLY IF TliF. CURREN'l' ITER CONVERGED 
460 IF(EPSLON.LE.TO~.OR. (ITER.LT.MAXIT.AND.EPSLON.LT.EPSLN7.))THEN 

DO 4 70 N=1 I NUMNP 
QTOT=QTOT+Q(N)*DT 

470 CONTINUE 
WRITE(B,4B5) TIME,QTOT 

485 FORMAT(5X 1 2F12.5) 
END IF 
IF(NBW .GT. O)WRITE(6,490)QP,AL 

490 FORMAT (//22H DISCHARGE FROM WELL =,E13.5/ 
1 22H WATER LEVEL IN WELL =, ElJ. 5/) 

IF (NUMEP .GT. 0) WRITE(6,500) EI,PL 
500 FORMAT (//25H POTENTIAL SURFACE ~LUX =,El3.5/ 

1 J2H MINIMUM SURFACE ~RESSURE HEAD =,E13.5/) 
IF (NPLNT .LT. 1) GO TO 530 
DO 520 J=1,NPLNT 
NCJ=NCOL(J) 
WRITE(6,510) J, TPOT(J), (PR(I,J), I=1,NCJ) 

510 FORMAT (/ /39H POTENTIAL TRANSPIRATION RATE FOR PLANT, IJ, 2H =, ElJ. 
15// 51H PRESSURE HEADS IN ROOTS, FROM LEFT TO RIGHT, ARE-//10(E13. 
25)) 

520 CONTINUE 
530 CONTINUE 

INDP "' INDP + 1 
-----PRINTS NODE INFORMATION EVERY 'INPR' TIMES 

IF(INDP.EQ.lNPR. OR .LA.EQ.1. CR .ABS(TIME-TMAX).LE.0.001*DT)THEN 
WRITE(6,240) HED,1IME,LA,DT 
WRITE(6,4JO) ITER,EPSLON,NMAX 

430 FORMAT (49H MAXIMUM CHANGE IN PRESSURE HEAD DURING ITERATION,I3, 
l 4H WAS,ElJ.5,8H AT NODE,I5) 

WRITE(6,480) QTOT 
480 FORMAT (// 35H CUMULATIVE INFLOW INTO SYSTEM IS =,E1J.5) 

CALL PRINTO (Q,P,Y,NUMNP,KAT) 
CALL MOIST (P,P1,T,CR,KX,NUMNP,NUMEL,NUMMAT) 
INDP "' 0 

END IF 
-----SET UP NEW TIME STEP 

LA=LA+l 
IF(EPSLON .LE. TOL .OR. (ITER .LT. MAXIT.AND. EPSLON .LT. EPSLN2)) 

lGO TO 540 
-----IF CONVERGENCE IS NOT ACHIEVED: LAST DT IS DIVIDED BY TWO AND 
-----THE SIMULATION CONTINUES FROM THE LAST CONVERGENT TIME STEP 

DT = DT/2.0 
IF(DT.GT. DTlUU)Tl!EU 

WRITE(6,534)L\-l 
534 FORMAT(/,20X,'***** TIME STEP 1 ,13,' NON CONVERGENT*****',/ 

& 20X,' DT HAS BEEN DIVIDED BY TWO' ) 
WRITE(*,535) 



535 FORMAT(/,20X,'***** NON CONVERGENT TIME STEP *****',/ 
& 20X,' LAST TIME STEP HAS BEEN DIVIDED BY TWO 1 

) 

AL1•ALLCI 
TIME=TLCI 

DO 536 I •l,NUMNP 
P(I)'"'Pl(I) 

536 CONTINUE 
GOTO 555 

ELSE 
DT =- DT*2.0 

END IF 
NUMRES=O 
NERR=l 
WRITE(*,538) 
WRITE(6,538) 

538 FORMAT(/,10X,'***** SOLUTION DOES NOT CONVERGE*****',/) 
ITIT=ITIT+ITER 
GO TO 560 

-----SAVES THE TIME AND WELL LEVEL OF THE LAST CONVERGENT TIME 

t
·-----STEP INTO TLCI AND ALLCI RESPECTIVELY 

540 TLCI=TIME 
ALLCI=AL 
DTl=DT 
ALl=AL 
IF (ABS{TIME-TMAX) .LE .. OOl*DT) GO TO 560 
IF (DT .LT. DTMAX. AND. ITER.LT.7) DT=DMUL*DT 

550 IF (DT .GT. DTMAX) DT=DTMAX 
IF ((TIME+DT) .CT. TMAX .OR. ABS(TMAX-TIME-DT) .LT .• 2*DT) DT=TMAX 

1 -TIME 
555 TIME=TIME+DT 

ITIT=ITIT+ITER 
ITERaO 
GO TO 230 

-----DUMP ON TAPE 
560 NUMRES=lWMRES-1 

WRITE(6,561)ITIT 
WRITE(*,56l)ITIT 

561 FORMAT(/,15X,'TOTAL NUMBER OF ITERATIONS =',IS,/) 
IF (UUl-IP.ES .GE. 0) GO TO 590 
IF (UTAPE .GT. 0) GO TO 570 
REWIUD 1 
WRITE (1,*) NUMNP,MBAND,NUMEL,NUMMAT,MAXSP,NDIM,NSEEP,NUMDP, 

lNUMEP,NPLNT,NDIMP,MXCOL,MXNOD 
570 WRITE (1,*) KODE,Q,P,Pl,X,Y,KX,SANG,CANG,NP,NSP, 

lKODES,WIDTH,BTP,NCOL,NSOUR,PW,TPOT,NRB,NRT,W,RDF,MTR,CONSl,CONS2, 
2Cl,C2,SS,POR,LA,ITER,DT,TIME,DTl,~\T,INTEG,NE,NB, 

JNPT,llPTl,t:PB,NPBl,NBW,LW,NEP,NSW,AL,ALl,QP,QA,RW,QTOT,PR, 
4WCR, ALPHA, BETA, IDM 

LAG = I..\ -1 
WRITE(10,571)LAG, TIME, OT, QTOT 

571 FORMAT(2X,'TIME STEP NO. = ',IS,/, 
12X,'TOTAL TIME= ',El0.5,/, 
22X,'TIME INTERVAL= ',El0.5,/, 
32X,'CUMULATIVE INFLOW IUTO THE SYSTEM ::s ',El2.5,/) 
WRITE(10,574) · 

574 FOID~AT(SX,' X Y PRESS. HEAD N TOTAL HEAD') 
DO 573 I • l,llUMNP 

DUM • Y(I) + P(I) 
\iRITE(l0,572) X(I), Y(I), P(I), I, DUM 

572 FORMAT(5X,2Fl0.2,Fl2.5,I5,F12.5) 



573 CONTINUE 
IF (NTAPE .GT. 0) RETURN 
NTAPE=1 
GO TO 570 

-----RESTART FROM TAPE 
580 READ (15 1 10) NTAPE 1 NUMRES 

READ (1 1 *) KODE 1 Q1 P 1 P1 1 X1 Y1 KX,SANG 1 CANG 1 NP 1 NSP, 
1KODES,WIDTH,BTP,NCOL,NSOUR,PW,TPOT,NRB,NRT,W,RDF,MTR,CONS1,CONS2 1 

2C1,C2 1 SS,POR,LA,ITER,DT 1 TIME,DTl,KAT,INTEG,NE,NB 1 

JNPT' NPTl I NPBI NPBl I NBW' Ul' NEP I NSW I AL, ALl' QP I QA, RW I QTOT I PR, 
4WCR, ALPHA, BETA, IDM 

IF (NTAPE .EQ. 1) GO TO 590 
READ (1 1 *) KODE,Q 1 P,P1 1 X,Y,KX 1 SANG 1 CANG 1 NP,NSP, 

1KODES 1 WIDTH,BTP,NCOL,NSOUR,PWITPOT,NRB,NRT 1 W1 RDF,MTR,CONS1,CONS2 1 

2Cl,Ci,SS,POR,LA,ITER 1 DT 1 TIME 1 DT1 1 KAT 1 INTEG~NE,NB, 
3NPT,NPTl,NPB 1 NPBl,NBW,LW,NEP 1 NSW 1 AL 1 AL1 1 QP,QA 1 RW,QTOT,PR 1 

4WCR 1 ALPHA, BETA, IDM 
REWIND 1 
WRITE ( 1 I.) NUMNP I MBAND I NU!1ELI NUMMAT I MAXSP I NDIM I NSEEP I NUHDP I 

1NUMEP' NPUIT I NDIMP I !1XCOLI MXUOD 
WRITE (1,*) KODE,Q,P 1 Pl,X 1 Y,KX,SANG 1 CANG,NP,NSP 1 

1KODES,WIDTHIBTP,NCOL,NSOUR,PW 1 TPOT,NRB,NRT,W,RDF 1 MTR,CONS1,CONS2 1 

2Cl 1 C2,SS,POR 1 LA,ITER,DT 1 TIME 1 DT1,KAT,INTEG,NE,NB, 
3NPT,NPT1 1 NPB,NP8l,UBW 1 LW 1 UEP,NSW 1 AL 1 AL1,QP,QA 1 RW,QTOT 1 PR 1 

4WCR, ALPHA, BETA, IDM 
590 READ (15,600) MAXIT 1 DD,DTMAX,DTMIN,DMUL,TMAX,TOL,QP,ALFA 1 INPR 

IF (ALFA .LE. 0.) ALFA=.B 
500 FORMAT (I5,8E10.3,!5) 

. IF (DD .GT. 0.) DT=DD 
!F (DD .LE. 0.) DT=DMUL*DT 
IF (NUMEP .LT. 1) GO TO 620 
READ (15 1 91) EI,PL,BTPI 
I=O 
DO 6l.O N='., NUMNP 
IF (KOCE,N) .EQ. 4) KODE(U)=-4 
IF (KO~E(N) .NE. -4) GO TO 610 
I=I+1 
BTP(I)=BTP(I)*BTPI 
IF (BTP(I) .GT. 1.) BTP(I)=l. 
Q(U)=BTP(I)*EI*WIDTH(I) 

610 CONTI!IUE 
6 2 0 IF (UP LNT • LT . 1 ) GO TO 6 7 0 

DO 660 J=1,NPU~T 
NSJ=!1SOUR(J) 
NSJ1=tlSJ+1 
VALUE=TPOT(J) 
READ (15,630) NCJ,TPOT(J) 

630 fORMAT (I5,E10.3) 
IF (UCJ . LT. 1) GO TO 650 
READ (15,91) (RDF(U,J) I N=l,NSJl) 

91 FOID1AT (8El0. 3) 
WRITt:6,640) J,(RDF(N,J) ,N=1,NSJ1) 

640 FORMJ..T ( 41H !lEW ROOT DISTRIBUTION FUNCTION FOR PLANT, I3, 27H 1 STAR 
1TIUG ,\T BOTTOM UODE -// 10(El3.5)) 

650 IF (ABS (IJALUE-TPOT(J)). LE. 1. OE-15) GO TO 660 
CALL ·:r.AHS? (QI?, P1, T I cR, Y, NCOLI NsoUR, PW I TPOT, 

umB, :mT, w, PR, RDF, MTR, sAVE, NUMtiP, NUMMAT, NPLNT, NDIMP, 
2MXCOL, !1XtiOD, J) 

660 cowr:::uE 
670 IF (li::EEP .LT. 1) GO TO 680 



IF (MAXIT .LT. 4) MAXIT=4 
----READ IN NE\-1 BOUNDAR'i CONDITIONS 
680 READ (15,690) N,NEWKOD,VALUE 
690 FORMAT (2I5,ElO.J) 

IF (N .LT. l) GO TO 550 
KODE(N)=NEWKOD 
IF (KODE(N) .LT. 1) GO TO 700 
P(N)=VALUE 
P1(N)=VALUE 
GO TO 680 

700 Q(N),.VALUE 
GO TO 680 
END 
SUBROUTINE ELEM (CMUL,KODE,A,B,P,Pl,T,D,CR,C,X,Y,KX,SANG,CANG, 

1NUMNP,MBAND,NUMEL,NUMMAT,M,KAT,N) 
DIMENSION E(J,J),S(4,4) ,A(MBAND,NUMNP) ,B(NUMNP) ,P(NUMNP),T(NUMNP), 

lD(NUMNP) ,CR(NUMNP),C(NUMNP),X(NUMNP) ,Y(NUMNP),KX(NUMEL,S), 
2Pl(NUMNP) ,SANG(NUMEL) ,CANG(NUMEL),LM(4) ,IX(J) ,KODE(NUMNP) 

COMMON /MAT/ CONSl,CONS2,C1(9),C2(9),SS(9) ,POR(9),ALPHA(9), 
* BETA(9),WCR(9),IDM(9) 

----DETERMINE CONDUCTIVITY TENSOR 
SIN2=SANG(N)*SANG(N) 
COS2=CANG{N)*CANG(N) 
CONDI=Cl(M)*COS2+C2(M)*SIN2 
CONDJ=C1(M)*SIN2+C2(M)*COS2 
CONDK=(C1(M)-C2(M))*SANG(N)*CANG(N) 
DO 20 !=1,4 
DO 20 J=1,4 

S(I,J)=O. 
20 CONTINUE 

DO JO I=1,4 
LM(I)=KX(N,I) 

30 CONTINUE 
NUS=4 
IF (LM(J) .EQ. LM(4)) NUS=J 

----DETERMINE UNSATURATED VARIABLES FOR CORNER NODES 
IWET=O 
DO 60 K=1,NUS 

I=LM(K) 
IF (CR(I) .GE. 0.) GO TO 50 
IF (P(I) .GE. O.O)THEN 

CR(I) = 1. 0 
T(I)= POR(M) 
C(I) = 0.0 

ELSE 
40 IF (KODE(I) . LT. 1) CM=P(I) 

IF (KODE(I) .GE. 1) CM=.5*(P(I)+P1(I)) 
CR(I)=XK(CM,M) 
C(I)=XCM(CM,M) 

ENDIF 
50 IF (P(I) .LT. 0.) IWET=l 
60 CONTINUE 

QSTORE=O. 
----LOOP ON SUBELEMEN'l'S 

KK=2 
IF(NUS .LT. 4) KK=1 
DO 120 K=1,KK 

l=LM(1) 
J=LM(K+l) 
L=LM(K+2) 

--------------~----------------------'-------------



70 CI=X(L)-X(J) 
CJ=X(I) -X(L) 
CK=X(J)-X(I) 
BI=Y(J)-Y(L) 
BJ=Y(L)-Y(I) 
BK=Y(I)-Y(J) 
XMUL==l. 
IF (KAT .NE. 1) GO TO 80 
XMUL = (X(I)+X(J)+X(L))/3. 

80 DEL2=CK*BJ-CJ*BK 
OPEN(S,file='areas.dat' ,status='unknown') 
write (a, 1 (lOx, i5, Jx 1 el5. 3) 1

) n 1 del2 
CM=(CR(I)+CR(J)+CR(L))/3. 
COMM=.5*XMUL*CM/DEL2 
QSTORE=.5*DEL2*XMUL 
IF (KAT .GE. 1) THEN 

AA=.S*CM*XMUL 
B(I)=B(I)+AA*(CONDK*BI+CONDJ*CI) 
B(J)=B(J)+AA*(CONDK*BJ+CONDJ*CJ) 
B(L)=B(L)+AA*(CONDK*BK+CONDJ*CK) 

END IF 
E(1,l)=CONDI*BI*BI+2.*CONDK*BI*CI+CONDJ*CI*CI 
E(1 1 2)=CONDI*BI*BJ+CONDK*(BI*CJ+CI*BJ)+CONDJ*CI*CJ 
E(1 1 3)=CONDI*BI*BK+CONDK*(BI*CK+CI*BK)+CONDJ*CI*CK 
E(2 1 l)=E(l 1 2) 
E(2,2)=CONDI*BJ*BJ+2.*CONDK*BJ*CJ+CONDJ*CJ*CJ 
E(2 1 3)=CONDI*8J*BK+CONDK*(8J*CK+BK*CJ)+CONDJ*CJ*CK 
E ( J I .!. ) =E ( 11 J) 
E(3 1 2)=E(2,3) 
E(3,J)=CONDI*BK*BK+2.*CONDK*BK*CK+CONDJ*CK*CK 
IX(1)=l 
IX(2)=K+l 
IX(J)=K+2 
DO :10 1=1 1 3 

I!=IX(I) 
IJ=U1(II) 
E3='J. 
IF (It-lET .EQ. 0) BB=T(IJ) *CMUL 
A,\:;;~ !J) +BB 
DO :00 J=l,3 

JJ=IX(J) 
.JI=LM(JJ) 
88=0. 
IF (IWET .EQ. 0) BB=T(JI)*CMUL 
AA=AA+C(JI)+BB 
S(II 1 JJ)=S(II,JJ)+E(I 1 J)*COMM 

100 CONTINUE 
D(IJ)=D(IJ)+AA*QSTORE/12. 

110 CON:'I!:i.:E 
120 CONTIUt.:E 

· -----ADD ELE!-tENT CONTRIBUTION TO A MATRIX 
; DO 140 L=l 1 4 

I=LM(L) 
DO 130 K=l 1 4 
J=LM(K) -I+1 
IF (J .LT. l) CO TO 130 
A(J,I)=A(J 1 I)+S(L,K) 

130 CONTIUUE 
140 CONTUIUE 

RETURN 



END 
SUBROUTINE RESET (KODE,A,B,Q,P,P1,T,D,CR,C,X,Y,KX,SANG,CANG, 

1 NUMNP,MBAND,NUMEL,NUMMAT,M,KAT,LA,OT,DT1,ITER,INTEG) 
DIMENSION A(MBAND,NUMNP),B(NUMNP),Q(NUMNP),P(NUMNP),P1(NUMNP), 

lT(NUMNP),D(NUMNP),CR(NUMUP),C(NUMNP) ,X(UUMUP),Y(NUMNP), 
2KX(NUMEL,5),SANG(NUMEL),CANG(NUMEL),KODE(NUXNP) 

COMMON /MAT/ CONSl,CONS2,C1(9),C2(9) ,SS(9) ;POR(9) ,ALPHA(9), 
* BETA(9),WCR(9),IDM(9) 

IF (LA .GT. 1) DTT=.S*DT/DTl 
-----INITIALIZATION AND EXTRAPOLATION OF P VALUES 

DO 40 I=1, NUMNP 
B(I)=O. 
D(I)=O. 
IF(ITER.GT.O} GO 
IF (LA .LE.l} PP 
IF (LA .GT.1) PP 
Pl(I)=P(I) 

TO 10 
=P1(I) 
=P(I)+DTT*(P(I)-P1(I)) 

IF (KODE(I) .LT. 1) P(I)=PP 
GO TO 20 

10 PP=.5*(P(I)+P1(I)) 
IF (KODE(I) .LT. 1) P(I)=PP 

20 DO JO J=1,MBAND 
A(J,I)=O. 

30 CONTINUE 
40 CONTINUE 

50 

DO 70 M=1,NUMMAT 
CMUL=CONS1*SS(M)/POR(M) 
DO 50 1=1, NUMNP . 

CR (I) =-1. 
CONTINUE 
DO 60 N=1,NUMEL 

IF (KX(N,5) .NE. M) GO TO 60 
CALL ELEM (CMUL,KODE,A,B,P,P1,T,D,CR,C,X,Y,KX,SANG,CANG, 

1 NUMNP,MBAND,NUMEL,NUMMAT,M,KAT,N) 
60 CCNT:·:~UE 

70 CONTINUE 
REWIND 2 

. WRITE (2)A,B 
( -----COMPLETE CONSTRUCTION OF RHS VECTOR AND FORM EFFECTIVE MATRIX 

PP=2. 
IF (LA .EQ. 1 .OR. INTEG .EQ. 1) PP=1. 
D0.110 I=1,NUMNP 
B(I)=PP*(CONS2*Q(I)-B(I)+D(I)*P1(I)/DT) 
IF (PP .EQ. 1.) GO TO 100 
DO 90 J=1,MBAND 
K=I+J-1 
IF (K .GT. NUMNP) GO TO 80 
B(I)=B(I)-A(J,I)*P1(K) 

80 K=I-.1+1 
IF (J .EQ. 1 .OR. K .LT. 1) GO TO 90 
B(I)=B(I)-A(J,K)*P1(K) 

90 CONTINUE 
100 A(1,I)=A(1,I)+PP*D(I)/DT 
110 CONTINUE 

RETURN 
END 
SUBROUTINE MATIN (NUMMAT) 
C0~10N /MAT/ CONS1,CONS2,C1(9) ,C2(9) ,SS(9) ,POR(9),ALPHA(9), 

* BETA(9),WCR(9),IDM(9) 
CHARACTER* lJ HDL ( 1 0) 



DATA MDL/'van Genuchten ','Exponential ','Gardner-Russo',' User-s 
•up. ',6*' '/ 

READ (15,10) CONS1,CONS2 
10 FORMAT (2E10.J) 

WRITE(6,20) CONSl,CONS2 
20 FORMAT (///SOH UNITS ARE CONTROLED BY THE FOLLOWING CONSTANTS -; / 

1 9H CONS1 =,E12.J,JX,7HCONS2 =,E12.3////9H MATERIAL,7X,2Hl<1,13X, 
2 2Hl<2,10X,BHPOROSITY,10X,2HSS,l2X,JHRWC,l2X,5HALPHA,11X,4HBETA, 
J 11X,6HMUOEL /) 

DO 50 M=1,NUMMAT 
READ (15,30)C1(M) ,C2(M) ,POR(M) ,SS(M),WCR(M) ,ALPHA(M) ,BETA(M) 

1 ,IDM(M) 
30 FORMAT (7E10.3,I5) 

WRITE(6,40)M,C1(M),C2(M),POR(M),SS(M),WCR(M),ALPHA(M),BETA(M), 
1MDL(IDM(M)) 

40 FORMAT {I6,E17.5,6E15.5,4X,A13) 
50 CONTINUE 

RETURN 
END 
SUBROUTINE NPIN (l<ODE,Q,P,P1,X,Y,WIDTH,NUMDP,NUMNP,INIT,NERR,BTPI, 

1 EI) 
DIMENSION l<ODE(NUMNP),Q(NUMNP),P1(NUMNP) ,X(NUMNP),Y(NUMNP), 

1P(NUMNP) ,WIOTH(NUMDP) 
NERR=O 
WRITE(6,10j 

10 FORMAT (////24H NODAL POINT INFORMATION //10H NODE N0.,6X,4kiKODE, 
1 7X,3HX,R,12X,3HY,Z,11X,5H.PSI.,12X,1HQ/) 

NPR=O · 
L=O 

20 L=L+l 
30 READ (15,40) N,KODE(N) ,X(N) ,Y(N) ,P1(N) ,Q(N) 
40 FORMAT (2I5,4El0.3) 

P1{N)=P1(N)-INIT*Y(N) 
IF (N-L) 50,90,70 

50 WRITE(6,60) N 
60 FORMAT (20H ERROR IN NPIN AT N=, I5) 

NERR=l 
RETURN 

70 DENO=N-L+l 
DX=(X(N)-X(NPR))/DENO 
DY=(Y(N)-Y(NPR))/DENO 
DP=(P1{N)-Pl{NPR))/DENO 

80 X(L)=X(L-l)+DX 
Y(L)=Y{L-l)+DY 
Pl(L)=Pl{L-l)+DP 
l<ODE{L)=l<ODE{L-1) 
Q{L) =Q { L-1) 
L=L+l 
IF {L .LT. N) GO TO 80 

90 NPR=N 
IF {L .LT. NUMNP) GO TO 20 
I=O 
DO 110 N=l, NUMNP 
WRITE(6,100) N,l<ODE{N),X(N),Y(N),P1(N),Q(N) 

100 FORMAT (2I10,4E15.6) 
P(!l)=P1(N) 
IF (r:ODE(N) .NE. -4) GO TO 110 
I=I+1 
Q(N)=BTPI*EI*WIDTH(I) 



110 CONTINUE 
RETURN 
END 
SUBROUTINE MAFILL (KX,SANG,CAUG,NUMEL) 
DIMENSION KX(NUMEL,5),SM~G(NUMEL),CANG(NUMEL) 
NUM=O 
WRITE(6,10) 

10 FORMAT (////20H ELEMENT INFORMATION//55H ELEMENT 
1 0 D E S MATERIAL . ANGLE/) 

DO 60 N=l,NUMEL 
IF (NUM-N) 20,60,40 

20 READ (15,30) NUM, (KX(NUM,I) ,I=1,5),SANG(NUM) 
30 FORMAT (6I5 1 ElO.J) 

IF (KX(NUM,4) .EQ. 0) KX(NUM,4)=KX(NUM,J) 
IF (NUM .EQ. N) GO TO 60 

40 DO 50 1=1,4 
KX(N,I)=KX(N-l,I)+l 

50 CONTINUE 
KX(N,S)=KX(N-1.5) 
SANG(N)=SANG(N-1) 

60 CONTINUE 
AA=J.141592654/180. 
DO 80 N=1,NUMEL 
BB=AA*SANG(N) 

C 0 R N E R 

WRITE(6,70) N,KX(N,1) ,KX(N,2),KX(N,3) ,KX(N,4),KX(N,5) ,SANG(N) 
70 FORMAT (I6,I9,JI6,IlO,El4.3) 
71 FORMAT (' '~6I5,El0.3) 

CC= SIN(BB) 
SANG(N)=CC 
CC= COS(BB) 
CANG(N)=CC 

80 CONTINUE 
RETURN 
END 
SUBROUTINE CONSTP (A,B,KODE,P,NUMNP,MBAND) 
DIMENSION A(MBAND,NUMNP),B(NUMNP),KODE(NUMNP),P(NUMNP) 
DO 70 N=l,NUMNP 
IF (KODE(N) .LT. 1) GO TO 70 

10 DO 60 M=2,MB~ND 
K=N-M+l 
IF (K) 30,30,20 

20 B(K)=B(K)-A(M,K)*P(N) 
A(M,K)=O. 

30 L=N+M-1 
IF (NUMNP-L) 50,40,40 

40 B(L)=B(L)-A(M,N)*P(N) 
50 A(M,N)=O. 
60 CONTINUE 

A(1,N)=l. 
B(N)=P(N) 

70 CONTINUE 
RETURN 
Et:D 
SUBROUTINE FIXQ (A,B,KODE,Q,P,P1,D,NUMNP,MBAND,DT,LA,INTEG) 
DIMENSION A(MBAND,NUMNP) ,B(UUMNP),KODE(NUMNP) ,Q(NUMNP),P(NUMNP), 

1Pl (UUM!JP), D (NUMNP) 
COMMON /MAT/ CONS1,COtlS2,C1(9) ,C2(9) ,SS(9) ,POR(9) ,ALPHA(9), 

* BETA(9),WCR(9),IDM(9) 
REHIHD 2 
RE.; D ( :;: ) A, B 

N 



PPP=1. 
PP=2. 
IF (LA .NE. 1 .AND. INTEG .NE. 1) GO TO 10 
PPP=O. 
PP=1. 

10 DO 40 N=1,NUMNP 
IF (KODE(N} .LT.1) GO TO 40 
QN=PP*(B{N}+D(N)*(P(N)-P1(N))/DT)+A(1,N)*(P(N)+P1(N)*PPP) 
DO 30 J = 2,MBAND 
K=N-J+1 
IF (K .LT. 1) GO TO 20 
QN=QN+A(J,K)*(P(K)+P1(K)*PPP) 

2'l K=N+J-1 
IF (K .GT. NUMNP} GO TO 30 
QN=QN+A(J,N}*(P(K)+P1(K}*PPP) 

30 CONTINUE . 
QN=QN/(CONS2*PP) 
Q(N)=QN 

40 CONTINUE 
RETURN 
END 
SUBROUTINE MOIST (P,Pl,T,Tl,KX,NUMNP,NUMEL,NUMMAT) 
DIMENSION P(NUMNP) ,Pl(NUMNP) ,T(NUMNP) ,Tl(NUMNP) ,KX(NUMEL,S), 

1 NN(B) ,TT(B) . 
COMMON /MAT/ CONSl,CONS2,C1(9),C2(9),SS(9),POR(9),ALPHA(9), 

* BETA ( 9) , WCR ( 9) , IDV. ( 9) 
DO 130 M=1,NUMMAT 

DO 10 I=1,NUMNP 
T(I)=-1. 

10 CONTINUE 
AWC=POR(M)-WCR(M) 
DO 60 N=l,NUMEL 

IF (KX(N, 5) .NE. M) GO TO 60 
NUS=4 
IF (KX(N,3) .EQ. KX(N,4)) NUS=3 
DO 50 J=1 I NUS 

I=KX(N,J) 
IF (T(I) .GT. 0.) GO TO 50 
IF (P1(I) .LT. 0.) GO TO 20 
T1(I)=POR(M) 
GO TO 30 

20 T1(I)=WCR(M)+AWC*SE(Pl(I),M) 
30 IF (P(I) . LT. O. 0) GO TO 40 

T(I)=POR(M) 
GO TO 50 

40 T(I)=WCR(M)+AWC*SE(P(I),M) 
50 CONTINUE 
60 CON'riNUE 

WRITE(6,70} M 
70 FORMAT (/ / 1 MOISTURE COUTEUT AT UNSATURATED NODES CORRESPONDING TO 

1 MATERIAL',I3/) 
J=O 
N=O 

80 DO 90 K=1,6 
NN(K)=O 
TT(K)=O. 

90 CON7INUE 
100 tl=tl+ 1 

IF r ll . GT. !lUMNP) GO TO 110 
IF 1T(l/) .EQ. POR(M) .OR. 'r(N) .LT. 0.) GO TO 100 



J=J+l 
NN(J)=N 
TT(J)=T(N) 
IF (J .LT. 6) GO TO 100 

110 WRITE(6,120) (NN(l<) ,TT(K) ,K=l,6) 
120 FORMAT (I7,ElJ.5) 

J=O 
IF (N .LT. NUMNP)GO TO 80 

130 CONTINUE 
RETURN 

END 
SUBROUTINE WELBOR (KODE,Q,P,Y,NUMNP,DT) 
DIMENSION KODE(NUMNP),Q(NUMNP),P(NUMNP),Y(NUMNP) 
COMMON /MAT/ CONSl,CONS2,Cl(9) ,C2(9) ,SS(9),POR(9),ALPHA(9), 

* BETA(9),WCR(9),IDM(9) 
COMMON /WEL/ NB(J) ,NE(3),NBW,NPT,NPTl,NPB,NPBl,LW,NEP,NSW,AL,ALl, 

l QP,QA,RW,RT,ALFA 
. -----CALCULATE TOTAL DISCHARGE INTO WELL 

QAl=QA 
QA=O. 
DO 10 I==l,NBW 
N=NB(I) 
QA=QA-Q(N) 

10 CONTINUE 
DO 20 N=NPBl,NPT 
QA=QA-Q(N) 

20 CONTINUE 
QA=.S*(QA+QAl) 

-----CALCULATE WATER l:.EV:t:L IN WELL 
30 AA=DT*(QP-QA)/Rn~CONS2/CONSl 

AL=ALFA*AL+(l.-ALFA)*(ALl-AA) 
-----DETERMINE CORRESPONDING NODE 

DO SO N=NPB,NPTl 
IF {AL .GT. Y(N)) GO TO 50 
IF {N .GT. NPB) GO TO 40 
LW=-l 
GO TO 60 

40 LW=N-l 
GO TO 60 

50 CONTINUE 
-----MODIFY BOUNDARY CONDITIONS BELOW WATER LEVEL 

~ 60 DO 70 I==l,NBW 
N=NB(I) 
IF (KODE(N) .EQ. 0) GO TO 70 
IF (LW .LT. 0) GO TO 65 
P(N)=AL-Y(NPB) 
GO TO 70 

65 P(N)=O. 
7 0 CONTIUUE 

IF (LW .LT. 0) GO TO 90 
DO 80 ll=NPBl,LW 
IF (KODE(N) .EQ. 0) GO TO 80 
KODE(N)=2 
P(N)=AL-Y{N) 

8 0 CONTiliUE 
-----MODIFY BOUNDARY CONDITIONS ABOVE WATER LEVEL 

90 IF (Ul • LT. 0) LH=NPB 
DO 130 J==1, UEP 
WF=!IE(J) 
NL=NPT 



IF (J .LT. NEP) NL=NE(J+l)-1 
ICHECK=O 
DO 120 N=NF,NL 
IF (N .LE. LW) GO TO 120 
IF (KODE (N) • NE. -2) GO TO 100 
IF (P(N) .LT. 0.) ICHECK=l 
IF (!CHECK .GT. 0) GO TO 120 
KODE(N)=2 

95 P(N)=O. 
GO TO 120 

100 IF (KODE(N) .NE. 2) GO TO 120 
IF (!CHECK .GT. 0) GO TO 110 
IF (Q(N) .GE. 0.) GO TO 110 
GO TO 9!:) 

110 KODE(N)=-2 
Q(N)=O. 
ICHECK=1 

120 CONTINUE 
130 CONTINUE 
140 RETURN 

END 
SUBROUTINE PRINTO (Q,P,Y,NUMNP,KAT) 
DIMENSION Q (NUMNP) I p (NUMNP) I y (NUMNP) INN ( 3) I pp ( 3) I HH (3) I QQ (3) 
WRITE(6 1 10) 

10 FORMAT \////1H0 1 3(43H NODE HEAD PRESS HEAD DISCHARGE 
1//) 

J=O 
N=O 

20 N=N+1 
J=J+1 
IF (N .GT. NUMNP) GO TO 30 
NN(J)=N 
PP(J)=P(N) 
HH(J)=PP(J) 
IF (KAT .GT. 0) HH(J)=HH(J)+Y(N) 
QQ(J)=Q(N) 
GO TO 40 

30 NN(J)=O 
PP(J)=O. 
HH(J)=O. 
QQ(J)=O. 

40 IF (J .LT. 3) GO TO 20 
WRITE(6 1 50) (NN(J) 1 HH(J),PP(J) ,QQ(J),J=1,3) 

50 FORMAT (1X,3(I4,3E13.5)) 
J=O 
IF (N. LT. NUMNP) GO TO 20 
RETURN 
END 
SUBROUTUlE SOLVE (A, B, NUMNP, MBAND) 
DIMENSION A(MBAND,NUMNP),B(NUMNP) 
REDUCTION 
DO 30 N = l,NUMNP 
DO 20 M=2,MBAND 
IF (A(M,N) .EQ.O.) GO TO 20 
C = A(M,N)/A(l,N) 
I=N+:1-l 
IF (I .GT. NUMNP) GO TO 20 
J = 0 
DO 10 K = M,~BAND 
J = J + 1 



10 IF (A(K,N) .NE. 0.) A(J,I) = A(J1I) - C*A(K 1N) 
A(M 1 N) "" C 
B(I} = B(I) - A(M,N)*B(N) 

20 CONTINUE 
B(N) = B(N)/A(11N) 

30 CONTINUE 
BACK SUBSTITUT!ON 
N = NUMNP 

40 DO 50 K = .2 ,MBAND 
L=N+K-1 
IF (L .GT. NUMNP) GO TO 60 

50 IF (A(K,N) .NE. 0.) B(N)=B(N)-A(K 1N)*B(L) 
60 N = N - 1 

IF (N .GT. 0) GO TO 40 
RETURN 
END 
SUBROUTINE TRANSP (Q 1P,P1,T,CR 1Y1NCOL 1NSOUR,PW 1TPOT, 

1NRB1NRT,W,PR,RDF 1MTR 1SAVE,NUMNP 1NUMMAT,NPLNT,NDIMP 1 
2MXCOL, MXNOD, J) 

DIMENSION Q(NUMNP) 1P(NU:fNP) ,P1(NUMNP) 1T(NUMNP) ,CR(NUMNP) ,Y(NUMNP) 1 

lNCOL(NDIMP),NSOUR(NDIMP) IPW(NDIMP),TPOT(NDIMP),NRB(MXCOL,NDIMP) I 

2NRT(MXCOL,NDIMP) 1RDF(MXNOD,NDIMP),W(MXCOL 1NDIMP),PR(MXCOL,NDIMP) 1 
JMTR(MXNOO,NDIMP) ,SAVE(2,MXNOD) 

COMMON /MAT/ CONSl,CONS2,Cl(9),C2(9),SS(9) ,POR(9),ALPHA(9), 
* BETA(9),WCR(9),IDM(9) 

NCJ=NCOL(J) 
NSJ=NSOUR(J) 
NSJl=NSJ-1 
DO 90 I=l,NCJ 

PR(I,J)=PW(J) 
IF(TPOT(J) .GE. 0.) PR(I,J)=O. 
NB=NRB(I,J) 
NT=NRT(I,J) 
ND=(NT-NB)/(NSJ-1) 
NC=O 
Q(NB)=O. 
i?lU:=. 5* (:? (NB) +Pl (NB)) 
DO 30 NK=1 1 NSJ1 

!l=NB+ ( NK-1) *ND 
Zll=N+ND 
Q(Nl)=O. 
IF (TPOT(J) .GE. 0.) GO TO 30 
PN=PNN 
PNN=.S*(P(N1)+P1(N1)) 
NC=NC+1 
M=MTR(NC,J) 
IF (llC .EQ. 1) GO TO 10 
IF (NC .GT. 1 .AND. M .EQ. MTR(NC-1,J)) GO~~ 20 

10 CR(N)=XK(PN,M) 
20 CR(N1)=XK(PNN,M) 

CC = (Y(Nl)-Y(N))*C1(M) 
CM = CC*RDF(NC,J)*CR(N) 
SAVE(1,NC)=CM 
CM=CC*RDF(NC+1,J)*CR(N1) 
SAVE(2,NC)=CM 

30 CONTINUE 
IF (TPOT(J) .GE. 0.0) GO TO 90 
NC=O 
PNN=0.5*(P(NB)+Pl(NB)) 
DO 40 NK=l 1NSJ1 



N=NB+(NK-l)*ND 
Nl=N+ND 
PN=PNN 
PNN=0.5*(P(N1)+P1(Nl)) 
NC=NC+l 
CM=Q(N)+W(I,J)*(SAVE(1,NC)*(PR(I,J)-PN)/J.+SAVE(2,NC)*(PR(I, 

1 J)-PNN)/6.) 
Q(N)=CM 

CM=W(I,J)*(SAVE(l,NC)*(PR(I,J)-PN)j6.+SAVE(2,NC)*(PR(I,J)-PNU)/3.) 
Q(N1 )=CM 

40 CONTINUE 
QCUM=O. 
DO 50 NK=1,NSJ 

N=NB+(NK-1)*ND 
IF (Q(N) .GT. 0.) Q(N)=O. 
QCUM=QCUM+Q(N) 

50 CONTINUE 
WT=W(I,J)*TPOT(J) 
WT=WT/QCUM 
IF(WT .GE. 1.) GO TO 90 
DO 60 NK=l, NSJ 

N=NB+(NK-l)*ND 
IF (Q(N) .LT. 0.) Q(N)=WT*Q(N) 

60 CONTINUE 
QCUM=WT*QCUM 
NC=O 
AA=O. 
BB=O. 
PNN=.5*(P(NB)+P1(NB)) 
DO 80 NK=l,NSJl 

N=NB+(NK-1)*ND 
Nl=N+ND 
PN=PNN 
PNN=.S*(P(Nl)+Pl(Nl)) 
NC=UC+-1 
IF(Q(N) .GE. 0.) GO TO 70 
AA=AA+SAVE(1,NC)/3.+SAVE(2,NC)j6. 
BB=B£! +-SAVE ( 1, NC) *Ptf/3 .• +SAVE (2, tiC) *PNN/6. 

70 1F(Q(:Il) .GE. 0.) GO TO 80 
AA=AA+SAVE(1,NC)/6.+SAVE(2,NC)j3. 
BB=BB+SAVE(l,NC)*PN/6.+SAVE(2,NC)*PNN/3. 

80 CONTINUE 
PR(I,J)=(QCUM/W(I,J)+BB)/AA 
IF(PR(I,J) .LT. PW(J)) PR(I,J)=PW(J) 

90 CONTINUE 
RETURN 
END 
FUNCTION TO EVALUATE DIMENSIONLESS SATURATION 
FUNCTION SE(H,M) 
COMMON /MAT/ CONSl,CONS2,Cl(9),C2(9),SS(9),POR(9),ALPHA(9), 

* BETA(9) ,WCR(9) ,IDM(9) 

SE=l.O 
IF(H.GE.O.O) RETURN 
IF(IDM(M).EQ.l)THEN 

SE=(l.O+ABS(ALPHA(M)*H)**BETA(M))**(-(1.0-1.0/BETA(M))) 
ELSE IF ( IDM (11) . EQ. 2) THEN 

SE=EXP(ALPHA(M)*H) 
ELSE IF(IDM(H) .EQ.3)THEN 
EE=O.S*~LPHA(M)*H 



SE=EXP(EE)*(l.O+ABS(EE))**(2.0/(BETA(M)+2.0)) 
.ELSE IF ( IDM (M) • EQ. 4) THEN 

SE=l.O/(l.O+(ALPHA(M)*H)**2.0) 
END IF 
RETURN 
END 

FUNCTION TO SPECIFIC MOISTURE CAPACITY 
FUNCTION XCM(H,M) 
COMMON /MAT/ CONSl I CONS2, Cl (9) I C2 (9) Iss (9) I POR(9) I ALPHA(9} I 

* BETA(9} 1 WCR(9) 1 IDM(9) 

XCM=O.O 
IF(H.GE.O.O) RETURN 
IF(IDM(M) .EQ.l)THEN 

GAMMAT=l.0-1.0/BETA(M) 
S=(l.O+ABS(ALPHA(M)*H)**BETA(M))**(-GAMMAT) 
GAMMAl=l.O/GAMMAT 
XCM=ALPHA(M)*(BETA(M)-l.O)*(POR(M)-WCR(M))*S**GAMMAl* 

* ( 1. 0·-S **GAMMAl) **GAMMAT 
ELSE IF(IDM(M) .EQ.2)THEN 

XCM=(POR(M)-WCR(M))*ALPHA(M)*EXP(ALPHA(M)*H) 
ELSE IF(IDM(M) .EQ.J)THEN 

HA=O. S*ALPHA (M) 
XCM=SE(H 1 M)*HA*(POR(M)-WCR(M))*(2.0/((BETA(M)+2.0)* 

* (l.O+HA*H))-1.0) 
ELSE IF(IDM(M) .EQ.4)THEN 

XCM=-2.0*H*(POR(M)-WCR(M))*(ALPHA(M)*SE(H 1 M))**2.0 
END IF 
RETURN 
END 

FUNCTION TO EVLAUTE RELATIVE CONDUCT!VITY 
FUNCTION XK(H 1 M) 
COMMON /l1AT/ CONSl,CONS2 1 Cl(9),C2(9) ,SS(9) 1 POR(9),ALPHA(9} 1 

* BETA(9},WCR(9),IDM(9) 

XK=l. 0 
IF(H.GE.O.) RETURN 
IF(IDM(M).EQ.l)THEN 

GAMMAK=l.0-1.0/BETA(M} 
GAMMAl=l.O/GAMMAK 
S=(l.O+ABS(ALPHA(M)*H)**BETA(M))**(-GAMMAK) 
XK=SQRT(S) * (1. 0- (1. O-S** (GAMMAl)) **GAMMAK) **2 

ELSE IF(IDM(M) .EQ.2. OR .IDM(M).EQ.J)THEN 
XK=EXP(ALPHA(M)*H) 

ELSE IF(IDM(M).EQ.4)THEN 
XK=SE(H 1 M)**4.0 

END IF 
RETURN 
EliD 

AUTOMATIC GRID GENERATICN 
SUBROUTINE SGRID(KODE,Q,P,Pl,X,Y,WIDTH 1 NUMNP 1 INIT,BTPI,EI 1 KX 1 SANG 1 

& NUMDP 1 CANG, NUMEL) . 
DIMENSION KODE(NUMNP} ,Q(UUl1UP) 1 Pl(NUMNP) ,X(NUMNP) ,Y(NU~NP) 1 

1P(NUHUP) 1 WIDTH(UUMDP),KX(NUMEL,S),SANG(NUMEL) ,CANG(NUMEL) 
ike The next two arrays should be dementioned correctly 
r each problem. 

DIMENSION DX(50} ,DY(50) 



Reads number of columns and rows for grid 
READ(l5 1 *)NC 1 NR 
Reads index which indicates if the ox and DY are constant 
READ(l5 1 *)ICDX,ICDY 
If ICDX .eq. o indicates that OX is constant and only one value 

is needed; 
If ICDX .ne. 0 indicates varying OX and NC values need to be 

supplied. 

IF(ICDX.NE.O)THEN 
IRC "" NC 

ELSE. 
IRC = l 

END IF 

READ(l5,*) (DX(I) ,I=l,IRC) 
IF(IRC.EQ.l)THEN 

DO 10 I=l,NC 
10 DX(I)= DX(l) 

END IF 
IF(ICDY.NE.O)THEN 

IRR = NR 
ELSE 

IRR • l 
END IF 

READ(l5,*) (DY(I) ,I=l,IRR) 
IF(IRR.EQ.l)THEN 

DO 20 I=l,NR 
20 DY(I)= DY(l) 

ENDIF 

Figures out which value is larger; NC or NR, to decide the 
direction in which the grid will be numbered, (i.e., horizon­
tally or vertically). 
IF (NC .. GE. NR) THEN 

CALL NODIN(NR,NC,DY 1 DX,Y,X 1 NUMNP) 
ELSE 

CALL NODIN(NC,NR,DX,DY,X,Y,NUMNP) 
END IF 

NTN = (NC + l) * (NR + 1) 
NEL = NC * NR 
IF(NTN.NE.NUMNP. OR .NEL.NE.NUMEL)THEN 

WRITE(* 1 99) 
WRITE(6 1 99) 

END IF 

Reads the ~ode, flow rate and pressure for each node 
READ(l5,*j (KODE(I) 1 I=l 1 NUMNP) 
READ(l5 1 *) (Q(l) ,I=l 1 NUMNP) 
READ( 15 I*) (Pl (I) I I=l I NUMNP) 
DO 25 I•l 1 NUMNP 

Pl(I)=Pl(I)-INIT*Y(N) 
P(I)=Pl(I) 

25 CONTINUE 

Writes the nodal information to unit 6 (unsat.out) 
WRITE(6,60) 



J=O 
DO 50 I = l 1 NUMNP 

WRITE ( 6 I 100) I I KODE (I) I X (I) I'{ (I) I Pl (I) I Q (I) 
IF(KODE(I) .NE.-4)GOTO 50 
J=J+1 
Q(I)=BTPI*EI*WIDTH(J) 

50 CONTINUE 

Reads the material and the angle (degrees) between Kll and the 
coordinate axis to be used for each element 
READ(l5 1 *) ((K:X(I,J) ~J=5:5) ,I=l,>mMEL) 
READ(l5 1 *) (SANG(I) ,I=l,NUMEL) 

Assigns element numbers and corresponding corner nodes 
IF(NC.GE.NR)THEN 

CALL ELEMl(NR,NC 1 KX 1 NUMEL) 
ELSE 

CALL ELEM2. ( NC, NR 1 l<:X, NUMEL) 
END IF 

Writes the element information to unit 6 (unsat.out) 
WRITE(6,70) 
AA=J.l41592654/l80. 
DO BO N=l 1 ~mMEL 

BB=AA*SANG(N) 
WRITE(6 1 7l)N 1 K:X(N,l) 1 KX(N 1 2) ,K:X(N,J) ,K:X(N 1 4) 1 K:X(N,5) ,SANG(N) 
CC= SIN(BB) 
SANG (U) : . .;c 
C(:: COS(DB) 
C,\NG (N) =•.;c 

80 CONTINUE 

60 FORMAT (////24H NODAL POINT INFORMATION //lOH NODE N0.,6:X 1 4HKODE, 
l 7X,JH:X,R 1 12X,JH'i,Z 1 11X 1 5H.PSI. 1 l2:X,lHQ/) 

70 FORMAT (///20H ELEMENT INFORMATION,//,' ELEMENT C 0 R N E R N 
1 0 D E S 1-tATERI.'\L ANGLE'/) 

71 FORMJ,T (I5 1 :9,JI6 1 IlO,E14.J) 
72 FORMAT (6~5 1 £10.3) 
99 FOP.:·:!'~':'(/ 1 ' "'** ERROR IN SGRID: NUMBER OF GENERATED NODES OR ?:LEMEN 

&TS IS NOT EQUAL TO SPECIFIE~ NUMNP OR NUMEL **• ',/) 
100 FO~\T(2Il0,4El5.6) 

RETCi:lli 
END 

This subroutine numbers the grid and generates node coordinates 
st:aF.OUTINE NO DIN< I FAST, I SLOW I DX1 I DX2 I Xl, :x2 I NUMNP) 
DI~·tEiiSION Xl (NUMNP) I :X2 (NUMNP) 
DIMEUSI..;N DXl(l),DX2(1) 

N = 0 
:X2L = 0.0 
DO 30 I= l,ISLOW+1 

:XlL = 0.0 
DO 25 J = l 1 IFAST+l 

N = N + 1 
X2(U) = X2L 
Xl(N) = XlL 
XlL = XlL + DXl(J) 

25 CONTINUE 
~ZL = X2L + DX2(I) 



3~ CONTINUE 
RETURN 
END 

35 

40 

The following subroutines create element information 

SUBROUTINE ELEMl(IF,IS,KX,NUMEL) 
DIMENSION KX(NUMEL,S) 

M = IF + l 
K = 0 
L .. , 0 
DO 40 J = l,IS 

DO 35 I = l I If' 
K = K + 1 
KX(K,l) = L + I 
KX(K,2) = M + I 
KX(K,3) = KX(K, 2) 
KX{K,4) = KX{K,l) 

CONTINUE 
L = M 
M = L + IF + 1 

CONTINUE 
RETURN 
END 

+ 1 
+ 1 

SUBROUTINE ELEM2{IF,IS,KX,NUMEL) 
DIMENSION KX(NUMEL,5) 
M = IF + 1 
K = 0 
L = 0 
DO 40 J = l,IS 

DO 35 I = 1,IF 
K = K + 1 
KX(K,l) = L +I 
KX(K,2) = KX(K,1) + 1 
KX(K,4) = M _.. I 
KX(K,3) = KX(K,4) + 1 

35 CONTINUE 
L = M 
M = L + IF + 1 

40 CONTINUE 
RETURN 
END 




