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1hh upairt: WH ipnpared 'LlA!Mot lil6rt: "'5dgmit1Rt lfo. J2 d Ccr.1u:r1M:1t Ro. H~Ol· 
l5l3 b.)' ~ 111111:-n C9n.sulunu fH th-. U. 5. E:!Wl~tal hot111etion Afenc:J 
Of fl~• <>f 1ten111rcb and. Ditvdo:i;-nt:. Hr. G. !ATI.L,.li: d tlw t.nv:lro1mu:111:..ml 
blliH.TCh. \.a?:l~•tDfY Jn A:ttuint.. C.o:rg1& Vil.I t:he TH:hrtlcd r:i:-oJect: Hi:miti::ir .i:tt:d 
Hr. l. C:...l'H l 'lllH !E:h6 l'Hjec c: Of"f1c111:'. ThoiT •H ht.mi:•, pldllln!!.•. .and 
blp tul suggu t:lll:lnG "'"' di:ii::u• ly appnd•t•d. 

i'l.l Aqua Ti11t:"l'• -Consul t&tJt•, ,.,.. . :$. Shil~ · RftlHn, tho& Pru..J 11..:.r:: .l'f.apge:r, not1111 
S•<?ll:hm :2 ~M 3-. Ila. (:. Trav.u p-roduc.md l:he t•bln a1JM1;:rh::lt'lg M'Chm....t:ic.1.l 
~b .afld 'lfl'EI !:';fl: So11c:E:lon• 4 •n.d 5. tk, I.. Don11hn ~up:pl hrd Cti:cbnical nut 
•tlmirih l:J".11t iv• ptdllriee end nvi aw. JI.I • C. T~.a'Y•l'• curnnt:ly ¥Qfk.ii fo ~ m 
Enviro111Mri.tal Sa 1"11 lGH in IBou.h!e r. CalEl'l'adm.. 



1.1. l Ii llfl•UQN 

The R.M~rc. Gim..m•rv.c.icm a:od lt&i::n:J!'!Ni'y ii.i?t (lt:Cl.A) ..... pu"illd 1'7 ~llN in. 
l!ii7ii. Subtitl• Do of lab\ nqv!:nr:J! t:h• UrliUd Sutu lnvirom.anC:J11 hw:iE:eiet.tm 
Ag.n.cy t UA) u1 dfiYilllOf' cduirl• !VT coocrm llilJI •111.Ud vut• unaip:Ma.t 
pr•ct::ic.H. Subt:! t.l• D ~n LMl6 dllip,N&l of all Mn*tMui:~ 'lltUlt•. 

~ill!hold haz&f(Solil;.I 'liliU~· (HlfW} I Afld ~dawl; llfast:. fltlJm. IDQ!l\ ~ti°ty 
p:ru!r.at"at-:11 (SQ:) ( 1 , 1:. 1 thA&1: ~~ti~ f~i:q. l•H man 100 \ic. ot 
h.K11~1 ua•u pu· llOftm) _ In U'9. dWt KP& dmftlopmid 11:.:r! ted& for •t&~,a to 
.......- ln c1.uJd:fy1ng f,ar:!Lliit.ln u dthe:r- "sMita%)' landtilh" O:t: ""OJICI d'umpm. • 
11w cd tnia pmt• aln1- fl&t aotlllil. •Ull'ld.arda (p111tt'al. -:t.~ed 
pwrfi:i:t!'llllam:m .sit.anmu~u) tar £.ac ll !t:iH, lnelud1fll, lllln4f1111:. Hrfac• 
l~f'Lt.J:. 14'1!14 a::ppl iuU.cm un:lu , and 'IJU.1C41 pllu (lJ!. s _ u;.. l!Hh) • 

ln l.95' , th• L1u:udouli imd !olid Wut.e .Aan:i!alllfWI (BHA.) tAl:h pa.ad, ff$VA 
r11q~1rillld ~c dMi gr1i1n.al c~lbl~i. bl: •bid.lad llQd ~•vl•"'4 to ,rcwici. for 
C!EJ.T:Titcth1: acl:tan iand to e111~lt.M MU i:rlt.tiru for 1ocui!lg h11r1l.li'Ue:r;. Thia 
fecilt~i•~ &ff•c~•d &re r:hc .. r11c•i•ing llltli ~r SQG .....,_.t.m, 

In 1:upou111, the El'A has prOllN.l.ptA!d .s flllllll Tu.le (t1.:!I:. EPA, li'H) wM.:c:"tl 
canc..in11 i) nvbil:lfl:ll tflJ ~ oe;d t·4n:i• fillr- duliUi:a.doft oil! •c11d ~ 
d1spo•e1 r•c1llf l.tt• ill.Dd ~Y•ct.1~•• .-Ad l) Dlt1ll' ~Tii=i.:iri• f~T -.uiil~ipal IOlfd 
1nU1 t.t l,qdfll ls (HSWI.1'11), n.. 1lll:V .e;z:hui11 ~hlda nrqt;i.l.Nminll• nlat:.d b;ll 

fac l.U. t)' 1.::i"tlr:titl. da.&ign. i;peradan. gr~l;:11T M1111 ll;oT1ils,. c.cirr.et lv11 
•E!tl~. <: l El:fUl"ll: .a;nd. p<ISt ~clraun un. t'M MW CY1t:Hill OI)lf "11Pl1 to 
-.mlcifld r:olid w.u:e landfll ls "baaaU:11e 1nad.9q\lllt.e lnfoz:utln ta .:.urr'*1:1.tlf 
.,...dl.abl-= ~t otilu typti• d fiac.iUUH. 'Iha KPA is cnft'nrdy 11:.all"ttq 
1tdoDM1~hn:1. .abcu~ 1nma.ulal .m::id. c.GD.9t:J;uet!cm ~:i:uu .. .- will HMH ~ 
nH.d ~ furt:Mr np111u ~.. fiac:ll1 t:t.11111 f:.'CL -chtl fu~ - l1'1: oll'ddlt1111n, cn·t&iii 
lll'Pf!Ci!lc 1111Hur: hs\t11 Nim D!' A'f• bt:lnti l;lllnlil~nd np.ua.:t.lJ for :rul....U1.1g by 
l;:1:i.- UA. Fo:s: 4uap.. • tti. WIO and 41.•po•illl gf ........ dmlp !• :resµl•t.dt 
~!' 'th.a ClllNIIl Vai:.t!~ A.ct. (CUA) - 'nms • •ludpi m;Jft(lft 11 •, land 1ppl1c.1111:1i:m 
mi.I t.m • and l~in.T•tnT1 &T• Mt &ff•cw.d by ch.. M'lll erh:eYia. ~ t, th4 
~-diirpoul of 11l.udge in. llSVLJ'~ Ls dJliK:!~. 

FO:r Mil .M5VLFI& [I~ rl\m il!qNhl.tilon D.f ald IJR8:.S 1 it,lMt •!!•"V" C E'i t.d... Tt1q.UfH dl.U: 
•1 tho~ • ~t f.Qini iMdgn :at:llMltii-d. O!'. l;i approved 11ut.a11;. a p11rrf a~• 
1n:llnd.ard bti llittlt. '?tw unl!om d8:1lp :1~:rd; Tllq:uin• 1dVU' unit.a U ta.VII a 
c~tt111. Una:r 1-od a hi.Kl:Mat.-. c:oll•cUQ'n ay•t..: wblcb ... iu~llui 1-• t'hain: • 

1 



)(lo ca d!!!p c.h 1:1 £ 111:.acb.at:.Jt qv.,:r r::he l it1mr. Th• l:.DllpOl ite l 1I:!mr cons t ~ti '¢/. 411 30 
:idllillillcm~ fl•~ibl• lllll!!~b~.11.J'lm li~•T &bov. mt lt1ast two f••~ (0.41 --~•~s) of 
eomp11111::to&d .m;oi l wl th • hyd.t'"&\:ll h: C:gnduct 1 vit,. of 1Ct~1 ~/I or leu (tJ. S , EPA. 
!'191}. Th• P•Tfonuacm llF'L.al:ld.ard nqutn:1 Uii11r:: iii landllll duilgn pr.,...il!nl. 
~onc•a~r&l.lon valuc:s aE •p•ctfle ~allltituents fT~ •~~••dl:n,g aax:i.Dl.m 
co~centratl1H1 ]•v•l1 (~c:;Ls) 6t .a paint gf ~~li•a~il!. Th• point ~! ~oapll.11.J'lcm 
~- ~·~ •• tho& uppe:rm.;>st aqulf•r l} m[ chm 1&~£111 b~~r:r. or 1~ app:rov•d 
lt•~ea, 2) •t •n &lt•Tl'i.ttive bDW'Jldary, vhlc~ ~·~be "'i> t.o 150 ••t•r• 
davng•&41enic ~ri:n.; thm f•cility b~~f".V. 

If avnc:rs/Of11n·.a~o:r.1 of S:ubti tle D fad U CiH chmaH t11 •nly tl'H=H pe~fonu.i:ie• 
1J:i1;1ndard11: 'Co the i:r hell ;i. ty, tM}' llt111 l'l:ll!i&d -!:hod.ii fu de r::t11rr.i 11in,g If the :Lr 
dll!s lg:c d l l IH•~ icbe p111rtDrmmtct11 :r•q\l:i :-•IN'l'IUI - Thi! EP'A •u.gs;H tJI that th• 
perfa~ • .mtandard.I :r:dy on a:lc~-SfktclEic d.t.11. eoUti:C.IC1or. and •i:n:l•Un.g. 
Modml• pT"ID'lrldti • llMthod for ••slly ••tialtin~ the 11f£11ct.s cf ~ v&rl&t)' 6f 
d41ign1 and hy~rogmalog1~ ~onilitlOtta; m::i the: ~ot~~~i~l for •lir•t:ion of 
c11H11taiain•n~~ 2~ ~hf, •lolb•urt.~e. Thms• ~od.ela 111.11r con.m1dmr th• hycu~,rology, 
~11 .. te, volWIM! •nd phys•c4] ~h•:ra~tmri1tlc.11 of th.e le•chatt, tbJ! quality ~f 
tbe graund.v.ac111:r, end th~ p~o~lmity of 1r<tt.:1n4!lratmr u.m.mrs to pTovir::L. ift &ccur•t• 
rr• l ...._!t lon of whe!!!h.'41! r o.r noi; o1 ill•• lgtJ -• t.s tlwi; p~Tfrl!lnNM• llH>am:t• rds, 

Th1: nitV <:£l'l:t!f'l.a lra::lude laCJ11tlon HIJt"flCtitm.11 fi:;.r .1d:K 111111.c:::Lll t)flll!JI cf sites· 
tho•t clmsm ti:;. &i'lJGT~• or in t(l(i-11!.ar floodpl.atn;1.. ~tl•nd..I. Eault •:r••I. 
sei!IJllli~ iir,i•~c ~~n••. ~r unst&bl• &T•4~. ~tbl! .. tlc.al or camput~r iaod11l~ vill 
nq~ be nHdmd tD COBJllY wi1::h IDl:l:tt t,,f lhl!"H r11:strkchi~, H""""il"""t~. for .i;h:ll\g 
JtS~• :[ n wmt la.rid.I , O""flto? a ""11.11 llll!!a-d co. sio)av ic'h• t thill naw f ac i l I ty r.ri 11 mt 
d•,gntd• ich!! VII C:.l•nd. In o.rd111:r i:o 01) dth, aodmlln& 1.1 ll l lur reql.ll nd. 

'lll'"ld.eo r tlwP ne'W c r{ te r I" 'both •llC.1 l'l lr.g •ru:I: n11r,r l~dH 11 i;1n1t1- lll'll.i!l:'l uu d.l!; 
i ru:he s a f !nc111:me~l.aic11 c Dve r •I:: 1111:.11..1 E. •Y4i rt ia.ay, llU!I t prc:vttnt Nri ~~n dul'.5.ng 
"Pit•~ l;\l lacb.1:lim nf • 25 • y11a~ ;1..;:a-r11. 41".ld mu1 t coll 111:t:? t and li'.iOfiC.:r1:1 l r~af"I 
res1.Llting fY"Oll • ~~-hour, 2~-yc:ar .11tc-f'W:. ~ •oil ca"Y4!t •t laast t:vo fe~r:: thick 
lll'lllst b$ in•c&lled •t tbe tilllit of ~~le cluiiur11 Th111: ~ov1:r llN~t k•V• • 
pe me.abU it)' l H 1 th.a.ti n~ l!qual tr. tlwi; b(I l;:ll:J.>Jlll H flll'r .m;y .. 1t.11111 or oa.tu-r..,l 
_.._.:10U11:. ln •dd:il:lon. during • lO yem.r po1t·dc-11<ure piuh:id, '.l'1111tln11 
111a.intc:n.mnc.a ei f 'l'."ne C(IVr'.l' -.nd 1raundwo11,;4 £ llll"Jul La t'i nJ!i mw: t b• par f.f)nMd CU. S. 
t"PA. l9'!H). 

T\lo pb.a.ams ~f aroli.lndv&~•r ~Rl~t,,rinJ!i •r• rt11qut:r•d b~ thA! n11~ rmgul•tiD~•; • 
dl!ta~tlul'I 1r11>nh.ori:ng ph•:H 1.nd llJ!l &l1H:IH1111nr: 111:mltodn1, P'h•$•. ll'nlti:tn. 
4 l t• rn111t1 '<"11! aanitai-i rig p lu~ •~• illiJN:C l.f ittd by ·~ ~ro..,•d 5t• Ce-. diat•cdcm 
mani tor :lng. r-1tqt.Li re• 11;11!1111-mmu.al tm• tt ng for a Ual C-D'd Ht rif c:ori t.aalri.arit:11 
~l~h mt'e c11m1E1111,. .&H11M;:.lo1~1d 14'U:h bnd£:lll l•1ti:.ha~•. If LhHtt ccm:t4111in.111.nr11: 
.arm dttt111:c c111:id. 1 n h'INI ls th• t a:r111 :;; i,gnif lcantlt •bcYI! h•ct.,sTDunt:L lev~lil , 
•'11:••11e•~~ monit.orln3 11 ~T1~11~11d. Tb!5 rmqutr•• ~ Ql.'W-Ciae .1111Bplin& fo~ • 
large: nwabitr .Of bai:ari:hius Cltll.St t;!:.~fllU • fol li:.'lllted by .a Hlli • iHUIWl1 l l&lql ling fDT 

&ft}' cona: t 1 tue1:1t:s !!1; 1;'4!C:'Cil!lrt'- It thm CO'll~lll:nt.rat1on• 0 r lhm:se c 1ma 1::t bQ-nt• li!':W:ce ~d 
thi:;.s• allm.r•di by ~lil! rm.m;pmctiv• &;£Oundiol.lte£ protmct!on •to1nd1111:rd. •t c.hl! 
Cl(lll'f'liance pot~t. U!•~ Cbr nwT!l!r/op•racar B'l,!~'C inltl•te •n ~•s•.i;~IMn~ ~f 
corrmc ti q 111e t 1Qn l"l!me.d l• s _ ni h lil\llN dJ a r: 1 Dn 1111at 111:1u;ur• th.41i'C ct.Im ,111:aW1dv• t..a r 
!Pf(PUC:~.bn st.andi!Til b 1111ic n ttle pr.:il:nt cf c.1;111111:1.•rie• upt,,n ci::mple-t:lol'! ci( !l:ne 
cm~~•cCiv111 ·~~t~n. 



... 

The d~t•~tlo~ 11K>nlcorl1R,g rmquJrament• ~•n b• 1u.tp•ndad ir rthti O'lllMIT/gp.rator 
~11:1:T•t111.il 'that: tha:r• t 11 PO pouC'l:c h:l .foz- the alaratton of ha:•I'dous 
ccn:11t.it:w1nt:11 frq -clwt h~1Uey to tiiJ1 up~cwo;1t aqu:Lhr durln' t.h11111 Rdw Uh 
nf t'1.<ii 1.1nh; {iru:: 1 ud lng pa-•t • d~Sl.l-T~' • 1hil diumn&l:n.c:i ori nst ti. b.u.ed m7: 

:111 ic:m- llpll!ci floe , fi.el .::l• c~ll•~t•d lri.fonu.t.:Ccn. .a11d th• •MlJllll h o:f t.b• phylllc.al. 
cbt:alul, .&tLd blci logkal pt"cc:m.aH:t1 •ffe.c t ln.g eonuaJ.""'1; f&t• •ftd t:i:&n.spo 1:1: -

I c llUllll t. lnc.lud:lt pra:d lie dou 'Chat t&U:lah.• ctM11U.iMt'lt llllil!il'&t.:Ccn. and eiQ1"1;11 lditr 
Fa~1;i6l imp•cts Gn h'llllAn ha&lth .nd t~ el'l'l,l'irclllllltTlt (U.S. £PA. 1'91). Th'\QI, 
1n otder t.rt 1:Ll.5p•n4 J.f04.ln41!1'6Ur lllOn.lt:cr!.ng :r•q_'l,llir•a.nu, mcid.elirig of l;ht- 1:1r.111 
~ill b• n•c•a••[)'-

A nuab-u of laridhut:d hieilltia• &r• ngular::tid i.mdm:r !'ubtU;.l.11; D. Th11 
f.11.~llltim:11 •ddr•s:111td 1n 1;Ji.i~ ~•9orc include non•hlllz•T~ land~lll•. l·~~ 
t~4lAta11n1; f•ell1~1•s {beth l•ndf•:i;11ing .&rid COillpg:11~i~g), c:a11£~['1.l.C!~ion/ 
rJellllOl l c.1 on dmb d s h:c: i l :L 1; le a., .and •urhct.' lll!pOUru:izNnu . L.llndf 111.s aru;I; ;t.UTf.&Clfl 
i:mpotllula~~tl CAn b~ tu~thmr cla.ssifiad .. , lll<tul!trl&l, mu.Tiiclp.el, ar 
*Pkuh:ur&l. 11.IJ !:PA c.a11J1W1 of Si.:ibr;;ith D vut.a p[o1;ru111 lruJl(;llllC111.a th.en &Tl: 
&hgut. 221 • 000 f'.ae. i l i r;- l• 1 lr. ''hm c cune:cy ~ 1 Ei, 500 ludl l 11 .. , .1.baut ', 000 of 
vhlch vti~~ llll'llinlc19al ••of 1916, l~L.~00 1u:r!ac• .l.mpouruhunt•, IC'I~ 1,,000 land 
r::ru.t.mrnt. units. 1'ht: st:Q.dy fout'ld r.h.at rcug'hly H ,000 51Jbti!tle D :f.1cU!tiH 
(!6 P"llt'Clfl'nt:J •II)' ucehll! hou.sehald ho111&:rd.ou.1 io1.UP::11: OE" i.nd.u1111tJ"i&l itMll 
quant1t7 ~""n~T•tor V-llllt• (U.S. EPA, l9!Sc:). 

ln gll!ner.11, th.er• 1:11 111JOre 1C'lf~nuit1on &vmJl&bl~ t;tn HS~Lr1111 Chan .1ny ctbe:r ~YJil'• 
af Subt1icla D taclllty. K:!l'lll.l".a h~vt: received auch .1t~ntton tn ~·~~nc ~11&rs. 
A c 11:ruiwi cGnduc.C"11:d h:r EPA foul'ld ith&I:: .MS~;11 • n di l!:U lbutl!!d l::hrcughaut i;:h• 
r:i:i11m;ry 1111nd cccur 111 vi rl:LJ..11.l l )' i11-vu·y bydrcl!i•~loglc 1:1:tt i 'I'll:, Thit)' 41'111 
c-on.cent1'"•t111dl ri••I' popu.l ... ic•d. al'111&:11 and •~ usLJ-1.11 J' c.wned. ti, inc 111 ,gov1-PU1Mnt,1. 
ua p111:rcu1U, Th• r-...1nln.,s; 2:0 p1::re"n1E= an d.1.,,.:td11d bll!t-•n :p-dv11tt1 (H 
1)U(:lflt'IU. ted111rd (l.t p111Tl!1:nt), ~Dill ar::.ar.111 (l J1en:.1tnt) hciUdu. Mo!ll't: &n 
11m1 l l , lll'i c}I .(. 2 JI" l'Cent C>.e l'.::11¥'.!fi ng 1 H:ll t.h•ir.i 10 &~ U;t End 5 l pm~ccrit d:[ 1!1~1nin,g 
of leas th•n 17.S ten,,. Fii~ d.&y. Hoi.imvct, l•r&• f•~tlitle1 h•n.dl• a 
dgn.Uici11.nt ucwu: of !tb.! 11'.:ct..a! llllU:rl•cipl o;ra.1te :prod.uc.11:i:L Ttia ~ue p111:cceC'lt: a' MSYLF's t.h.1 t. h.1ndl fl llLOT'e dt.11'1 l ' 12:~ ton:11 pm:r d:.l.y {'tf'D ~ o-f 'ltl.U: t.a •cc.apt IBDU 

tlu.n '0 pereeni:: ot !.he ruit.ion•• m.m:l:dp,41 'ilulll! s,cn11Tahd •-!Len yeu. Thl.11 
lnf~r111o11.t:lan [$ i~rl~md in Tablm 1-l. (l•111Pl•. Jar~er. and Sl.rt&n•. ln~ .. 
•9B'; U.5. aPA, 19B!c:'. 

The 9out1'C l.al for contulnati.on of di' lhiti ng ¥&1:11!• .KUli'IP l i H by illl.mf.-c:lp.1 l 
l•nd.fllla. la l•T~•· Al11Cac 'half ('a F•r~11;nt) are lo~aced v1thin on11; mil• ~fa 
drlnxl11g v.1t.ar veil arul. •t~ 'P•rc•n~ &rm loc:.1ted vlthtn on• mil• of • T1v111r or 
•trl!!JIA ~,.,~.as & •~rface ~otable ~•t•s: 90\lllt'Ct. In addlt.ion, JBD~t H$1ill.F& do 
flli:ll; h111ve linen .and wv111n flll:v1u:· h.av• l.•llllclu.tm collll!!!!l:.$cri. Jy11u•a CTeaph, 
.&ark.er • .1nd Sloan•. l~c .. l9BD~ U.$. Ell~. \9alc). 

Indl..L5t.rl.iil .. ~ C:(l-Tll1;~ec1on/6~brb hci Ht.his nµrueC'lt: .... l•l'&e •nd dlVlllTH 
1111:~ of !a.ell11!.i11!:11. Th1111t"e h Utr;;b d&u .aV•llabll!! cm thua: heilli::iH, 
howmV41r. So11111 lnforiaatloti axist.s on t.h1: t)l"p•• ~f u&1tt fi&ndled, but ~•-ry 
li~tllfl d•Ca l~ av~ilabl• an n.'l.lllberi and de•i!'l char.1cta~!•t1e9. It hmm b~l!!n 

] 



s,u, Rm:Jg• rmn 

l • 11.5-
17.6 - ~Cl 

.H - lZS 
Ui • 27S 
27' - Sol 
~"' • l, 12:5 

> 1.U' 
J 

11111bl• lrl, 
'lrluC!ii B.l.ndl•d ~ t.aadf U h.- -

:Sl.H C!U:Bpr:lq 

Pm~c•nt:.ms.• of 
L!mdf l l h: lft Tot.al VHt• 
n,11 l'DI' llapdhd emu 

n1 U .1:2:2 
171 10,,UJ 

'8, 163 
291 17.00Z 

U0.'-55" 
14f.21ft. 

3X 3:2,l, 7'7 

I00,,9n 

hi ri::1111t11:11p !',If Toul 
Va.al:• llwr.dled 
nw nmr. 
l.H 
l .11 
ill,U 
10.5111 
16.ll 
:U.61: 
4CI • .2'% 

100.01. 

:r•por:t:ed t:haic 111nly ::i12: pcE'~.ri.c, r;l lndu.m t.rhl a:t.11rfi11c.e ~nt:. And fJ:fllt 12 
-pll!rce:n'C of 1ndwl t'ri•l land flt~ U:114d • l:Lnmr .l)'llli't•• 111: LH& (ti . .s. EJllA., llJIHc) _ 

S~:r:f&C.11 lmpcun~tl .. :ce D&~'l:"&l CJ; IUrt.~u.dti de;pirBHi~ i!'o th• •llllrc:l:!. 'ftwJ 
r.mige in d.tpth !:coa 2 tc 30 fH.I;. 1111\d ln :11 Lz.• .fl"GIL • fuc: don to tho\u:andll ttf 
.i.crH, A&;ricull:UTd &nd iw:nl~Lp.il .f.ac:Ult!H u• wiu.slly bu tharll !ii lll!rH S.n 
dz1:. ? ndii.dulal ialpi:n.m~11;11 {•, I- • •:ltthq. 1191-p 1nd p..,.r. m.nd d"icrf.cal 
i.it.ill t !"11111 J •1'11 ..:m1111. -of the l,t;r&u ~. 

5uc-flllicll!I illpoundu:nt& 1u mi~d bJ f.tJn:a , induacry .-nil ltlUll1d"P• l l.du .fol' t!w 
ll;;re&ic.aeft~. ~•t•n~icn, .ind/o~ di~al ~f llqli.dd wa..t~••- T.abl• 1-1 •hows thD 
eues;ar 1"1.B: o111fWI mm be~• cit •ut'f.K:• L119oundliir:.at.:11 • ~ hPi• dgrtltl~n.t 
po~enti•l fo~ ~~1:M.Eld.vater coftCAainat.ian lMic11,,1,:14 of duil~ ~•LlitLV'll ~r. and 
.1 u11 (Al I.• I' • t 1 l . . 1 ;in} . 1:111 ~l t:l.011.. ch•)'" •n ~ r: c:onwm :bac.u:.... d th4I 
phy:dul dr i'ritb:ig fo:r~ 11nd DtJbU:ley of the liqlllid• um b.c.IW!f.• of the Uat.ud 
..th c r da:111.s;n e:onn.ch {ti. :s. UA, I U le} _ 11!-n~ si•ne•nt: of 111 • ltu an 
loi;:;~t•d o~r 'Chick, P•:cwti•bl• ~~uit11~•- Of t~o-.t4 •l~•t. ti pt:~~it:nt 6ra 
loc4;~11d ri thin OlVI mi l.!1 ci.f patmnr;.;L-11 drinki:Q& v.ata-.: :11"Uppl:L•1 (Al 111:~ al: ial , 1 

l'!ill7). 

Land t:re.aa1111111'H: unit.11 :u:t1UH ao11s .. .a l:J;"•olll:~llt' .. dhm in Vh1~'h de1Tad&t.ion1 

C:r.lltUl:f'cr.J1ti01:1. 0[" 1-.:ibi.l!z&t.:f.~ O:f' l lquid .itl'.ld dtl'lll"ll;•:C-R a l'IU£&eii1 OCl:!UD • 'Thi 
diffuenc • b6unum dedl!!!•t•d. l ~ 'Cr411it:matlt; Ad, l•ndtll liq .af •l~ ill in 
du1 .a.ppl.i.i!Jt!;; l~ ratu 11\d -~ o-f •n-U.~t.imi.. J..mr14(;1i 11 ill& i.txVOl"11• dw 
Elb111R"fac:~ 1111ppl111:.at!Ofl af d.e1it.a.r=er11111ll. ..11.ldp HV4Jnl fu~ c:'t:lh::li:. O.dlc&tard land. 



!1a'bl• 1-'2. 
Cat•g~rtz&clan st'ld tDtals of ~nt Sl~•• tr om 

t::Q. Su:rf&CD l1rpou111d11111n11!C hs.:11-.._1: 

Aetive A.: t:lvti Ab&fi41:11'161d 11.b•n&:rn.d 
SU!•• l~nu :!11tH l~nu 

J\&k'.'1cul !:ul' al lilii,Ul 19.10 l1!1 110 

Jll,dl,1dp.al 19, 116 M.179 530 l.OOlio 

lnd.ua l:r l&l 10' &l!jl 2~. 7'49 '61 l.16l 

Minln,g 1.100 2tii,4S1 2:fii ,., 
IJil I.NI Gil 24.~H 6Jii. t!U 4U S37 

Otl\t::r 1, S.00 :ii. JU Sol lH 

TOTAL. n.n9 116,21i2 2,:524 4.731 

Ta~a1 Locat•d Sit••~ ~0.2,l 
toul t.oc.ac.ed !mpc11m ..... 'Rt$; HO I n l 

S~lt'Cil ! U.E. DA (1!Hl:lb) iD Allu ei:; al. (1Hl) 

t:rit: •tlM~{ lnvriilvt.1 s :r111rp111t 1 t:iw spplieatbn .aif A&a111n! qumnt.ides of d th•T 
liquid Gt dJivat•T.ii :1L~ t~.5- &PA, 1979). 

SitWl'• 1 lmid t:ni4tJ1Mot: 111p:plieu1cin opd-omi Q.1.at • 'lbg• izw::luda 111.1:c1cul bd'al 
\!UlhadOfJ. foren land u1:tllz:at!ou, dC"utii::;aUy d:hi~ lQd. i:-•r:l .... tlon. 
and pl.ll!:Ollll:llt lil hip• ratfl I dadi~•~d land tir••twmt • itH ftt. s: _ KPA. UiJa) r 

!he 111.griitulruit.itl appUutiOll i:tfitlon uus UH of 11 ludgtt ui • •ouz:c:• Qf 
fttrt11h•T n1.:i:tTbnou (•.g., n1~l'tig.it1 and pbi>11J1hl;ii:ri:;iwi;) aDd u .a ~i:ill 
condl dO'M r tD< tn.h.•:cc:111 c:rDp p:rQdi.u; t.ion. Applli:..a:clo.a ~at•' .sT• ql!l.IJl ly 
f'ttht.hl:\y h:1w, nqi.iir:lo' l.ugil .11r1111aii - Fera~~ 1.nd 1.Jd li:u.cian aho p~ct..111 
nutz- lit"nu .,nd ch1!1'1111fi:.i:t1t l!nhan.cas foTHt Jlrodilct lYl ey. bu!: u 1li0-t • c~l:'L 
pf'ac:tic•. ~lua1• i• •P'Plt•d Oftly ooer 6f' ln .-.iltifl:llT il:'Ltel"'la1a. 
Oc.c••icmally 11;1udgtt is sppliad to •t~lp •INll lllft&I;, aln. t..a1lt~, o:r 1A1rglN1il 
lam!! t.o r .... .-ptata arid. nebm th• land. !Yiu, .:pplic•thn h typ1clll11y 
l1•1t1d 'by the ~ulMll•tl Vi! 1111a:Lmb lra.dlll-;p. Ifl dlid luted land t:tut.int, 



11=hid511 b applh:d. to Hill. w1U. .a:t without 'Wl!gBC...'tJ.mi., fi:iT th4 Jlri .. ry 
~H of dU:poul. Slu~ un b111 .applied rom: 1Nl1Y 1ur11 Ul'ldtlT :lnt111M:L.¥11 
IUtr.a.g-JJt at ;i;&t:H highil r t.hmi th1,11H. b:.r ~b• other utt 1 ;L ii:;ar;; :L.ora op t.iatui , T1w 
app11c111ti~~ ~•ta is ~T•lly limlc111d by •!t••-l!p•~if1c cVtldlt.tc"" (i.•-· cha 
itall, cl!-..t111, •nd vti&lll~a~icn), Thlllll f111~il1~le• Im.DI~ b~ d4iaigned to ~QOtfOl 
a.nd/o?" !l::rNt •ur!ac.a ~ff .and le&clui t.e: CD. s _ UA, 1'J79). 

In •dd.1.::ion 'CCI t.h111 fmi= l lit b11: c;t., 1c:r-UJ1111i5 •itn:ive. 11tt:bu: lo1%1db.u111d f•.£:1 l t t":I. H 4re 
uguh t..d ucdmi- $1,1(J.tit l• D. The.it• i!M!lu-rb 1w1111:w.rface lnj Ill:! t.hn 1111 u111. 
ccmpa•ttJ!.C, faellitlfll&. :r ... :c!Jll;c:111 r.eo..,.ey bcH1'1 ... 111n.d vun pit••. hc111u.a.111 
'lllf th• lialced infcR11t1~ &V41111abb. ~ .... fa.i;:.U1tin vill DGt \Ii• &ddro1t:•d 
11'.I t:M 11: Te:poTt. 

l. Ll Q:bbctiyH .pf tbl hpgfh 

Yhe TI.l!W c;i;1t•t"il pTO.U.li•'•d by !PA for Sub~1cle n llUl\l~lp&l l.aod.fllls P~i:JVid41 
;i11 n1 •d f·oz: re~ut.11r 111:1da:l • 41';;" tvc d ! t!11:f',.1Jt • t:11p1 a f l.arulti 11 ~ hpllftl.: 4nd 
op11 t:•tlo11. Pu:r 1'1"'11 i::hit dt-s lp st:a511, llOdl b rv111 b11 JH:11dad l;4 111holl ~•t:. .1.11 

.al te rn.41 ti.,,. dH lgn -1:'t5 th• :pufo:rM.nc11 Atand.m:r4 llP"C lfied. in the .r;;.:r l tA:r111 
or 'Cl3 show that .a hc:H Hy lac ... ud in: • ..,..d1rwt 11i 11 n11t: d11:1r•~ ~b• ¥• t.la;qd 
cinv L T"O?UMnt _ Dut: big th111 moTI l toring nag11. tb111 uH ~f mocf.tillll iwil 1 b• 1"11qu.:I. red 
of 11111'1.y opent:or :rwqi.:iHdn..g 1111 11m:p11nstolf\ ~f the 1:rou:t11btat11r ll£lnitC1ring 
rciqu lr~ni::-11 _ J\ir'-h11raor• , o11t f 111c: 111'Cle111 llth1:r11 cent.Ah,. d cin .r.! t:h• 
•:nv1 lrOnllHll'LC. hu CCC:Ufl"olld. lllllOdii l.11 can b111 U$•d ll;t;I ..... 1 Ull c• .1nd •pt:C: l fy 
r~lllei!l!aei~n o~t1otui. 

ln .imt le;!. "Pill t ;L i:in of ch111 1Mt11:d {o:r • 111,1,i till: i:tf &PA- •p;prcv.ad 111;110.h for ma 1:n 
~~lying vlc."h the i:::d:l;:•Th, &111: wll .... usy fut:u:r• r:durb. ~h :u:po:rt 
d11t:cu.11:11• l) the pote~'CiAl Ear ccnc1J11111na~io~ of 1;gypdy1t1; fr~• the fo111r aatn 
typH of Sub t Lt.I.a D f.ac:t l ;Lt lH 1111'14 l) LHwts nm bt•d to lliOd• l tng c::cn.t:asiMdon 
ac then dtllll.t.. t.ablfll illUllllll•:t"h::l.n.1 tlul ch.aucceri.Hii:!.1 .:I'( :t:QIH c:urrl!!:ndy
•va1l•ble lll<'Jdels &~• p~Dv1'1h:d. 

Thz4!41l 1.1 IUH •:U !lllp{1ift,&.l'.lt 1J'.I di1 t11:rminhLj tM •ff•C:'C , 1 f Bny r IJ f l&nd- b&ll!ld 
.Subt:i th 0 fai:::il 1 IC l• • en tn• 1Ul:in1:rhc e etJYlro1m11mt; th.I- q~'C h.,. 111-f l•~h• ~• 
t;lll!tui rat:~d. t:hl'!: cOBpt>._1 ti on of t:h111 laac"hat• 1•1Hn:.a t:.ei!I. •ml 'ha •lguti~n. ctf die 
l1:•ch..l.ll;• f:ro11 th• l•cillt.y. ~ nlollliber ct ract~~ii:. u~lcn 4r• in~errelat•d 1n 
c.oar hnc v«)'•, •!.f.lti;;:t l Hc:h.au ll!EY1r•t: im:i. and 1J1igr.adon. TI!11H: fae:ton . .a:?e: 
b ri 11fly ;1.,,,....r1Hd in S1111: t.:E c11.1 2'. 0 and l _ 0. 

In D;i;l!IA!::r 1;;,,. pnd ic: '- t:u pe ~fgnu.n~• of 41. !ac:ill t.y Dv1r:r tiru, Miki h •t"• 
n.eedll!d.. tfO crw ~ 1 un ll.tiNlht 11.11 Hp•r:t.a of t'h l.a C<lllfl ltt:11; fTOb 1•. For 
1J.&l1Y 1lte•, lt will bm D•c••~~t"Y t~ link• .1ertci• ~f l•&ch.&~111 &•1111~•tion, 
g111UC.hmmic•l, flf,WI. ant ~ran1~ort. ~~11 1 ..m1ch h.r.r111 b•11n s•l•i;t4id to 
ei:rn:•lll'(l-nd. i::c as:-rcl fie .111 t• .i;:.ond:l.tl(NliL S•c.t.icn 4. 0 r.!I L~ Hill Madd.• lrlft.ictl 
c•n b11 &"J1Plie:d .at S\.llbdi::b D :hdUtht: t:.o JITeiiin. le•chm:t:ci gorw.ut:L.ol!'L 41111 
•~1i-.atton. topi~s lnJ:lud• t~• llOdeling of l111....i:.bo11e• ~'l.Wlntity •nd q1..1.1.l!~y. 
f.sc: l1 it)' da!lii ~. ~h•111 c:d .rid •le: rcb 1.al tulUlpo:rt , 1:i1cdl!,1r•dat:ioin, 1Nichil1111i::al 
rQi;I; iQJl.J I IM flov hi.'' r fi:aetuu. ]UU!s t.' 111111 Clp.!1•111•) • fe41Cllr.aJI of llOM 
curre1u:ly •vdlllbh 1110dell •.t:e 11..-.-r·;Lnd. in t&blea 1\1-1 t.h:rc:iugh 4~1ii. 111'1. 



hcdori. i.0, th. .sppliemt:.1~ ll,\lf _.h to ap111Uf.US 111~1111111 1.• .addreH911_ 
f41?lm:.t11 1TIC.l\id4: tM: H lKdot'I of llfM'ld:la and. tMll" ftrlflc:&tiflD ti'd vaU.4-t:bo, 

41 • larp nwil:HT of phyd.C411l. ~ia'i lllld bh•l.,,1"11: " PRCHH.a fld Dl;'.C\l.r 

~iflg Uui Ufeitt..- cf • ..,...t: .. l);I; "fOAl ! II cl~ ~ l.-' lb,_,11111 pi• r• illH•ll 

iufl~• ~ ifi14Htloa •nd algT11t.10!!! a.i '1.Hdw· i fz:w St. -.utlll D 
he 111 'tiH ' ... of dlie .~..... iU"• z:• 'i,.. ~ ... :..,, ...... , 'D U!SC?!dN •nd 
llfltd:lE!t:; 1Jtht:n •u vuy poorly ~Ult' ... .:' 

• Du.Ill c:a t:lul 11:&.dJJ v""L•ty of 1'Htli& :plll.C6d ta fl.:ibr:l'tw D fadli t:iH .llAd 
Nii:..,..• o! cH ff•TM1iC•• 1n oclutr fiH:ti:in, 1uch u the OP9UJ:;lgri, ..S.•t p1, 
&rJ4. ..... o! & fllE!1l1ty, It: 11 ~ diffi-cvl~ t~ prllldic~ th• T .. 1.-•I Tiit& 
of 14lachAt111 g1m.41:r.11tfld •t a -puc.ii::ul•l' dl.~·•l fad UtJ', hlN.U i-u• 
11111u.t.Mti1m mi.mt lm::luda ttMll d4tenalnait1n of b<im di.Iii i::oaeuinant 
c:vnc:1ntr•tiona in the 1111•chat111 &tld ~. VQl\mil!t:z:lc flux of le.a~h.t.t•-

• Onu nlHHd ti:. .tlN au1:11t1ial•c11, lm&cl:iaa .t1n~in U,..ndJI on. fACIHJ'• 
111ucb .u. l:he Uqu.ld ~t:un1 of tlM ••• ttli. ~ ieMatul IJ'f4'~1"tJ.H or: the 
llll~t. coud.4:Q.tnu. ch• lud.Lbr; ~&t• 1 ~ d:la.u. af'Jfi b}'dl'1llpahi1111:! 
:propen.t•• - c:a.plu :lbt:4r.c t:ll ~ru: M'tltHI\ phydrelll, cbMda.al, ~ 
bi11>lope.al procen1:1 . ..:ant.i:ol ... i:-u11'..l.:m r.~ .Uld d.JT-11i:t:l-1m. 

~ Tb• r•vl•tcrq to ~ $~11d ~••tt ~i•J»(l.Slll Fac:tliry Crt~rl& e~~ • 
ne:td. !c:ir c:ooh co tindic:'C. th• p1n:faonMm• of fac.1UtiH l'!IW;r t.latli_ Tba 
pl'b&r)I mH af 11Dd4b nllittid to tbfl r•'l'hlloti.m U• ~z:.ad w '1;11; 

1J ~tntl1;111 that il111:1madva duipti v.Ul u.r:lafy 
'P•rfcrume &t.1nda:cti 11. • _ • t1urt MCI.a. f·i:i:r c:muainanu Df i::anc•:tn 
'11111 L'!Ot b4I HC~d 411t .a ikrw.gradhn~ pctlnt Df i::~Ucice). 

2) tlAoutr•t lon U1.u: a p.art.leul&'f !!9:1 ip .ud/H hyd.roJH.l.o!l,k 
Nl:~111f; •~utu t:bet th111u '111'1 U 'b11 t:ic pt1ic111r11r:ia1 :fm.r mlJl'•t.hrn of 
1:.0nta.:ll\lilltJ1 f:rOll tblJi filii::l 11ey 1:111 tltm l.IPPlll'[Jlla:tt •qu1flT d!Ariq d!.1111 
M:;I[ l '11'11 1th of t:.ha \Int t: L 

• Jih.-.rau.. :Md111b u:l 111: ~f. c:oulo be i11ppl led 't!fl! Olll1 1111Nlar:.len o! 
lu.<!b•t• pm:r&tion .and •igrullllD. n. ... llllldah Pl!~ • 'lfide HD,Be 
iA c.iarJq11•~!1. [1. f'ria •bpl.• antilytie•l 1~\Qtiau -wld . .eh can be .al'VOd dt'b 
• i::deu:l•tor to c,,.,111. 11W16r:l.i!::d ~h Mb;l..m nq.\dz:• • larp c~r _ 

ill HlithMiat.l1:a.l JllOdah C4111'11 pri:rtt!l.dm .it ,q;m ful 111MM. t~ mKMTltand. .and l!"Nd[cc 
th• df'act• of ¥ .. ta dl•poHl !11c :1:11'1:: lH on the ni.b&urf~111 .nvlr~nmmt:, 
How4l·11n·. M incU.vidiwl.l llllflid81 Q:h ts 'th.l.t c:u 11111.ilat• &l.l ot thil 
vr1:1~11:11••• aff•i::t1na l1N1c:h&t• .-Nll~at1lflllll 4llnd .igr•~- lP •~ e••••· 
lt lil 'bendl.c-i&1 t:a linll: or coupl• ··~·al.irM·"' c:odli1 to prc:iidu4!:111 & •:t• 
.IU!.cur•I:• :r•pT•:11ai1-=- U-1m of the 1c:t11al ..,.•t•• _ 

'1 



• Ib• \l411 ot. 11M1ciumatic.l llll>d4i 11 l'MtlilN:• • illf U.flri :r:wp:ce•*nbi!t1.o:iw ot 
l:'fl•lit:}'- U~am:tdnt:y 11 it'l'C-rodu.c.d ba:c:o111ua111 of 1) lllllU\mflt:i1:nu: •nd 
•t"J.llifie.ada:n1. 2) a bck gf deta. and :l) Ii poc:r ~ntandirig o!f 11110M 

procuH• i?lfl'l.llHl.il•ing the le'l!Ja uid transpoTt of eontU1i-n.J1t1111, NH1Uill}'. 
l t h diffi i:;u.l c 'Ch qua:nE:ify tl\o 're.cu i:ll f di b uni;:.•rtainty -

• It is: hrpou:ible 'Co d11vel1;1p "' •~t of dbi::r1U.11! :11t:•n.da:rr3. "•ee.nario•• fri:t11 
1.lh!ch a mcd.t:l•r co~ld 1el11111~~ ~ &Pi'\Jini, .a aodel ~ a •P~ific ~•~l 
ldtil . :iai::h .ll:i 1:111 mu t: b• ~nr lkd l 'l'ld l vidu.ally. It. lu1• rwiabil!I r cf 
l•ctor• llU.9t: b• ~~n•itt.red wlwiin ch•ra~t•Tt~in1 • ~1te_ 

• vo11rif"1c•t:i1:m aiid. v411lldatloa um ic,~it:fcal Qll•CICIJ of t:hll\ dn•l~j;JMDIC and 
•P?llc.&tlon of acideh. n..,. an pa:rt1eularl)I i.tlpOrt.ant fol" li.u-
1pedf1 c • tudl!IUI _ 



UCl'.Ull 2.0 

Kara ~ 11 'Cl l llion tcitY d 1!1111-Ud. vuu r.pla~d Ullilllm!!i ~dtle. D at:• 
J'9MT11t:ed 11.ach )l'Qt-. lbi• lncludli• i .6 bUtlaQ ~ o! indwl~td 
narih.a:Qt"dowi vu t9 Ur.ichaU.t'Jli !li!L a: wl.IU~ 'tom of •l11C~t1.~ 1J.t1 U tJ' wut•) , :2 
to 3 bilU...:mi cun. gf" o:ll ~ p• !If.HR. WU:'llll tho l.'ii billt.MI [OJ& i;i1f lllinlq 
lltU't•., imd HO :mnuon t:QQll lftf .... 11::1,.1 ulld Vtit:Ai {D.I. !l'A, l9Hc), 

Uqu.ld& p.a1'!:1i1l•tlD.1 tht'Of4h HU.d ill\IU'tA tnt4r....ct whb c~ 11'Nt• ti::t fom 
h.cb&t:.. l.a&e:htib l!l • U.quld whld! hH Ni:IOlllll bo1pl7 dMnllHcl ~ 
th6 n:c.rall:! t.111n o! di••o1..,..d or ~d ... t1dall frcia t:.bm n•t:a (11M!n eir; 
.... I un.. Criffil:I. afl4 :lbtllip. 1979}. Both t.h111 quq~ tJ' M¥l thli quaH~ Of tblo 
l•ach.lllt11 ,~.d f~o. wa•t• dlapo11a1. f~ilttt•• .re lltporCJifte !.ac:t~• 
aff•~tiD.1 t~ poc.n~ f~r off·•t~ ~cntllalnAtlon tr~ ~· f•cil1~•. 
UrihTQ.U\.&Uly, ~ct:lcm -cf laachau qu.a.aU t;:r ,md./H qw U:)' :c... ~:ry 
dU'.!lCl.lllt: b•c.sw11e llll&eh.a.t.e flua llDil compoaltieti. at'• !dghly •lte.~ &ad v...t•· 
.,...:.111.:c. Complu i:haiul. biolo,1ic.al 1 ~ p'hylic&l lnu:raoUon1 alt.z- thto 
11:01111,u i tlCN:i i:i-f the llll.atiha!.8! Pi'QT :1pa1:ia Hd icbe • 

lath ~P9Ct.9 o-f le&eha.H ~i-.. ui::in, q~tlcy a:t!ld qy.allt:-,. R• dbcu1:111111d In 
thf.a: Hic.daa. '"'Con affRtln& 111111.d!i ar. :ffft.-.d fciil' thTH aajr.:o: t:-,pu· .of 
S:uliUtl4 D far.::! l1U•111:: ~1111• (~te.!'.P•l .md tndunYh.t) • .aYrlar.::• 
:Lap~u , and 1.imd t::s:ntM'nt op4-'l'atiorul. 

2 .1.1 lftpd ghtl 14odfilt. 

Fig'bn 2. l i• .a ·~ i:i-f t:M !u: tmt• •ffRtlq, lH.cbaai volii. pn11:ri1.tbn. 
the ~ti cy Df 1.ach.atm pro~ at & llllndf'l U "-J•nibl prtudly Dil cl. 
1ntn 't.r•tlO!r.1 &nd cu •alwdot1: i-at•• d .... tez- (:SuP*ft. usi) . n-. 
lnfilttadon d pn:dplt11't:i.011. i. nomally du dih·ll: ~t:d'bu~r cti i...t:Mit• 
ltqu1d. 1'IW r&1;• of 1.nlUu.eUau of :r•1JTllllltH' d4pedl; ~ tbl: i:liMb, ~ • 
.. ~~1~ pot•nt1&1 •nd 111t:n~•_. ~~l~ of tlNi lat!ld.f111 elltYe~, awt"tlll~• l'LD1lllff 1 

arid th. iit"taJ:.:::•ptlon ind tr&mpl ntl.on of :mohwu tliy ., • .,ut::tap {&aQ .md. 
Ap11nt, l HU . Q:ch.ere toH Uiih nuzi:.H o:! 1.euiba:c:. 1 lquLd inc:llJ.da g1'0W)dlil•t•t' 
t-ri:cr\l.&1DP lnit1;11 the land.fill, 111'Lftltt•ll:t~ of t:rdpdOTI W.Clll'.I!' (lo~ of ;IUl'f&ee 

TIKJ~n. Gd c.h111 ulaa.s• of' t.fMi lnitial wa1u artiJlb.11,"• c.i;:int.nt through 
•1radil~taa ~ by •ub• lunc• 111fld/o!' oa.ptH•lm d the w..su. 

The itptt<;:U:ii;: Ui11itou .lbow 1n Flgtar• 2. l u• ai:ld:rHud in. .au .Qt.ail in thh 
HJKIZ't 'U.Ddliir da11 raUallitll\I pM:ral be.adln,p ~ ctJa d.lii:dp, GploU"t.:lt:'ln r illl'ld •I:• i:tf 
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• fKil lt}'. ch.ii ~1 tM. vut• • • .i::;ompollli 'C'.lasl. the i::liaa'te. .and chm flul u.111 
ot a b11!1:ley. 

Flgu.r• Z. 2 •liov• th• componenu -mf a 1111mlclpd tandfiU. tn t:.h• l.Mfil t. 
vu~ b ct.po.tud in etil h 2: to 1:5 fut chick. a:l!d. COll!p&eit.:ed to • d•ut..dtJ' of 
&.00 'o 1000 lb/<:.\J., J'd. (l'ohl.ed. &tld Ena•l'b~t. Ul7'). Th1111 c:dll; au cowrad 
vtth 1t hut aix 1.~ mt .1u:i Ll datl,.. C.lh t:&Q. 'M 11l.-c11d on ti:ip of •u:-liu 
cal Lt: ~ hm 5..l)!IQ. r:if "°"' tMl:i 2~0 f••~ .UOV. t'bl origiria:l lud ;Sq1'fG111, tnba:r 
pau ibh c1:1•poua.u of .. •aa:t: 1:.11!7 landt'.111 lnclU611 • l.t·11:1n;. .a Inch.Au 
collee,icm .Y•tq , dl'.dn S7•U&I UJ ti:t:m'll'llmt Plrl'~ :nmof f and :tu:a • oo cir to
lpt•~.-pt: p-~ater, l.Dd a fSnal. i;:;i:nt11T, t1w ,gi::ial b11 uU.lh 1:q, ari.y o~ all of 
then c~r:. 1ri a di9dp. b t1:1 •i~.is111 ~ 11n4ur:t:ton .a:Dd 11u:·cel•t;i'1!n af 
bacbii:. tb:ri:;iup tM land.fill. Th• pt::C:fO'faa.M!l!L 1Jlf r..blllil• mnglM4ir:l4 C:MIUlflih 

vi 11. c:;h.ange tMtr 'C.1.wii. 

fh• RH W.~r that flD'll'• thro:!Jlh Ui.fl 11:1::11 ld ... 'ttt, the .OU pt.illuf:&nt• vi 11 be 
laach11d out. Vl c:'l1 & .... uer MKiunt of pucolatlo:n. ddi pollur:..nu teftd u1 be 
Mn e1:11\iCM1.ll'4llt1td. but: ClMI rat:• e1f movf!Mrt.C. allcrifll; m:ir• .att111nwit1tiri. ( F•M 111t: 
d _ . 1!111:5) • 'nl• •ffec:t of .n3i1111•~•d di,.111;1 s;n "ntroll on. 1Hcl1.Qite pMnieicin 
&n di..:111.ued 'bfllw. 

$1,1.;['f•c• ci1pping 1• • •pe~lall1•4 t11chniq111111: bJ -.hlch va•t4: dlapo,aal •it.a. &T• 
.covarmr.t by v•dO'l.l:t .. te:Tid.11: ici::t pr.wnt tnfUt:ration, cDGcrol •:r:a1111bm 1 and. 
hal..,t• and. c:i:in1:a.ln. Vll:llt• &lid vethtil•• CRif,10illhmri.•Ttl et d .• 1981:). In hlp 
pine :l.:pii ut:t,"'P,/l1DU n.apotran11pire i:J:an ... ~._.. • ll)'nth•t ic: bard er •.J b• nHd.ed 
(U.S. UA, UH&). H~:r. Ui• f:tn11l c:O"fflr hi ~b:.all1 • c_,..ct111d. 
nl.e.dul1 J..mpmrmamhl.• 1111011. 

Surfi1c• cnn cond1 't'14;1TI.:11 Vblch •n :lm:pld'Lllnt tn •ln:Utt.dnc infih.Yu lOi!. ""'"" 
•o1l chll•&e.tari1ti~• (•-&-. t:ypim:. ~-~~ion. :penllil!labl11ty, paro•lt)', Grg.an.l~ 
l::Wtd!llC. • and mo:h tun eontet'IC ) , ichltkru.u r IUld grMle , 'fhahl l!!Dnd.1 t:ii;iM 
d.tt:9nilM th.a ellfl4A:!ilqt af tlHI c:O'Hlr t:o 1t.or111 li'&ta'.I:', wt!J.1;?h l:n tum t:riflut~H 
the inf 1lt:t•t!o1:1 :rat•. Soll 'C.JPtUI a:1u1ul fipr C!i:tvera &H ot:ic1111n lo.1111U OZ' deylll')' 
ha> ~1ck.ttmm11111H at• 1,1w1,1d 1J n hui: IC'VO h•t; •nd tl'i• Ill• flit dJli ~ i• 
i:yp!~ll:r tlN:I to flw ,.rc.:r:ic 'to ~rJ.1111rap .. uf.t.ie411 rum:ift (1.-C. Jr.:i:nt.n. Co .• 
Ul'.5) • or.. a ul l dii•ipwid. C:O"IU, then sbiruld l3a :qe .-.T.u: 'lllhar. Wl'C.U ~&B 
pcm.d. 

Und.m:tdrd1U1p llffu~• 1nf11 ~Tnllln l:M, WlwH ~dyhtg 1a)l'eln •n 
uia.sa'tl-'nt.4. g.l:Je 1rd1k~·ar:;l.11Q m;.w~ h np.la.bltA by IC!ia 11•TIMabil l icy of t.hlll 
upper h)'9r111. Whtm th• t.yu.t. ll• -eu·n:tltlJ, ~ hy.r v1ch dim lmat 
pel:M&bil l.qi cari.ucil.a in.f:lltnl;:hn (Cl:iw. l '§164). 

tlnlHI malnu !.Md, •Ul'hH r:i1pa Cilft :hU Vi di. t~ • Po.slli1bb IC ltt.l.tlq ig.r 
:faUu:i;:11: inc.lu.d9 p6Mt.r.at:lun 1:1f tli• ~qqr bJ plMl!C T6C:r:il 01: ~ di1g:L.i"J& &l."Ll.IMllt., 
end 111• c:urbaT1.ce c:&U.11111d 'by wllcH:ri ... .u.t:ivt.th• (U. 15. 11'.li.1 HH•) . 
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~ l11Wr 1• 1111 kydraulli: b1rri•r r::h&t 1;41: t~1~t. dii• •1g~atlon cf llqu1da Er~ a 
vut11 dhpoul f1111eilhy. Depe:t141~1 on ~ii M'C11r-id UIJ-4 111nd 1u ... H, • UMr 
i:.-an .11 l.110 1d:lorb ltt'Ld •tt:.il-mw1 t.ti itwpe:nd.d ei:r dl:l:H,..l~d iiiei llur::.a:rrt" CU, 5. U.A., 
l. 91&&) . The! hydTa1J.l i c: coadl.l.t; c.iTl ty cif t'h• l :l..Mr 11:bi11uld b., 10" 1 CJa/s or h.-• , 
A v!.d1: vairh t.y of lln111f'• hmve btit:n. d1t1Ji111 lop11d.. 1114•• 1.rte lu.1'111 ccmpac Ud Tll'C iv11 
.a1:1d iapi:i ~t11d sol b , c~c: ic.,d .&ol 1/betiticmite mitxu.. &Dd •yrrth•tic 111t11br•T1•• , 
S}"llthat:it; l in.en C:.at"L be ••b t;ompo:11 iil::it1ns. •w:.h .._. clfftCreu or .a.sph.al t 1-c 
~oner~~•: apray1:d o~ liD•?&, •~b •• TUbb•T• OT msphalt; 5oil ••almnc.s; o~ 
rttt::tibl., lllilllbT"&'l:le 11ruuts. 

N• tunl Un.it u. c-ona!s-c :Lnl!i cf DM or 111Df11 lay mu cf e;i;ihG 111 v.e ccmpac:t•d clay. 
'l;llU-1111}' h1111V4! • las:g• .,ttilln.1.1u:i.on icap11i:lty. b.u;ic .u• Mril pDJ;'O'l.!9 thin i:rirl111:r 
cypu , Cone r•ce .&nd .u;phal t: ir;: r1ick .and h.a'tr11 pMi;i; T•• bt.aMll!I c.11 chmm1i:&l1:. 
~ r.&N!! lir:u11 n &T11: th4 le.an p.t:n.11.abb. but havtl 11 ir:: e:111 att•'J11.Wtiein 
c.a.p•bi lt ty. 'fvo d:I: tre rl!!nc. t:yp1111-11 ~f lineu i:i!titm can bll: 1J.nd. ~ogoi::h11111: at 41 
s i c:1: , fo?" example 11 c0111111po• it1111 c Liii)' a:nd flQt~l" i:Neb:r.ane llNtir b '[eco11111mn.lttd 
by ich111 E'.Pill fc:r- iuny 11:lci&11. Alsa, c:l1•11:I: r:1 l-.SM6r-pt t<vm liM n. 1uch u fly •tih, 
11.meston•. .and hy~ous a:xtd(I• of 1.ri=in. can b11: u.M:d 1 n corij w:u: ~:Lan 'Iii th c,11;h1r 
~)'p~u: of Urutn (H.gQ, l 912: 'lJ .. S. HAI. 1981&) • 

L.@:111ehate .CD ll t!:Ct.11 illlbov• chi!! l hair c.mwo lnl!: I bulld i.ip D £ h)'d.Ul.Ll ti\:; hUd vh!cb 
acts As & drivlrig fa~c11: foir algr1~Soo to th• •ub:J1~~f..c.1. The: dJ:!pl:h of 
.iu:: c..niuh r. i1m b contrl.'Ued by c.h11: 1 .y.ib"•u.li.c CO<ridl.i.&'=l vicy of l;h• liM r •nd th1: 
1111:1 t: p•rc:o la~ liM'I r.ill IC• in tb. hndfi ll, The •i:c..ul•titd 11q;1111d a'U.:11 t: be: r91H'lllfld 
by 1 lem~kat• cDll.ctloa ty•cllill. Ta f•~llit1~e le~hac.e ~oll•~t1o~. linllrs 
·~~ mlop~d. fromi 0 Co ~0 ~mn:e~t. vl~h IC'kltl per~•:nt ti.1n,g tn~ pr•c~1cal •ln1'iwl. 
O•~in l•agchs r.an&• ftClll lS ro 60 1111t:•s:~ (l'k.!nroa il.Dd Shrcctd.Rr, l'SS). 

(;hy Hftl!U arm eff1111cd~ ln 111nlmiz:in.s; •~U...,. if:?".&Nport: .out. of a facll:Ct:J. 
Hl!:k.bl'l c!:if f'\kSiic:i:n u C:trs l'!.brc'IJ.,lb ~ 1 hWll r can b111 sigoif1c•n.t, however. 
J~hn1~n at .1. Cl~!9} fQunO ~h•~ diffus1~·coDtrol£•d b~e.akth£cu'h ~f •OIMI 
or!ant i;: chit:alc: mis uy cccu:r v1 thin & f'e11r dll!i:.ub::ii of 91 hiceMl\I: and ~t 
Mtlmetr'bln.g c.an1tg,in.nu 111:1. U :capidly 11Jriti11 r t:l!.6 &l.lbsurf.1:1111 111:n:vif0-nllil!lnt. Tb11 
•ut:bic:i~a not~ du~ e~ll!n vtien do~l• linl!!~• wlth • l•mchl.ic• call11:i:t.tc~ lllJ:ll~•• 
.n:'ll' u.il.ad. d££.f..u.4Qn th.r,01;1,gh tti1111 lawrr: UMr U un.a.wldablllll tf d,• •.a.nd/gt<&VGl 
l•yer MfrlUU ~ng Che. b lblJ.t. ~, Cirif:t ln Jlnd !nJ llll1:l' ( l 978) MC.11 that: the 
1JOb1Ur::y Cl'f • loch.ate ~OM~il[:wsnt. th.~ 411 cl6)" U.l!iil\:' dtipt:rida cm th• 
t:hickitci 119 o-f ICM llnl!r. l:h11 fClna of ttwl l!!h-nc., th4 414':orpic1ein c&'J?•I! 1.t1 of 
the day. t:ha .:::at:t on" lni'C i.a.l i.y p1:11:s111nt: on. d\• .xch.&ng,11 ccmpl.11::ir. m• ehlflllllk•l 
ccmposll;:.hn ot du• l••ch11t1:. a?ld. rn• pH Df t.h1: la•eh.llit•' 

ht lure of a 11 cypn 11£ l ~ Mt:a 'hl'Wf bu!n cb-11-a::rv41dl. thou.&h i:he ii r:l--.1;"}' ~wa• of.' 
f6l lur1: d~ ff• n: for chll!' di ffllllr•rit. typH • To- d11t1111 r.t,ru: th• CO!lll'ill.tibi 1 l c.y c ( 11 
liTl"llT" vieh a lH-:h.11t:1111 1 one ~Hdit to ccndditT" t:h• f"H'"INmbillt:y cf t:bl U:nmr h:i 
the p r-.meni;.111: of th• 1;1&11-'C111 , t.hllll ~111u~n .x.e:t:.111ng. c11.pai: U::y of th• l1rt11 t, th11: 
p'<!-t:itnchl fr.ir cmt:astroph!ie fdl'llr11. 11nd t!tii• ~id::n•H .:if t.b11 llrutr (illi1,:1•rbmch 
fl i;: ml . , l '5114) . 

ll 



H•tur•l l1L\ll~ f•tlurm c•n r••~lt fTm111 lms• of M~f"U(:t"~:r•l in~5rl~ c.u.ed by 
1~b1id4nc.• or •ml••i~ •~tiv~ty er fram i~t•:r~etians :tui:~v.en che cl•y and 
1111.achat:e whh:h in.en .... ~ c.he Jfti["U&bU1ty a-f' 'he cl.ay. ~ 1U:clui.nh-.. catt 
C:•Ui;t.111 q inc.ru.H in c.hy ll11111:lr:' perM&b1l1t)'- S:cll 111:,ruccurr can O..v111lop 
t.ht"oug,h U.• floc:c:ubt.iari. of aoU p111:rttclm.m ln.c.v •11r•pt'l:1o 'If'; -:h. 11ubHC1UM'lt 
:1fl..-ini..a1a and e:ncldnj. Aho. ~lay1 Ul'I ba IJ&TIE:laU}' cU .. a:•<>h•d 'by c.bm•ic.ab 
at: < hy lflfld c:l_,- •.lm!I rd pu-t:ic:uh!E:u ~Id aove. wt th trui lB.ac.baC.il O'llt of tti. 
c: by .1 c.ru.:: l'..Ufe-. Jl.111or:t.1 shn'll, h.O'lllev.E" 1 s:.h•t &IE: tu che•te.a.l r::oT11;;1111Dtr.ac.:lcn.t.. 
dia~al~~•o~ 1~ no~ a ~rfl.ble• (U.~- EPA, ltlla). 

Flmzlbl1 ki-(Ulbr1111n.a: llnmr• ar~ ~ic:.ally 0.06 ~o 0.2) c:• thick. 'l'he)' are ,._..,.d 
aft•~ pl.acmllllfln~ •~ & ml~•- Lmalu, Vhleh r1111~ult fro• i.Wpt:01"•T 51,..in.g, rlpm, 
pull.~ rnru , Q.C:- di f£a ritn.r;ie l J.1.l.bd.d.lm:a of 'tM •i.ippo:rt b5 .10U • ere ofte!'I 
de:t1111c:t.1!d in the ftald (.l!irnvc ac: el .• 1nn. Impl'ofl•?" Huing h tb• •cu 
e~ ~&U111111 c£ ta11'1.U'.9. It 1s al•o po11lbl111 for fl1111xlbl• aieal:i~&~• liTIAIT• to 
hH fra ebq!<?.-1 incmq:i.ac1'bllity and sc1'1•n'C &tnc~. l)agr&dat:.l.on. ot 
fl•~tbl1111 m11mbr&ne lil'lllll~s tt:itpo.111d c.~ l&ndflll cond.l'ClOt'I• h111 b••n r•portad 'CO 
cccur w1chin ~ tc ~O y•a~1 (aTl9m ~t al., 19$1), 

lllt'oim ~t o11l. (lli'U} litw:l.iild lHbg• i-a~u throug.ti ti.al...: in. U111:ic.1ble Mllbnne 
l in111:r:11 . Fl DY 'NH pT"hQrri ly dl!'pe:lliieftt on ci"i• .ai:ta and 1h1po11 i;!f cbr flaw, ch.ir 
Hquld. hu.d. .and t:h111 hydu!,J.l i ~ c;?~mr.a-c. 't11 i:i.st: !c.1 of tla ii.ubb.a.111:111 . Table 2 • 1 
ti'1.i)1.l:I 1 e:•kage ra.tH• fot' v1u·iolll ll-1Zifl 11: and :1h.ap11:1 of l t111;1,1dl • Tht: aut.hc~.s. 
plto\'l~ !Un c•ble:1 tluit C-*.1'!1 ba 'll:11ed tn fl:lll:tialte ~n• pot•n'=i.IJ lu.kage ll~'i:t 
.md•T v•:r1Qwi condltii;!nt: and ttwl lih!IC~e~ 1oll sut'facm 4rea ~~ct..r & fle1ible 
mttab i:'.&rl.'1 1 i Ml: -

l.t!ac:h.tt• colll!ctl"'1'1 •Y•tamm arm damlgned i;,o •1nimlr~ t~ hy(tro11ultc: h••d •b~'\1'9 
ill lit.l!!r. They c:onsl:llr: a( I Berl•~ af d:i:'.&11'1.111: thlt 1nt1n;u:pC thifl lu-cno11t• •nd 
ch.a.nn•l it b7 gravity flow t.o ill •ump 1"1h•r* th.a le.u:bilt~ 1• PWll?•d to t~a'CrNnt: 
f.aciltc.111!!~ (~Qgo.llihl!vskl mt: .al., 1982). Tyflcdlly, ~•Tfa:rat.ed drain pl]tes &re 
p lai:-11d iri 1r.1v11 l/11-mnd- fil hdl t-r•nch.es: ..:ti: .:in th11: tAp 111 f .::'he llur . n,.,. 
iTaSrL!l.g• 1.myu· 111 Wi!Wllb at h.a11:t OM fc,at t:hlck •t\d i• .1lopod to l!nc0\i'f'4.!:• 
illllY towa~d th• drains. ~ dretru.g• la1•~ hyd~r~ll~ ccnd~cCiYity T&n1•• f:rot11 
1.0' • to lO-:ii emf II:. 'b1,n: 1:1'ut liUJU!iH tel! llirLlllll\m hyd'L"•ulic c-on~!l;lvi:t:y ill rn·;I 
ca/ .s (:!'lc:En:cn .and :S'hrrtlt'de r. l 4.J 88} , The tr. S. El"A • l •~ rec Ollliltil rut.I ttl-1,.: I aac:h.a.t.l!I 
~ci u .. c:-. ion .sy11 tl!l:U &&h1tain .a h)'drl~U e !uli1.CI of h11111 i;;h..a.?t one fomt (U.S. EPA, 
19U.a.). 

Leac.h•~• collet'c:tion s1•c~ c•~ clag. Cl~ggln& c&~ be ciUD•~ bJ ph75tcal, 
b!o\.cg!c.al, i;u- c•~111-c.d •1111-!!h•nin•. :Phydc.al 11111111:}111u'Ll.a. 1tl.c:\udl! imdeq!J.11~ 
cap•ei')'. l~'f'Uctura.l !ail~r.. •~Cl :1111:dlllt5tlt:a~io~ of ~olldil. In.~lW;.1~ cl'ui•ic•l 
p-Uc:llJl'it.ac.u c•t11 fc.in, a:r •iu.1 at 'b1ol"11glc:..al. :11 l iM &Tld h:ri:-:l c: hydto:it1dii -c:r 
fl!rr le 21;ulf ldG: ~an fo:ni p~•eipi !l;atas . Th11 but. ••y l:c de:• l '111 th e [(1-"tn.e; 
pr~bJ~ is tc iac:~rp~r•~• rmdund.ancl•I lntc l:hm design (Clu.~s•~t ·~ 11., 
llJ:Pii} -
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'f'ADl• 1· l. 
AYIUgfl I.mil !tac.ms (i.l/yr) Pru. IH .. ff11Ul:Jt Us:• atid Sh.I.~ 

Fl.aws hi o. DI 1:111 Tb li!'.lc ffl!IH. U Mt:" Ov. r Cnvd u Tn. uquid El".&d.s 

Holt 1lz• to;I •b!Ult 

O.l6 ~ di,...~et:" 

.5 cm: ••13 
lS. c:m ..... 

110 

1412 

100 S" h11d 

lii-5 

?:!OS. 

1§.7:80 

.,, 
:5-62) 

3.2~ 

12'""' 

tf the pou i bl l i ey nb'Cll t:ha.t ~lll'Cfl!I i:- coin in.Crud11 i nt:c .a t.ndfil l , :It 111 
l'llll!"at•H'7"'7 t1;1i n... ..... 1: dr•tna1• .ay111~ &Dd/vr pWl'pin& &Jllt,.11 .:o c:.orrctvl t:ht! 
11:n:.11Ci(I :· at die vo11.c.1u: tabll!I.. Var n:ampl11 1 g:raimu:hr.at:11:r h•t•+l!llillrl'tOT" t:1:"on.che:11 
uy 'b• llllHd: to lOft::r ~. Htu uble in 'Chio vidri.ley r:it a landfi11. Llke'lilhe, 
'CCI •inlmlzil! infil 'C"l'at:.ion 1 t1'Co • l.aru:U"ill 1 .S\lt"f>11ic111 w11:t;iBT ""1 •'"' 111bci'!.'l d bt 
d.lwrtedi u-01,;md "rropuly dl:dgn•d: landifUh thri':!ugh t.hii m.1111 d dridnmg.11 

11'.)'•t.ems. 

'Rl2~,r .a'ltit thrme ... 1.t1 per.lo&. ill t:ha •1it11• cf .a 1&!1dftll; 1:1p11rat1.on 1 eloiJU:re, 
pci1t·~lo~~'f'il.. In &l1Ml'1t .all ea111. 1ignlfic~ft~lJ ao:re IJl"9rcol&~1oft occui:-~ 
dw.r1 ng i=.hm op11 i:-at: ton of .a hndf ll l that:1 1n the illth41 s: P• r1od.t . 

°"1rit1g opml'o11.tiot1 of • l•ndfill. 0'11~ of thT~ll matRDd~ ru.y b• emplo~•d ln 
dJ.1rpOilli ins Cl f 'Cb.- lil3ill't41-; th• .I.Hill 1 CU:r".ICb , 'Ol' [.IUlip ti'Chad. 11w •r11-. lH! thin~ i.11 
11mpl lll.7'11d an 11lo:pin!j larid, cir ~ti c.imri::m..s. -l'sh1:s. qu.11rrtas and etll4.I" 
dcip.r-ndi!!n.t. TnilYl DpH411th!!n lft'loln1 1p:re.ullng c.he VHU 1.n dd.n byH'111:, 
coarp6ct 1.ng c.h11 'lfut.11 c.111 Cha .... 11.-sic val._.. t.h1ul •'P~ lyh:i5 o1nd eomp1i:tinl!: i111 t 
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lH&t: dx l1KchH of -cow~ 1111.cMl&l co :ltltd.:ald:z.e :11.:.,-•n.g•:r. a•:ii;th.,tlc.. vecC"or 
•C'l.d air p:t'i:!iblll!.IB . ?h1: cOY•t:ed, !C.GB11&e.C11111f; v.llJI t:a MC~IM IP • -c 11 L Ilki • btt, 
sh•pa: • .a~d d.t1;1t~ ~r ~•Ila v•C"i•• and i• influ.it~~red bt facc.o~s •uch &111 tlMl 
tnmiioll!r i::tf '41111hic le s Which •wi c. unload w••t:.eJ• .at " JiV9n t1.1111, When Ith• •:tna 
••thod b us•d • .a i;:flmplet•d, 1.and.fill iuy ~i:iMi . .at of .a 11:111rlu; er l•;!f41:U '.50 to 
l~O f~ec abi::t~• th.a c~igl11111l l.Eld •urf°&e• (All•£ •t •1. • l~a7~ lmhoff. 191t: 
H111t10'Dlll C.:nc.itr fa~ ll"ll•cur~1111 R"eqv•:ry, Inc .• 1'7•). 

Th11: t.r;-11m11;?h w ~r:;id. typiei1i l ly h •JHd fu flat cu piu::ly dap1nl!i lJmd. 
succu.alve p.a~ml1.el t:.~1!mchH &.t'I! exci1vat•cl •nd ft1111d., Th1111 t:unc.b l&flg~ IJ 
50 t:o 100 {Ht:; th4 ~'Pit:h v1:r-le1111. The ramp •u:bcid 111 & Yn!l.atl1m cf th• a:rcia 
1Mmi:id.. ni. 4lf!ll!lrani:.re 111 lth1111'C '-bit: .r:cw~ 11111.tl!rial b ·~aviat4:d fToa b&l~ and 
in fr,;mt: of th.it vt1 r;-lcing f•c: • fl f ithi11 f 111 Ot.aUOMl t:.n.cre r :fo~ h.Hrul'ctt 
&ilec.overy. lt!lc:. . 19 J.t.) . 

Iii mi.ab• r "f .eip• udorill he t:O?I 1111£f49 .. cic th• cti-i•hC.i!C)' of l•111ch.at:1: g.et:111:r .at.ff •t .a. 
landfill. TI'll!se: lncludl! tlw h•ndll:ns •nd ti~ of plac•ll6~t af c~Ymr aa..c.rl•l, 
..... :1t:1: p~1111tn1tta11nt, it:n• d•gT.,e of c:•pa(:clei:n. va.ut!nl!i prfor t.a er fcll<riViTlf 
ci:.>l:RJPllic c ii;ln, V111:' i.mtlom1 in ll!ell c: 11tU1 t.nJC:! ti en, •fllf vo11r-i 11t 1'°11'1 ln v1111;1 i::e 
ccmpomlt:tcr., SOii• of th•5~ f1e~or• 4re dl1cus:1ed fur'h•~ b1:1ov. altbauafii 
spaciflc lnfonu.cicn 111bout thm •ff•ct.• af Qpa~•tion.l pr.ac.ticea on l••~h&t.e 
g1:nc~•t1011 h riot: 41vdla'bh (Lu. u d,. lH"!i: twlk•Y n .al .• l'llBSI). 

Th• hi& t:ilNI h11:!on pl.•!!!&a•"c 1!1{ 1;h1111 ftul C::ll)VU .t.nd ..,•&11!1 i::-ill~li:in vll 1 v•ry vi th. 
th~ typ1111 ~nd ~l%e of oper11iti<m. Iateramdimte ccVctrs .allO¥ "°'" ~•r-c.ol1tion 
.and e.~cdon ~c • .,.u tt..11:y •:r. thbmitr (Le .. h.&itll!I bu St:fl~.agm capu:1t:y), ar;-11: 
b•i t.O!ip4.Ct:llll ii. and h.aw11 llD Vl!l!jllll C&t.1 Vt!: CQVl!lr. DJNI r•t 1ona1 iruifft i=lillTl!i!!)'. 5U.Ch 
as la~k of •daquat.11: dr•l!ll.RI~· Yill •llQ l~et•~~· r•rcol1111cion. timlting 'Che 
r;. he 9f r;:l\e IU. i V4!J i:.e 11 P:4!1·d1JC~H: cht VolUM of 'lllllC4! r .:n,11l'!:nl!j tlw Clll! ll dudna; 
.1.~tiv~ cpit£111tiQn (Fenn •t. •1., 1'111~). 

Th.a; pr;-act1~1! of coillmpoml:nl!i cf •ludit• (bath IB.l.ll\!!!ip•l -ll~d ind~tT111) 

j nc:r•-11.!P.•$ ic.h• in l th l 1111e1 l n:\rre c:or.ttm: of t'l'lll!I 'lt'H ca:. TlH • !gti l fic111nce: cf 
codl•;pos•l pl'&c,lce5 fol' 111:111ch..atm s•n.~•t1on d:c.p~ndl; ~n th& t:rP• 1111nd &WOW\t ot 
•lYdgEi, t:he llJ(ti~t:ure ~o~te~t of t:hii! aludg1111, it.J. moimtu~11 hDldini c:•p~{tJ, -!Ind 
th11: 11 ffl!:ct ~f 1?.Dll!Jl.11:ct1ori a11d da Ci:JlllJ!l~ll l thn <>n. r,;:h• r• le1-H of VIC4!1 r frOll dire 
sludfe. In~ di!ptk ~f bur1ml in tke i•nd:Cill will 1nf1u•n~e tha p£od.\ll~tt~n of 
~at11:r, b~~-11.U$• Qf in~T~•sa~ pT~•11~r~ 1-~ depth (~harlire •~al .• lt79: Lu 11t 
al.. lH!t). 

Ihe degr~e '-c which wA.&tl! ls coap.a.c.t:11d •Cte:~ pl•c:111.,111:nt aff•ets th1 w&~t• 
par-.1111.ab111t;y, vhleh l5 illlfl'l.lrt&n~ in d.1:.1111r1111i'C'.IJ.ng p•r~ala~lan rat•• undEr 
11•tYfatmd . .;:;Ondi(li::tns. In th11 unsat.urat.11:d l•f•T•. 1i£•v1t:J and c:•pill•JJ' 
pa.~n t.iAl .a~11 cent r~l l;h1;g -11.l'ld p•:nN:-illb l1 it)' ii nonH nHdJ t:e llllted to lllOill'W:t'e 
c~~•nt (l..u ec 11111., 194S). Fw'lg1111ro11 And S(eln•r (19~'> rl!port t.h• folll;!V!n.g 
ran!)! fD:r p11:;r:JHal;:J1Uty v•l'l.lllt:ll~ 10-z .-;r1/~ fo£ lO'lll c:ttlt1•1t}'. large pill:Ctfole llt.aJU 

Chu r;:h11u\ :!iiOO 1.b/cu. yd) to Uri. cw/• far:' hl;gh d.ruslcy, :1maH p.a:rt!cb v•:ii;t:a, 

Yl1.6 di!IJ.feill 41:nd t'aCe er blaloglc.ml dll:CIJillli!Cld.t:icn Cf 'IH:lt.11 C:M111• V\th l;illltl 

C 1 . 11: - , t..h11 •E.tl cf t.ih11 fie i 11 ty) , I~ o l.,.gl<:al -.ct l vi~ G.pend1 i:in ~hi! nu a f 



1:nfHtu?!cin .u1d ttl• db"trlb"11llan cf aoht"Un. Mic::i;:-~;i;-pn.1:1u t1111:ad. mohtun 
ico:nunts of 40 'CO LS.Cl pa:tctilt. "Yb h:l11 la. ln m:.:: 0ns af typ le&l fidd C:lf"l ey 
valu•• <St•gaa.n. 19!2). !.odl a•robl~ .llnd •~robi~ •icrDhi•l .i!9coapOd-it!lilP of 
va:1t• prcdDc•• vm~•r •• 1 by-prad.u'(!.t. Althou.gh llttl• 194~• 1:1 .ava1l•bl• on 
aii.., "P'l:"O\?IJ:t.a:. v.au'lt -pr~"d fr• t:h111 mic::cDht.d i:l9gT1d&icig.11 cf v1:1te AIJPHni 

~ ti. 1 •ino~ put of "Che 'COt.•l lm~•tit: qu.a.fl!I: l ey (1..u •t .al , • l 98~ > . 

Tiii• precl!ic:• af Tael~e"Ul&tin.g l•ac:b•t:• throti&&h a cloAad l1ndf111 b) ap~lying 
l 1! t:c t:h• hind fl 11 coV•r ps:-1;1110tH r:1pi4 dlt"'rdapM:rit of b.1.0logied degr•d.ati~, 
~on•erv•• :nrutl'."i•nta: requl"["ed tor •tJib1ltz&cian. and •nh4lnc11 .an&mrabl~ 
b lod•gi:-ad.at.hin. It :t•dm::•• bQ-a:.h ~e a.r115&nic: 11:.onee:r:.tr.nli:m in l HcMH llt!d c:ht: """ h•• of le•c:ti..:t:m it:ha t. au..u; be t:r.11ti11d, Motir1'\r4lr. it: :i:.. noiii; fH1dblm at uny 
curren1:: dtH (\I, !L EPA, 1'971). 

Cl iaa re h •n t~rtanc lt1f1Ull!nc:i11 i;;iri. l Hich1'Ce 1511!ne:rat:i 1;111,, Lii rg111 flu.:: tlWitlOftj. 
ln h:a~'.lu1te pr-odtJ<: ~icn h.av"' bu:!:\ o'b111e 1r•Hd in t::h• field. In ;g:n1.z:.al • c.hHll! 
i;orrHpond t:c ciMngH iti ..:: liDatic c.cnd!U: lOTl.I- Tha :ao• t :llli &nl fi~•nC:. C!UILtlt ic 
c:cnditlo~• are c.b• mHJllDlt:, ~Qta.ti~n. tr~qU4LI'IC!y, and lnt•ll'l:.llity of 
p~•clplt.at:!O"IJ_ 'llh•n ~:ry1f'll, t:a predie!t l••ch11te g•narat:i~11i, on.ly th.a aaQ'l.mt af 
pr•d -pt. uttq,n ll 'C)'ll'i c:ally ~Q~Ylii,·d•t:ttd _ ~c_.-vr~, tu u l111rt 1 v• d1 fhr•ric:e 
NIP'tl-81.'I r.&inhl l J rtbt"ris ! r;y Gd th!!: inf J 1 t:u tiori. nett l.s di• "k•)' filli:.t:olE" !Ln 
de tm:rm:tnln5 tb• :par c: itli:ming cf .i.:1rl&Clfl 6'Dd .sub.au:rf&~• fl ow. Ukavl:Hi, 
ni.Rf&ll frequ1!111:y and ~r11t i-o!'I. aff•c t: lca.1;?h.l.t• _gl!!N!: r11tion hy in.fl uuw: :Ii Cl& 
lr.lilt:ntion vi:ilWM •nd .nmcff (.Wub&ch e-c. al.. l!ili!lt.i; w •t .1111-, l!l'i!!l5), 

Pree ill l C:.•t ion oc:eu,u bod! a.s :r.aifl. ..rid lrl'ICl!ll' 111nd ..... -r;t...111 both H.U1m.al l}' .and 
g•ci~•pbic•lly. It.- •result. the £11.IX gf l•aeluite {ram• l~dftll ..ay ftDt b• 
.corn: 1rrw:nu; thr1:1usJi°"t cht )'41!•1'. llai:;h•T, 'Ch& .1u.j er pcrt.hn. ~f cb• lci.1tr;:h.a1;11 MY 
bm 1,o11:i:ua:r-.1u;•d: dur:l.a;g th• n lny IUtlCH:I. 1£ than :I.Ir iM'lll {Lu ill c:. ;ml • I l 4.il n) . 
tikev11m, In are.at vh•~• !rci~z•/thaw ~ycl•• ~c~ur. fs:-cz•TI gTo~nd •nd muiv 
a£~Ll.!11Ul•tion.1 r~duc:• infilt:r-&~ton dUrlrt& th• vint•t •o~ths. Cu~iTIJ ~h• l)~ing 
8!1l'OW"-1Nl t: , SUIE"bl!!.it :fl.Enl;lff l)C.CUU LR h! pr laOUJ'liC.S than Ull'U-11 l , Thmm • t:l:J• 
1::oC:..l ~'m'l!C of p.i!!rc:i;,lmUoi;i .and lHi::hat• 1•na~•th~n h r~dw:ed f~ whet lftlul.i!I 
b,ay9 C'ICC':ur'hd. ill & V-ITilflr .e:l l .. t11 ( ""'f'll"I et • l . • l 9'75) , 

5w:fac:• in.:maff/run-on is tha f~•ceion of pr11cipi~.a~l~~ th-&~ ll1»1a Gvt~l~nd 
"b•fon i1'1flh:rac:fon. Th• &aeunt uf :111.tT:f.li!~illl: nmoff dil!!pa:nd.5 on; che int:ensity 
6t'ld durac:.! 1:1'- of the 1n:or:a. t:b11 .11:nt•i:•i:ktnt .aol 1 me h 1:1,1.r• i::ctt1di t ion, ~. 
p1:n11tab111cy •n.d lnfiltr,tion <=.aiiacity of tb• cov•r sD11. t:11~ copo;gr~phy of 
cbm sit:11 (•!~•. 1h•P"· •lcpa:, ~fi•ntAtlon. elavat:ton). the pr11s•PC!• of 
ATtifielal d~mlnal!i• ,:ysttaa, mnd tlut A111DUnt and IC)'IMI" cf v11g-1ttiacion {Fmnn ~t 
al.. l!.1'75). 

rtw. -iac•l illpnrt•n~ lO'flg-c~rm ccnc:.~ol on nee vmrtic:•l ~•~r 1110Ve1111M1nt 11 
•v.apctnm•'Pir .at.ian. d nC!ill 1 t ..::onc.rc l.s the Dfl htu.r4 c:ont:11nt of ttl• llnd:H ll 
C:OV4tr (Au.arbal!!h •t. el .• l9Bi'J). Ev11pot:ranspl'C"lllCl0:r:1 h4a t";lo c:awpcn1mts; 
m:vapo~atlon, Ch•t d•pends ~•tly on cllJliaei~ fector• •ucb •~ pr•ei'Pit•,ion, 
Cllllf>•raeurci, hllillt~i(:)'. and wlnd sp11•d; and trADspi£•t1i:in, chac is Aff11~ttd 
acsc:.l7 by ~h8 cyp11 of .sell and ~lflp!t•l!icn, 7lwt r&ce of ev11pct.~aN1pir•l!lc~ 
drope. u tlui sq,il lfll)11t-.d'11 is dapht•d (:Fe:rm 111r; al., 1975). 

11 



14..,,ac al th. sc l1 ~btia• la• c ~ t.h11 al:Bl:l~n• b dwl i::11 t.r•na-p1r.ulDD _ it. 
numbe;r q.f f&etcii:n d'hc:t r:n~t:r-.athn. fti.ydalog.li:;&l f&e;tr;)1:".a lm?lud. th• 
t}'pe; llU'ld dmn&ity cf ~,..i::adcin, luf s"tiui;:t'..i.:re:. iGM! pt.nt cl!l~it;[on. and .op. 
EnvlroTilllL1!lt41 t&e cor11 1nitlud.ll i::h• Ha•i:in ,. 'CUIJN!i'•t:un, si::i la~ T•di•'t!ott, 
n:ln i•• hu:&t!diey. v1nd :5,_.d. and .toil mahtuT·• C:OTl'Cerllt (Lu 11 t &l. • lii~) _ 

tvapoT&C1~ iii -propDrttan.til t,o the 'l,l'.a:pt:li' pi;"l:HUID d.iffe nnc• b•JtlQ"'?'I 111'411ter in 
tb. sou and tti.. d r _ h: bi11coat1.1 tri.11gnlfican.~ 'Id di dmp~. Emrirof'lllll!nt:d 
!~~t~~· •fle~'lng 11v1:paration 1ncludA! wind .s:Jll••d, nuaidlr:y and a~ph•r1c 
f'U.Uur.t, :110:[.l llOhblin cvntanr:, and UM JtH&MLC• at dlHolv•i.I 110Ud..s. Tb11 
1111ind :rHK'''"'H 'litl ~re r t~ n1t..1ti- th• .u:r!1ci11 , ~... lnc.nuing r.h11 trV.apct".attor:i 
T411te. Rtllm.ldlt:y and. at1to11ph9rl~ ~r11.1slQ"lll ainl irl'fllr••ly ~11lat11d to ev.apo~aticn, 
Eviqior111t14.Yn r&cH dflctitu11 .dpiflc:utly wh•ri. lh.11 .lllll:ll moi.alC!Jr& cOt'lt•:nt drDpll 
llwiilw d.11 wi.l t1tlf pi;:. lnt ind: u db sol ,,...,d •ol ld& ccinc-111n~r•UoN1 in the 'llllll1:11t' 

1ncrll&.ILI: {Li.I et 11., 19i~J-

Flrully I HQl:IM.l c: l iu i:: ii:: V.au:':I.• tioriil ~Ul &fter.:o t th.ti lcil;?.1.11;: htn 0 r 'Chit 
JrO".ITldiit.ac:er it11ble. l 1:1 a-. il["•H • a :1111,-cnal :r: !•• in ch4! v.ac.e-:r i::abl 111 c:&t:i 
r~mult 1~ JT"OUnd:w1te~ l1ttc~lOJJ t~t:a th.e lalUtfill. ln .aditlon, 1rit:r~aaad 
infllt~at1on .ad pmrcol11ti.i;:.n ~f frmciplt:atlon tbl"O'Ugft 1 l.i.JJd£111 ir1:l3ti'WI to 
c.b11 .1urroundi:llS olll"H .1!' .. £'1 c•llNl 1:. in a aciu.ndl. 1n Lt-111 'M'11'C11 r tabla b• lov th11 
bd l :I. it:)'. ruul ic lnl!i in g.i;oun"1oro1 t:·U bu:rw 1an and .1o11-t\1Taticin of tha vq t•, thfl 
volt.Im& cE Htuuterd i.r.u.u. Ith~ ct0t1.tact: t 11114. and l~•t:" r, flQV di~iectlOJJ 
all i11 ff ec t -praduc c: ion of llll:m•t• 1,1nd4!! r 1:he.s~ c.ond1 tloru C Lu • c. •1 . • l 9lt5 l . 

After I!! lot.I.Lt"• of • f.•c:l li t.r. v•Jfl J;:.atlon it: ll'i!H!''l .... ll!y ph11r;..-d i ri liil'lil abov.a: tti.I 
fin.al r.:ouv11r _ \le5Bto1Lt::l E1rt. influ,e.t:1cu th11t bi111c:li.irig utre by 11Jt11 rC!11p11;:tni and 
tr•n.JPiT"inJ ~~•c1p1'Ca~icn, c:c11c.:ri;:.lli~1 ~urlace :n.inafE, •rid: tnu~. r~duc.ln,r; 
infl1':rac1on. Thtt C!oarpod1;101tt, d~ru:i~ • .1:m1 .1.1• o-f th.I vaaeta~ii;i.,_. 4111 dbct 
c:h1: quantil:)' of w&cmr tb11t infllt:r:a~•~ ~~ li1ndflll. Cr11•••• 're ~ually 
p-hnce..t t:o centre 1 11~ir:rn,. llei!M'nd!nl!i en t.h11 f:lri.1 l Wllfl ot. itb~ •I'll•, 3 lciing
t.era p.-ognHiMI Cil'I ri.ac.i"Ve ~J:i•C:iH ta Ubl}' (E.C. Jc:i:-d.9n Co •• 19U} _ 

l~ig11ticiin 1111: ofc~n prac.tli!!•d •t ~•rk:a. &alf c:our111••· •nd ln •gtic:ul1:ural 
fl re U.11 _ In ECllllll: p.al'"t:ll of 'Ci'Le i::cu:nt+y, it ... y be: req_ulritd to adntd n ii geiad 
J'f"olLH e~•'C'. ,,_ :fru i::ian r;if &pplle-d i 1:'.rii,il c.fon 111.at11i- (up 11;er ~ p.t-rc:t1t:1t} hi 
neV&r .absci:i;:b...d b-y tba: •""11 •rn.d ~vant:u.1ll7 P41["et:1l&CH davn. Th• diff.annt11 
b•tv.•n cbe 1rr 1gait lt0t1 input .and 11v~per Cl'an.s1JoinU0ti i a. the. IJIR7lmt that: vi ll 
in..H 1 E::rat.11:, .1 t ~ ~!f 1it u.sually in.11J?11f:l(;lftl:. In dry !:!lillll<tt.-9111:, c.h t. 
h1411[fieleney e:H. r11sult 1r.i dpif1carit le11c:h&t.11 111.•Tl•T"&it:hn (1.u ll!C. .:l .. 1'1111.5), 

Th• c<19p~1itlon of v••t.11 pl•c•d 1~ Ii 1111hd(ill ~•n aff11cll;: tllrii qu.nc.!ity Df 
le•i::hat.11 p~r;icl.u.c.ed from chm b-11 of a l•nd:[lll in '&'1fG ~•Y•- first, dl11p~11al cf 
w.a.at• w1 'Ch hip m:i btt1E"ll i!!Q,llt4:11-t I-. ol\llCh u f!JG.d •Eld 11111nlen. wa11 ~ c~ th.a 
c:odisposd .af .d 1,14,g•, i nt::rll!lue:m c:hir: oveu U aobc~.. c1:1nt•fl:t i;:i f th• vu u1. ;.. 
• J"Uli.Ll c. ct.~ WHtfl C:oll(!I 411b:50cb le u llllf 11C,[11t:in.g V&~f Ind f1iild c:•p•i:; l t:y l.a 
:r111.a.c.b11d scon1::r. S•Gol\d, stl'VII!. ac:I d..I, l:i~H 11. 1.alt11, 111\d sc- 11111.Lld i:n:,g111nlc• 



11.t.y ~ed~• Uw: ~cmt&1naent C&flmb111t1elli of ~~1ln~•r1d cancral.I: to •l&T•t1~n 
(•.J·, llner1), tJn.iJi •llovln.e; la~a•r fl1,1llCAll1 ot l•1eh.a~• f~~· t:h• f1clli'lly 
(Aumrbach et &l., 1~14), 

Tablii .2- z giVll• tb-0 •¥9:rq• llOilll'CU.U CD'IH!•nt. ei! J:6fl,l.9ill" It ,i.c11Mn.c.. fbld 
<=•p&et t:y. .and .a.-~ur•ir: !on. Thtl aahl;l.lt'• ~"ncl'l~t of amic:ipal •ol id 111• t.1111 .t.c. 
plaGe..n~ l• ID tc ~a ~rf~'C &~d lt:a ll•ld c•p11U:1~ l.a. 20 to )~ pmrcmn~- In 
t:h11or,r. ~h• field c~pacity of th• llf&.l.t• mu1t be •~~••dmd bmfor• l••ch1te 
IN'ri'llML\t occun. F•t1n ot &l . ( 1.t?:!i) rll!lport. hAJ'IHWllT, th•t ti.C'aWl4!1 g.f: tu 

btlil'"Ol .. "'OUJI ri&C't..il.re ct 11run1ci51&1 lliDUd. 11'.(l.St• • .a.1>111111 chant:11tll~1 Elf V&l;U OCi:';l;;lr.I; 
b•fi:iu !leld c.•13.ai:::i ty J.a rH"*ied. th& audt.or• .1Ft•t111: th.It: thO\lllh ~e 
.tgnl f:l.J::l!ml::• b h.a:rd co e •t luu . t:ll• .uor.tnt 111h.ould. be 1111.dl &ru1 Dl!lrJ.• 

c:oncinuo1,1• . O:rir:11 th• va. u b •t flt l.d c1;p-41cl 'Cy. the •nnu..m l l•1c:h1t1 
p:cu4w:: t.ian Ute 11q,!,!li b the ianm&a l U'Cll!I cif" 1n!il t.Tat:'lon (:St.pan, 1 ?12) , 
Pn<?.<?il&tift& 1o1.t.ti!lr ettcoun~t'• 1-ymT.a to th• u41t1 chaf. h•V. di f(eunt 
•t:~uctut"mlli &r1d prop11:rt.i ~• , M 111 r-e lfLll t., s~ l•Y'f'l'S 1;.an be l.ICUZA.C.l!l:d 'll'htle 
ctbii n .an noic _ 

.tfo lktr.arure du~rlbing lllach.ata: vohm• i~nu.actio:n s5111ciflcal\y •t ind.iiu:cr1a.l 
oon-haurd111~ hndfllh 'lllH hc.ac.11:d. Until lnf.a:nu.thn b•c:oca111 .&Yi1!l1111ble, lll!l'i" 
e&n i11u.1.;&M that Dillt1'L)' 1:.1.r c.b11 he! 1:.o.-. a.n th.• HIM u for c.b11 11nm lc.ipd. 111.:;tli d 
~&j.~B l•nd.fillg dilliC!IUEEIBd fn 5eC~1Q~ 2.1.l. 

2.1.l il,l;f•ca lgpoundl•nt1 

lap<tut'l.dihni=J1. I'1gulat11d unda:i; :Svibtkh D llH'I C'Ollilllonly ~t: lh1•d. 
arm linad iu.k• us• i0f e:i t:M:r clay ol' fle-xtb le Nlllb:ritne Una u _ 

table 2-2. 
"ola~t.a..re c~D~mnt of 51.e:fWI• (Av•r•,gci Vi11lu.•) 

W!i,H.lt f1rc1nt by vpllllJt 
tq~i~•l&nt inG.b11 of 
-w1s:ur ft. pf ufu11 

E.qu i valllnt. pllr:mri 
W'.JHt' /yd1 !If rt fu111 

Plac:m11t:nt 10·:20l l. I!: 

F°ll ld u:pH! i ty 20·J5t GO 

S•tul'•ticm a.6 HO 
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•hi:J111;1 411 Uud sur:filc. Lmpo~ar: vi.th ,aid41,a hui lr: ·up to :prew:.:iir: O'V't:irfiow. 
!l:VrCb at th• di1e~11loa. of 11~•~• in S•c~1cn i.1.1.l is r•l.v.nt ta &urf&c• 
:J~n11:1 .and ~II! inforau.bn b llDt npHud. hat•, 

<;1.ay U:n•u can l11.11:lL •!p:l.fie&r1dy. As VH dl&C1.lil.i•d !n S•cdi:in :Z.l.1.1, 
che11icab ln tNi v&m:tfl ~an l'mac.r: vitl:I d:.111 .c.t.y, •lld tblt.l.I dalM.ili• dll: tn~tr l t.1' 
of thllll 1 it1u·. Abo, ~fOf'·l:l'. con..1~r-uctt1;1n un c-•wie- llna:a: f&ilw:e-. lnwn • c 
&L (1981) • t\ld.iad. luk ruu t:h1rr:1'1,gh holH in fh;dbhi MMbE.anm Unt:u. J'he.y 
f~ that flw 'lrAllll p:rlNI" l ly d4pel'l.d6nt:. on th• I i.1.111 and •MJI• of !:he Uo1¥, tti6 
hyclr1111.ul1c b•&d • .md tba hydrautl~ i;;?h.&rlc ~:cl.i.r:ic:11 of the ;1Ubl:111lllH:. !Tolian ol 
th.a ll'ubblH ea ~~i..tr b111 lov & flu ln • fh:ii: lbh ...Ormi- l iiier vb•n th• M&d 
b lllllrge. MJC!"h H hr itu.?f.illcil ~n.1:&, and 1llfwa th• •ubb ... hyd.?"ulic 
c:ondui;::t.i vi ty b gru!:• l' ~ 10·• eaf J. {B"qvn •t al. • 1 "91&7} • E.vti-ri ta.r 
;1.tz:1;1oCcYr.*1ly mo~d. •..bun& Umto , VflT1 ;1ull -~u o-t a:lgut.lon ci1n occ1tt. 
Thm r..!I::• d.9p«id.I (lift dim dH, •hap fl , 9Di1 -pol.u·L ty Cl f dim lt11u.id {lli. 5. EPA, 
LtHb). 

llnai:lt ic.ipil-Clllr! o\11!1 l'flD'lll DT lo• s troa. f.1Uuu of 1111 dilui , d l n~t conuc: t vlth 
p:OW'l&rar:• r, AJ1r;!I <!~:i;,ucro:p"bk eel 1-pa• 1n ka:t!.a~ .u:•H &n o~e:r "•J• b-y 111b.l.c.:h 
ccnl:a:llin11nt1 ln 1ur!iace tmp~~n1C1 ~ be ln~roduc:ed i:rit:i;i th• 1'Yb•t.a-fac• 
(All•r !II~ •1-. l~SJ). 

i"or unllned act h• llitoot'll. r:b111 51;1 U h typ1i::.l ly :t0<1Lt.~ut . .e:d a.11 Uul: v•y t.o dw1: 
111.a1:•:rt:.abl•. l"or f""lay•UTI"d. l.111gooM, ata llM:r la. eypkdly nt\liu~ed •nd r:n• 
1011 b.tveen th• liner Atld ch• Hl:•?"ttlbl& la "lm.!ll&t:uf&te4 (U. SL EJl4. l!l'Hb). 

f'n-c,ip lu.t.1an 1111• • iah"t lul lrif111111:riC?• .f;!lrt. 1 HClMii'=• ,111rn.mn1t l04!i 1n. .l'llrfuit: 
fJlpow!diun~. Th• l lquld ,._ t• !n th• tiu.11 l cy vL 1 l pue.,l.u . .a to tb• WU!llE 

1:al;i ht unbr !Che influ•:n~• of gn...-1.c:y - ni111 nit•- det:el'1l.lnt1:11 •up 1.lt U:t• 

:pera&•b!lity Qf th• l!:tM!!r or und•~lyin.g 1011 (U.5, !PA. ltl•h). 

:£'Y1111p6l'•t hm fram 11;h• 1ai:potuwr.~~t. 111i.isf lllCfl iii :brp1:i.rr:•f'I;:. The Mc. ut:tt of 
ll!!v•1prn:-9<tlOT1 ~p111nds ot:i th1: v&po-r ~ru1u1-te i;i f the w111u r -ph.au o1Dll th.fl :fMirdal 
p~•&sur•• in th• air pb&.sm- f•~t.f;!lr1 affec'l!Pi •va~or~ci~h arm ~•r&ture, 
vlnd. Maldl ty. at::.a1;1:1pbn•ic prH:mur•, the q1J.&l11Cy of !:ht: 111.1t.u. .anr;!I the 11i1ture 
•nd sha:p" of cl\11 i.wpaundJMT1t :t\IZ:f&~lll - Ji!n.51: o { th• H f.u~c:t'• .,~ IHUo-Dlllly 
~nd ieogrmphiC?ally (L.t-.1 1t .al_, 19Br). 

2.1.& Ljpd Tr1at111nt I1cll££lt1 

'La:t1d. .a;ppl:lcai::icn of mwiii:::lpal lli&.1t:1¥•t:•r truu.enic pb:rit .1l'3d&e- 11111 ~n. ln 
ltfl.D. 2!5 l;I) t..O pe:rc111nic 'lrH d;t:rec.tly uaed fa.~ llnd•pz:e&dll'l& -an h1,1111um food er-op 
i1nd och•r pubU.~ .itmi -p:rlvue lllllnds. Hunidpal1t:iH duiit colleei:. 1111\d l:l"Ht 

sub11t•nt1.al moi.mts of indl.Ull~rial 11hU1t1!H1 f:raw uoohccu:rlng in®at:de.& MY 
geneuc.11: d\Sd.i• :celu1v11ly h!,111:1 ln l!4nful C:ia.tlstlt:.\l•nt.11. a:'"h - nmny .. t .. b. 
Land o1ppl1~~lon. opt:lon:11 •r• lllOtfl llu1r:ed fQr Ith••~ sludg•~ (U.S. EPA, 1913a). 

A'I: dedl<!•t•d land cr11:&bNS"1t: f&d.1H.1il:m, •ll :51,r["hc• 'llllllUl' h -c.1:11nt.a.i~.•Cl 'IP1ilhin 
tb• Ji"E:e •nd l• r$lllO"\'fld by 9".qmraLicn, •v&~ot:ranspla:•tio~ lf plant:.s at:• 
.s;rc"'lll, c;tT by ci;:initrolhd dbd'lu:ge _ It 1:.b11: paH ibi l i r:.y mt flmodi111 n:hu , 
bum , d.lk.11::11 , •nd t:b•nn&h &:re c.1m.t11:ii,ie t.11d.. Slfrtl!H an 0. ~ p•n·11111.c air h•li to 
•b1lm:L!:• pi:it1nd.al rut'L6ff •nd •r-0;11 l<ra. lll'hli!!h -r h1vo-l.,,.111 e 1r:b11:r vlndbh:w 
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1mqa:J:QMJTt"i; o:c NHl'bo:t:M tuc..pi:i:c~ -oif' Rl:I. b (U, $. DA. lHIJa) • 1'bdi pgt:h: 
p; lciftl • i1 ll:t.:1 ht!lp 'PH'li'Ht 1h&UD'lll i..e.nl 111111.bwrf .t.c• ..,,...nit i wh$.C?h ei,1,11«! 
rasulc: in upi.d tnn.&J1E1r~ cf er:intaJ.Juiri.u :CD ~ai::1 w1111ta.r• (A~n1ch 1111~ .1111,, 
19~) ' 

~dw&tu k.-cb.at111 i.a c:or.itrulbd d t:Mir by i1. Nl.nird 4;11:i; urta&dllll b•tt1n, 
SOIHt:i:mu; ! t: 11 inc;auef1~11d by "' collec~16fl •Y•t... i::on.ti[Ullot:• in th1ll w.u:c11 
.in:• ['llUliOY'94 by phnt•. b•c:t•d&l a.c~lvity. and dl11uakal/phydi::&l naot-10N. o:r 
r..bmy acC?umu.l&t• i~ c:he .&all ,U.S. IP~. lllla). 

Liquid •l~ 11 applied t:c •ithoT t"- l&t'.14 a~&e::• OT thr9 1111ub~•c•. 
Sunrfece: 1111ppl1u:clmt. i• ~ b7 1pnyl:RJ1 ovuland fillN, ddp an.d ~Glf• . or 
t.ank ~le. S'1b1urftt• .applkat.toii ill'fi::il¥1111111~ l) 11;?.u1t;it;;Ln,g & fu:n:in;+ JllKiD,I itha 
vam t•. tb•n c:i:in:clng th111 allJ.d.p. 2) lnJ •C?~1'fll, th• Nl:C'*: b•QHth tM aurf'IU!•, 
-or- 3) lrw:.1u::po:t&tiR,1 tti. vuu flfil:h ... dt 1-.:. Settl !PC1;"1Z:pOl'&t.:l..1:1!t'I b11lp nduc• 
llliU1' .fac11 "'•4;;U ~ff pollu.th1n potmt11.l CU, Si. !P4, lH.l.1111) . 

For l•achat:11 vQ\l.m4i J•llil'r•~l0ti. ~. J>hJ•1ca1 ch&r•~tJJT11tic of tnt:111~•111t i.a 'Ch• 
.sol i d.:11 -cont:•nc. of ~ lludg1 , l.iqitld dwg• ha1 a HU.dtl cl;'lntan.t 1:1f ~ 'CD 10: 
p1T.t:11nc.. vhUe d1uat1nd. •lu.dJ!i• li.tl' ... 1aHd1111 conte:at olf' 20 11:i:t Ml P41:n::""1t. 
Cl:ri•d o-i- coiapo.u:•d dud... Ml a Hllda i;11mt:.nt cit UYm't' 5:1l P4fln,!4mt (U. s:. UA. 
l983a). 'Iha noT• liquid d.a •l~. the 111Dr11 v•t•T L• ...,..•il1111ble ta P41T~Ql&t• 
intJ> t:ne subitU.rf•~~-

Th• M•t ilq!on:.l.D' 1Gflg• 1t;i11t"M ca:i:iii:rol Cl\ ¥•b!I:: ,.rci::i 1..ili~lou h 
1v1111pa c.ruupi~.adiPTI. line• 1:.hb PTQCU• cout i:Vb !:hm 111Dhi turt .e:t.:int•nt !:!If the 
•~il/wqt;e •1:iu:;ure- CIL1111:n"ch •t al.. UIB4). l'hlll hc~u aff•<ttlq 
i11v•~oiT&~•pi~atiE1P 'lllWT• d1•~~&•d in S•i::~icin f.1.1.l. C11ut6 C.iD a.ffaC!~ 
OIJ'li~•tloTI ti:IM, 1tor&&• :nrquiT...,.Qt•, .llllfld 1•~1n& and z:\Lntl!f pm~tial. 
SH.1-on.11 rd:of'.11:11 o:i; fTOH'l'l P'01l:fid can }'lre.¥111\'t 1:11pe.r.:clot1 CU, 5. U'A. 19131 .. ) , 

I1=1 • fad lity, v&11t• ~onm:t l t:uenu p.&rtl thn aon.g t:lflilld., v111poT OT 11.qWinus 
pham11:11, "- vuilt:;r of •ic:~1:1b11!l, ~lit.al, and. ph71'lcal UllllD.lfcrut.lou dt1111r 
tll.e chAl•1c:al .11.lld :plly.aic:&l M.tW:il af r;:n. 11fa1te llllnd ~ct. th1 ci:m.11 ci ~t. 
part:i Uont.ng betw.en ph.LMu1 ("111 Umu 111~ •l- , 1'87) • ".r'he qu..U~ -of d:i• 
lu..::.bau ~uultina froa. thH• tnt..at~t:iona 111 qt.i.l.1:.411 v.ad•bh (nt;~t: :m 
DDnoft 11•) becauH of' t::tie v1d4: varbi?.j' gf' ¥Ut. con111tir:uen~m; lnvttlved, and 
'b1c&'l..IH ot diffannc.H in ;pri::ice•dn5. a1e, dH ig,ti., t1H11>11:ri1.wre 1 b loli:ig:te1 l and 
~emi-c:al ••ch.1111~i.&1:U, .IQ1d. t'11t1 o:f !NU!!' •ppl1r,;:aticm. ln Pflllinl. thai Mr• 
liquid flavl~ through. a 1.andf1U, t:b• mi::iria cont:.m:l.Mnt:a. Yl 11 bolt lqc°M.d fnia 
1 t: (Lq • t al . • 1 HS) . ,Sgme. Df tblli Va~ lab L l i tJ :lTI 4au on lor:h&te q1a*l i.l)' 
Htul c:.s :f:rm11 p;robhu 111hh .-.pU.YJ& -l:!l:r' handU.rt1; 'P'I'ID<!.•du.1'•111, arid. .1mal.y4;; Lir:al 
•t:.liadt:. 

Drpril11:$, ! nor,;1111ntca , - t.11h , •nd •lierti::ibt.l l!.ml-"t«ain&TllU .an all hund ln 
vun d.epod.~ad tn Sll.libtltll D f'acil-U:iH, t'hti IG'l.lrE!-.: cf 11dld lll&Jlb •n 
r11.d~1n1:t:L• l 1 COllail rel al. amict pal, ind WI Cf lal., nHtMnt. pl ... t:11, 
agri~c.ura1 • .L1lld. ~utnw:dl'.lft CTt.tu;1bam:igl~ •t .al.. 1!1171). 

22: 



~Ht• prop111tt:illlJ. tb.ilt c-an. t.11v. • ujoT •ff•c~ on 1:M qu&Uey af \qi;h&te 
b:ic:luda val WM• -pllllthopT.I .;::O'Att:rn; • Cltllmom:itial::lDN 0 f "i!l:d c: cl1'MIJ.C:I l,.., r 'CDJEic:&nt 
llllOb1 l ltJ. 'blod•&t•d.f.b1 lit)' &tJd bic.a.c:c:Llll!Qlll;.:lon., 'lllu !:.• eompoMnc l11:t.-=ur:t:t: r.:iM . 
irwl lrW:Cllllplll:i:ibll i q V1 'Ch '11a c:rmit:a lNIH1C &y.tc:H ('"'41Rllllr;.";h 11't al • • 1'14) . 'n1Ji 
-dllini~ -ct cransf•T fTOW! 11M11t.e 'CO d:iAI v11 ~r a-r• 11nt:r.al~nt of f1.Ut:lc:u.l11t• 
111ru:I: 11:olubl1111; :a.at•rill. dlil 111:alut::l.an, and • ta'l:llliz:a!:.:ton ( L • . , Cli!llN'ttl'don t:if 

arpn:l.c ut•ri.&l h:it:c !••..owi 41iru:I: &i::alubl• !a'f'UI~ (1.ll ittt: ... 1 .• HU). 

'nl• hi:-1•:11; c:a.pi:imml:! .af lml{l.ic:iral v.ull:!11 h ~p•r. Och111r clJlllllQMtT'IU tt'.lc:lud• 
f~od, 11111rlculblr•l ~nd 111.Td v.a.11~11, gl .. •, 111111[.&l•. pla:iit:tc:a, 11111al:httr, 1119od, 411fl4 
rubt:i111.r. An l!P1' 1n:ud}' (U- ~ El""-• lHlc::) f'gurni t.n.t llOrt ~'ti.an ~C f4Ti::H.~ of. 
1111,11:rlci'Pd 11etlid v-t:• la; p&?•~, 11.apm:i;:oo.:rd, ind Jud v.ur;t•; 40 ri-re!:im.t h; 
1111c111•, fOi!I~ w••t•. 411t'ld 111.ur;~t~•; &'l'!ld 10 (Hlrc:•nt: l:t 'klOad, rubbar, 1.atn~r. 
u31:t:1le.11, 411l'ld alaclll i.na~ iMl'lilllnt,c•. ni.. c:ompollll ~icn ~f .mi e lp-al vu t:• 
"l'il.l'iH 111lth l11M!•1;.hn, H&ll:OI\, 11cQt'IEIWf;t:; c:oe\dtt.lans. •Pd d4!110gr.aphic: tnflY41neea. 
Fait lll.-mp l•. 'Ch• IM!fCM\t P•PH' &nd pLli& e,1.c: h.J.111 ine:rHJt!!!d gt••t.ly :l.I\ mm pu.~ 
20 Yl'lll~• CPol:tl&fl~ al'ld Elo'lgelb:1tec:nt, 1976~ tch.6b11no1l1:1u.a 1t 41 .• 1977). 

ln 1dd1t:1on t.c 111Unictpal wastG, ~ lt\lln1~1p.al l•ndf~\11- rec~1~11 ind1.1;11tTi111l 
nonl:i..Q.•:i:~• ..., .. tll!I ( • - g. • .-1-b .md. l'-Bll ldwl:) , llGl h1'C hm con,:rDl 17111te• 111 lud1!i11.11 , 
H'Pdc:: unk pimpi TI" , 8fl'Wlllg«t dw:lg• , 'biu;l 'k)i· WH ces. .11 t::rH i;: •vu pings , •~ 
CliHUlt~tlori/dunllclan w-1;4• {Tchob.lnl!lglOU:5 •t 111L, 19-77; H:Ul.i·, 1980). 
Flnally, aitlm! 1111Jnte:lpal lal\dfill.s acnp t. "Will tli t~ :n111U q'\Wlnli! 1 cy ;g,enantou. 
iSelinmd - 4;!1fl• l'4lldon..1 prodw:: i'.Ag. l•H d'i.an 1000 k,g/woftdli a f hmza~IJ:I v.Hu . 

Su ll qu.a:nt U:y llM r111t:o:r11 an • :llP\lfC:e. cif h•z.ardc111 vi11•u .:Ln mm!d -pd 
lapi;:l:fill:a. T:bi!! EPA ( l Hl!lt;) H d.:11&CJ!n1 t:b.w t. NUl 1 qU*tl't 1 t.]' '"rni:uton pt'odll~" 
9''i0.000 -t:rt~ t..Oin• cf h1111zal"daQ vute ill )'11u1r (a:.g., had-add batl:;..f;£1H. 
solV411nts • .111il."Ld st:ro~ly &e:tdi:c etr •lblhui ll'at'CH) • .app:t11»1::lutdJ !i l1:1 !la 
r•r4!~nt: cf vhi~h 1111 d1111pa11111d af in munlciFal 11101!.d W&ltll!I l•nd£ill•. ln 
11ddliticm. ea-n dhlC.llnMl·d howl:11hcld }l:rod\lct.11-. :tucb .ur; duriu1. 111u:co 
~rodw:t:.a, paint thit'll'loe:r~. c:r p1aticldea ma~ ca"l;.&i~ h&~ardoum v...,_t••· Re•ults 
of three 1!111'Cud le 111 1n Lo1111 Angitles. Cd i hmi• U'ld 1Llbur;iu..£q11Y, .New- Ha:dll:!.a 
.t:ugge!llt thlt" le 11:1 c.bilm 1- 0 P•TC:•ftt: .:it hcu.nl:iol4 11&ate ts 11.az..m:ni.ON ( Sich&nz and 
Salhoicra. l '!it!HJ) . 

Lmr-1011.U • l\!41•11, w1 th air.1lii.1 c:tmtlnn u l[lw H J, pn·..:;1111\t, c-111n Mi 
codi•po1111•d 1n landt111•, b~i;: only if ~""'1 T~P~•a•~c. • s111.11ll ~rc•nc of cha 
toic:.1111 waste {U,S. ~PA. 197~). 'l'h• !~A ell:~lmatm• tl11~ ~O ~•rcen~ (th~~• 
al 11 lan ton1111 l -of i:::hc s-.a1• allJ.d.&;• pk'.'c~•d. ••c:h yHr h c.-Ddhpi;ioHd o-t ln 
llndfUlll. :!a· .. ~~ t)pic&ll)' ac:coun.tl fe>T hu thmi. fiv• piui::e1111c. a! tha tot111l 
~ct .... of va1111c• ln aunic:i~al l•ndl111& {U.5, !PA, 1983-c). Th• U.S. !PA (197~) 
~rovi~e• dl!c..ila:d infontacion r11lat•d to alw:llgm e,~e•t111ttnt (a£111bil1~•~1o~. 
d!tv•U!rl"'· etc.). 

ltunlll:!iF•l 111l~dgitt l• • •t~ of••~•&& fr-o. iac:t1b9lic: 411n4 iru:hui!:.rt•l v•1111te1, hllKllll!: 
11&1tewa~er. a:nd •01N-tl111=1111 ~c~rm tun~ff, l~ l• c.cmpo••d o! ~~,g.anlc ~oapow:id.I, 
lnn:rg.11.nie 11h::s. huvy 1nt.d•. b1111:::U1r1& 1111ndl vh:UHI {All11::r •t •L. lH?}. 



ln ~dditt~~ 'o tt11at•d ••w&g1 •ludge, ..mt:r6ated bra..n &:ad &Zi1a.al f•~•l s.a.~1:1~ 
i111nd br:>1111Jl'Cal vute .&H -111111110 -pl~d. i?I lld'l.df11l:1, Both ch• tu.at•d. 4111\d 
unttH'ted 11'.&lt!C*M: •:!ta •llHQ;i;:":a ot :p1li'Cho5•M. tb1111t Cilll'I Pil~d•ll)I" lllii,gt"•Ull ~1,1.t ot 
tb• fie l li 'ClH- P1;1h.lnd •C'ld Eri&--lb~t: ( n itt) 't"•pDTt thl'C r:h• :pi;:it.1:1tlal 
ha.u.rd b • fvnc: thi11. of' 'C:h• .IUIOW\t and n..111.~a r;!!f th• p111tli.opn1 1nYci lv111d, th• 1 r 
&btUt}' -co illut:Vlw •nd Z'tl!IUl1ft ittf•c:tl!D\QI ln -ctw. t.111.:c1df1ll/luchm,11, ~. tlwli1~ 
abillc:y 'Co •av• thT~IJ.&b ~ l..ndfill_ 'lhb •uthi;:i~• ~ot• ~t tb•re 1• Ill 

• 1gnlfi~1n-c: rilduc:t ion h'I p.atha,geTi popu.lat ton Wi'-b t1- of luchl11.5, but th61: 
pa.thl)geJJ.11 hA'lr1I bHn UpGr't•d in 1t&111phi• 1:ilk4m be h.111 111M1U l b . The}' 1H . ..m!:ll 

t:h«.t le&e'b•~ •ppn.:r• ta- dptl.tk•ntl7 1n11ct:bace bM:.~•Til .and VinQ:H, 
lnmctivattcn incr•1.:1e~ wl~h 1nc~11n.g 'Ce•p•Tat\LT• ~ d4lc:r11a~tn,g pH. 

Ga~ pi:nmratlan 4111\d •l&r•tiDn p~obl,... 411rm l•ri•ly a1:1oc:lat•d vl~h -.iniclpal 
.mnd r::o• d.l:l:pci1d lE:Jdfl 1 h wh1:u blolcgi cd 11c:t:i "Ylc.y cc41-u.-r;1 , tb111 11-11.11 o11n 
.. :t.t'lly 11t111'Ch&t1• and ¢Di. but lryd:r:D1•11 lfUUid•. hydt"1;1a-1:1, UID!ilnh and oicbilr 
~.11...1•• can &lso be pr•s11~t {Chi111:11.al •t •l-. 198,)_ Hmf:hm~ prodtic:~icQ 
noTIDally b•sit1:1 with.in etn• Yfl:•~. 

Tab hi 2- l .rut 2."' •1,.1111tA:cl:1.1111 d.aE:• Otl th• CUillpi:l•it lm:i ip.f le&c:h•~· f~l;llll 
llllUtlic:lpal :1~1 ld wa1 u l•ndfU l:a, Th• r:otal C?cne•m:ru: lon of .iny luchdlltm 
c:o"-'tt tueri:c 1& a .fun~t lot) a-f 1 r:.. lni t:lo1l ecmeenn•1111 c.io~ .aTid c.h111 ..u:t.c11:1:t: 1;:1;11 lllhieh 
1t hsm bemn •lter•d by bicloaic:o1l end ch&alc&l tt1t•:rac~ioL'IS. Fo~ lllOitC VlllS'Ce 
1:.C~ tit'3t'IU ' t:r&tlSpGft fro11 thlll hnc!f 11 l b•&irLW ..,,1th •P in.i ~id 
~rmn.11fcI11Ut~l!B:l'l ~~ 111 1MPra mob1l• pha:1e, bf sclubtlizi111tio~. Tc:latil1z&t1a~. er 
.arn:ith·H chnU• t or bi'Oeh..lalc.&l ~a-•C?tlari., Fl,g\:lrtl 2 - "4. $Lualld&H th• .. 1n 
M·Chanbr111.11 'by wblch .:O<mstit:u.-.c;:, .an lHt:bttd (1:11111! l11u1.dlfills_ n" 'biologlcml. 
ph.ydc:.al. &t'ld c.h11!111k•l U.a41-ti0ftll ln 14"dU U 11 inte r.ai:::t. •Ni :Influent:• o1Hr;h 

other in compln lil'.&YI lll'blch u·" ill.-dillf1t'llld •rid \lopndi-cubt.. i\lMlac 
nc C.M n& hi lmoo •bout th!lll 41 ftilC:itlvt11111::t1,lS !;!If -l::Ollple:.C:i t1g, hm H.i:ohilng11:, Of 

ada61'1'.'tion 1n l&ndfill• (fchlmnd •nd l~lb~ac:nc., l~1&: Rogosb•v~~ •~al_. 
l'ili!l2 i St1p.u11, lH2), 

~El41T-11:l f&etou aff•el:;in.;g ludlate c:cspcdtlo-n d.:t..1::1.1..1.nd 111 thi:1 Hit:~ic.._ a:r1: 
n1flile c:ompcd ti on and prvc.mH i TI&, hndfl 11 .aa•, dlaiaie;llll ar:id -phy.dc:al 
:i;ea.i::'Ci-Dl'llll, t.•111p11:r.at:u::r" , •dlll1 t !011 of :1l..-dg1 , i111nd thtt vol'U114 11nd ra C.1

• of 
ltd n c 1:atl1Dll. 

Tb11 pcirtt<Qri of •'f'IY lft•t• tw.aihible: tor l•ai:M11g ii: a. func.Uon gf tM. ph.ysii:.d 
an~ che•lc•l ~•tui~• of th9- ~.a..~•. A.uierb.a.ch e1: al. (191~) ru:ic.. that the 
111,•r.1tc:tLon:1 ot d.l!jnlfii:.11.Dtly ~lthHnt l:y'pH ~:f VIHtl ._y altH" 'Nllltlll 
~r~percie• \lha1J tt.. •&at•& 11re dl•p1;1111d of t~le'ha~. 1lle autho~• mt.at• th.tllt 
mob ll i.ut 1on o.r p~oduc ~icn .cf llOU hm:l!An1.ou1111 comi ~h:• .. wrnu ••)" oec:ur .attd ch.mt 
8olvents 11.ay dt•so-lv• othe~l4~ llllllifll~ll• cmi:1c..ri'C:1. 

L.u .e·c .a.l . C 1 !Pl!:S) ~aerib111 ch• ia ffmc: t.ro ion le.&cty,1:.11: quml 1 t.}' e>f triro C!OWJOn 
•mthcid~ of vr~cesslnl!i ~ast11; sh:r•dd:Lt!ig E:Jd b.ll~I· The fi~•t 1111:thad. 
~h:nJ.ddln,g. cau.m•• • r•~ttCln in -p•r~l~l• •i%• &tld pctnlll&bll1'-Y· •nd .an 
it1c:~o1tir.H in. d&n.sh:)', fhld i:ap•dt}', d1111::~ci ... itlcm :r&cu, •n.d 11urfilllu1 iU'e• for 



.. 

TPl• 2·31. 
Data Bn '1ia ~.t ti on ot LN~t• from l:.a.ridi"il.1-

Qnppeus;;1 

BDE>s C.S- day ll lr;tChgj,c:&l 
~ dni&nd.} 

roe (b;!oul ug.ari.t~ (i.llrlMmJ. 

COO ( eb.Qlul oxygen daM:cid) 

Toul. lli\l.:l]Mnderi aoUda 

'foul fbo.a:pbDTl.LI 

Ord111:• pha•pbc~ 

AlbU.nley ... C.00, 

Total lz:all 

10.000 

5.000 

J,000 

J,500 

h'fl~·HDtati W r.lll;:El.p 
d •1lu11 ,_a> 

1.soo • 20,000 

l.OOCI • .t.i.S,000 

:200 r l,CJOO 

10 • 1500 

10 • IDO 

S - 4D 

1 - 7{1 

1 - .so 

S • .l - .8.5 

]00 ~ 10.00D 

200 - l.000 

::!iO - 1 .~oo 

lOO - ?,000 

200 - 2,000 

100 r Jo,000 

100 • 1,500 

SQ r 600 



Table :! 0 4, 
:!hJllllMT:y of wch.U::il Cha~"tuist le II= llU•d DTI 20 Suipl111111 

fnw .Kuinic l;pal SaU.d Wu te• 

AlU.lbiJ.ey (C:•iXIJ) 

lioch.em1~•1 OX7&•~ (~ d&:J'•) 

C.aleh.111 CC.) 

ChM1~&1 Oxygtil'I 0.-.nd (COD-) 

Ccpp• [' {Cu) 

Chla~ld111 (Cl) 

M•:E'dnan ('Ct1100,) 

Iran, Tot•l (1•) 

LA11d (Pb) 

.K&l!jll.l!•bmi Ctt1l 

~artdl:IH O!ln) 

Sodb.11!1111 

Sulf.IU (S011J 

T11t~l Ditlulver:i :SoHu ('i0$) 

%1-nt: (Zn) 

l,OSO 

~.100 

Bi.too 

iL) 

2.na 

94 

O.H 

2lG 

0.22 

UI 

)71 

'Ui7 

41 

lD.l 

It&na1111 of a.1 l 
Vd\J!H (:pwl 

o - 20 • .asa 

il • :U,:l&O 

'° ~ 7 ,200 

40 • 89'.~2G 

0 • 9.9 

'4-. 1 • 2, .SOD 

0 - :i!l:,1900 

0 • 2 .1520 

17 - U,iOD 

O.Oi - 125 

0 l.lOfi 

21 • l,:nn 

Q - 1. JOO 

1 . 1.su 
,,a,., . 44,'!ilOO 

10 . n.::.oo 

a • llO 

il • HO 

3,7 • i.~ 



' 

Pt1.sal)' 1.ae:Mn,g • l>ls.&0lu:t:.m of 
tnbeH;ntly nltihl• •tu:'411l ;~ dw: 
laodf1U C•·I· ~·. Cl~. &04 - • 
110M ugat'llu) 

I lDlbp-U:.tJ.on. ttf ocmplM Orgci.lti 

110l~u f.l.:i-.st to organ.le ~~ anll 
~t~~J•n a!l:d. ulct-a~·~ to •biplm 
orpn1.e o11.:1U. alcclvru, .Qd 111\,..,. 

°'8MJ.c.t 1:•~ thn. - (4111. I- r.l+ 
redu.e-.d 'l:o aan> 1tdllllol111: F'1:t+ 

NAm;l:IO'llt of fiMa ud ~nip£cb ~ 

au•pelMted JK11lllb; •nd tur1:ild1~ 

J'ipr111 :2:.ii. Th• ul:n ~i.qa: 'by llt:iich lllllt•t"lal la 1111i1ched. fr;'t:Qll • la1\dllill 
(mcdiftlll:d. from cr..v£at4 •~4 S•ltb (191S)). 



.::.ar.:::.O'lii:;:t vh;.1 lHchUe. Rese:.nch by Fun1a-rol [ ~nc:l St•lr..e-r (.l'n9) and by IC:llllflilei" 
dlfid 511.l th ( 1'11 B.l) .shava; :ch.u d14 I nl!: :'H H 1::1 sut' fmi:e 1::re-1L ii~ hi, blc:u:l:.e 15r.-O.ti.o!ln 
ra.te• c•!'!I r11::riuh. hi M\ Lncr6111.se !n h1•chate c:or.5tit~nt .:ocu:antr.1.t:h:ina. In 
6..,d. IC: 1 on., '-h• c.ww.!&t 1 VIII llllll..ll 8 0 f COIRtdlih\lllini:: II' pe l" VII hm.e of l41(:h8U c liCl 

1 nc:re.u·1:. Th• 1111ti;;: A'ld iut:hod. i:awp•c t° § ng du1 ..,.,."' r 111 1ni::" bale ti , rr.h&nc41 g. 

lu~h. ~i:: I! ; tfodu,;: c lo:n by ~l!:CTlll Ht!!\& -.;.Ji.it dlM b,jtfr::ire I Hehl r.,. r•4u.c: 1 ns c:.he: 
111111ht...1.rm recerrctt.'ri .11-blHir:r r:'.lf d1o11 ""'1ui:.1:, ar;id tr11;:-cu1lilll"'4g th11 overall vEJl,,_4: {llf 
leai:nar::e-. bur:: the le1:ctuta :i..s ul&tiwly tlE.lute. Aho, th.it (.IJWlllJlU:1"1'111 mua of 
co!lnt:llllDlinapta P•• vol-.1111• ~{ lea~nal9 can ba lov1:r c~an for Uflbeled waste. ~ 
long•"C :1H1rlod o( •~ablllz~tlon is rmqai~•d. Ci!T'I~• !i~ld c•pacity h•a blefi 
rm•ched, tbm effe~~· of •l~h•r ~Toe~s•1ng 111tethod ·~~ 101• &ig~lf1CBl1~. 

'tb!fr 9 rl!FldlfK: II' Iii ( Clll!J:' t ;sin organ! C ~ l!I~ r;; t t~n~ II 8t'ld the!! 1 ~ i:oncie:r.t:ril ti Crl<i 1 t'I 
learh.llte: •re l•~gely • f~n~~ion ~f l4nd(111 ~ge. Cgnc.1ntr1~ion• of 11.1ny 
.:a~,~~i;:~1ntE Ln~r~as~ rapldly durtPg the fir~~ te~ ymazs, s01ML~r11111, f••~hlng 
ll.ll":.!=·.•1111 1,.:·.· .. h vitti1n :a<ifl!;.h5. Conr111ntrmtions :then nana.11111 ly rh.tli!'•'JI fat: id:ii: to 
dp\ )'lfl1u:·11:. 11t"tu· ""1id1 t.h11:y g:rad'll..lll) ly n.i:l i-n~ tiO- tiHr zern .1111t •bo ... ~ 20 yt!al'1 

(Fenland. and ~naelbrachr, \9)~: ~!lllams et: •l .. 1917; ~Yl~y et al., 1919). 
Tha :l.nac:i;;ivl:.a~ ~or, of 'Vlt'll.se:111 .and or::.tia~ P•th0'4fl"' i:n a landfi 11 fol l!Kol:ri Jll 

i-la U 1tr pat:t.lfl rri ( P'oh 1.and •n(I t....glfl' lb rll!ICht • 1976) . The: pH r:i f l H¢h1li"te ILlc:t'ttlHol!:!i! 
'II' L th t.L IUI . n:i:;: ;lj.("'11~ c'll-nl- I:. it ui:-nr::.s. .11uch ZS <:h J r:J ri .,. ' i:"(:I~ e-nc tat ions ct..u11,• 
1 H. L lt! ""L th ti.me (.5 ~mpa.n. 1 H:Z) . In et: tull 11 -::y , t.he 111oge of .a l.-11hd!5. ll dcu 
not di nee ly a ff 11ti: i;: 1 •.n-ehat:• ec:ir-.p.i:;.J: i tlo:n. R.athe :::- • t.hliil ~ ~41!;111 -o! mi crab-i 11 Uy. 
~~u fl'=" d • r::-111'tH l1 u c ion. the utlfl Df bt o t:::lt\JI forlllllt E.on, •nd th.II -r.11 ta- o t 
l~fl1tracian, vnir;;h 1tll 'r•' f1JDC.~ion cf age, r.Uite:rmtn~ l4ee~ate cl'.7mpo~Ltion. 

The first :sta!ll! of l.andrt11 RC:ab11:1:nt1on lrrv.c.lveli aie:i;o"b~e d•,g.t:"adat11Jn al th.a 
s:urh.::m .1.nd, for A. 19ti.Ort !:l.De, vith:l.n Lbe hi!i.<!.fl U. Mi"ob1c degrad&t.~r:in 

ellll'u!Utll- .a l'a.p:L.G Encreu1t in lf;Hi:Ptr4t1an1. w 111t 11:~ .• {1985) r•'-"i:iri:: -.:-n11oi:: tho 
l 11:.11chat" p:ro~it•1 -d1<ir l l'l!c c!h: [ :s fl r .st. :i; l:Aie p-rob-.tl'b ly r-•Huh:J: f::-01111 mah t:ura'I 
11 qul:!u:l!!d u.ut a f th~ Till fus~ d1,1r i ng C{>:Rp.111:: !!:: ion. Th11: 1 e-i1J11;ltau i :s: (:1U1r -11-c te:r i ;:.rd 
by cim:ra~tieer.c ot 'Jl'l!lrCiruht:H, LH~IKl1Yoi;1cirr. of ilmlu lnit Elll l:r- puHm: Bl th• 
i,rasta end ,11 :1;ela.tlvt'Jl1 &.ull Rllllll'Urlt .c-f orE,Ani~i; fri:i11 t:ht' de,trad.111-=:Lan. 

l."he:n th11. oxyg•~ hH bHn d!i!':j>lete·i, .an1111erobi-c. dt-,gud-11t1.ti'L b•:s.1ns. J.rui.arcibh: 
•-et L .... i '='1 C'l:ITl~I'a h loAch.at.t; q'1.%411l11.y f~rr llKi :H ;.Jof the •ie t i vt l' flll i:i r • l..ttiel H 1 l . 
A.naa,:i:ob L.::: i: r~i;;ea H• L rivoh11 11?111 t l p llfl s:t•ps.: L ) !!\ydrtll J• h o ~ c allPl n. 
•!Jbst:r~tm co soluble, .111111&l~11:r or.g.a~l~ eo~pout'lds, 2l actrlc.gt:p.e.tt.s, ~her11- th9 
hydri:.lyz 1111d a~ satt i c:111 t-re i.1111; l 11m:1td am; c 1:rbon •r.rd "''"' rl)' a l.'IUI: c.1t11 and -.·olat i 111 
aei~' -~~ produc:~d •s canver.si~P prod.\1~~5. al~n1 v1th COz and Hi g.as•s. acid 
fir.ally, 1) 11Htt~ano,en•1ia, !iltr.1tr~ bacte'rla convarl: t~ vol~tll~ •Cids. a:i1• 

111100 H1 tci 111e't hanm g,as . The i::hr1111 a s i;:11 p Iii are no c ·~ !i c 11.ad.y • s. tJ1.t• in a l 6t'1df U l 
(V5l li aDtJ •-.:: al , l ~JJ? ) . 

Th• t I~ Et;, 141 111Ullll!' E"t1b E.c l mu:hat:e £ yp le• l l y ~111; .a. 1 ow f>H, 11. reduc111-dl :redax 
-pc-t:e!r..t:Cal, and n•Uii v6hr1].e acid and inc-:r,gaaic lo!!i i:,onc•t"lc~a'Clorus {Lu el: al 
\11-8)' . T1!.1t sr<Jwth ~f -r:h.11n1:1g(; nt. "fit'Q"'1 ru ii. :1-1H ran!-• a f i; _ 6 tc 7 , oli , t'h111-a.. 
ol d11:r , s.t.abo L U.z 11:.. laridf1 lb {.)'JI k• ll 1 iulvm .1. ru1111.:r Nt\ill;U l pK, wi t.h lO'lo' 
%ht1b add and tot.ml dluo1veil :i;1111 hh1 ecineuu:rlllC.1-0ns. but high Mchaa111 
i:o-ncmntr.al:ions in tt.~ i~~ p~a~e (l.J..L e~ al .• 198~}. 



S'l.-ptoT i111g.to:Se Cl a,n the •Cc rob lal trdJlafonu c: hnu: •ra ch11111:tC!• l n.ar: c Ll)l'l..il ~hat 

11111p.1:c t ~" l~U it)' . 11 pitt; la.t. hm, radB1:, .and v11~l lqu Id •quilllbr la, Tt .... .
•qY Ell~ r J • ch~r.gr: vith ti••- llQ:pe:f\41ng en the :St•ge cf th• l•ndfill 
.s:t.abU izatlon 11r-oelflt1I. For l!Xurple, pH di1c:.uuu1• r.rith •i:oldi p~Cluc.tian •r.id 
h•-e r-uHt.1 vi t'h DH! icbam pr.o.i:foi;:t1ori. t n 1;1mn. 1 pH: .rtoact.:11 thi11 fEI nuthi11o 111! 
pl'ecipit.atas ~lld. th• s~lub11lcy of metals (~illi.IHIUI ~~al_, 19!7)_ 

The mlc rob 1 al pa tDDf:""· t:oeil"Y- l u l(lifi iii ho ch1111 g.e s with ae:• -of the lmtLdUll . l.u at 
<1.l:. 0~!5) l'l('Cl!ld thlllrC th11 t..i&h popuJat:ICJ'lll d11:1wttlu1 1CI frmmh 1'111fu:1111 d11cTHU1 
'1<1'1:.h 4.~I!: and with l 11u1ic;M rig ~l\'.ill•JJUI of the b•c t.111' loc Ida 1 •ff•~ tt -cir the 
111.1:~~.at~~ survl~•1 ~•• found ~c bl!I iIN•r••lf p£op.1.11~ti~n.1.l to t11.111p11r•tu~•. 
witl:i tl-.11 high tcs;ier11turaJ ,~n•r~p-d by aerobic d.egr•datioc 1nh1bi~l~g 
.11.c::hity. Tn -111~li::1e.n, to ... ~ lnhibH• ;gc-l>"Wth. 

TI1m phJ .i; 3 .c 111 l prr.i.e~ HI) I alll HI!<:! 'C lng; lea.c.h• tl!I: i;:omi;:ia i; 1 tlori wH:h ln a l.nd! 111 ara 
r:•rtot:-a.kl)' ~°'lo!!' !1-.iaa as !!.haH d.es-1;!:-.Lb!fldl f.;;i.r c•.u •'d!rs1.1t£1u:oa in !:HclflT'l '), \ Of 
ii:ho.se prac ll::l:IH! $. .;I.if. . .;. .. u ed. :I. f.I S:e-u.tlo:n J - 1 ' tlu!: DC.II I: !apD?"~r).I; IT• f 1 h:1t.1lll: la:n 
arid d.bpc: C"ll·i•:n"t. t'Ln a...di t. ioruil pl!:yska 1 pr1;!1~4':1.lll tJ f l~Ot"l!.liM-11: in la:i:id!il h hi 
\l'Dla r.. i li:z.11 t.Ic:t. 'IJ".ob c :1.11 u r;;i r)CI is d.fl !in.ail •.s. ~h11 ID.11.11 of • -:.i;:all.$"QW'Rli c.111 the 
.11ir Fa~tor1 llo'l\len 1((ec'C th!!: vol•t1li~~tio~ r•t• lri.clt.u1~ ~ape~ pressur•-
~•t~T iolubllity. 1011 moi•t~r•. &~aor~L1on. vind .1p111ed 1 tuTn~l•n~•. 
tempi!:T4t~r~, ~1••. and dll'J?~h bmlcv Lhe surf•e• (~ll•r •~ •l-. 1917) 

The n•j~!I"" f!:~l!ll~.::!.a1 naeti-tJas: c.hat:: oc.c:1;.1.s:- !." bndf:Hh llllU ai4.atlon/r111.th.:1cr;iQn. 
(TeodJ;~) rr:actLcns, cat1t1l•~tton. •~id/base rm•ct.icns • .s.or-ptian, •n~ 
pr~ciptt.11tl~-njdl•1olu~1on. The.s11 ~e•~ticn.s •r• di•~~-·~ in ?el'm.JI. cf l•~h•te 
.~,~•tli;»t; ln SecCion l.2. A flllV ~otnt' r•l•Y·~~ co l•tlidfllls -~· dit~~~-~d 
hmn:. 

11.l!"dOx potent i.a.l • Ch~ tlll tM ·Chflll1Cad fo l:'W er JUlt)'" C:Ollli ti t:wl'1!tll, JllTI[" Llfulm t"ly 
m.-tflh. a:;)(!: ls hill1.H'DC.ll'd 1A'th by blol..o,p.t~d 11:e:thti:::y .at.d t=hrll dag:r11t1t to which 
DW:.Jl!!ier.. Es i:mu~mc, 1.IU "";.. d. ( lH!i) st.at!!: tha.:t;: =ado;i1. C:t;j';.IH1brlm h pr.obalily 
lr,dli; T•~h•c ln tanefi!l•- TI-ollli a~t."tiora nv~m cb.111:~ the 1educlng ~o~dt~to~s t:hll~ 
e:ic:Lst dLJrh::g a~•ro'bh:; b1i;.'ld4!gt"•d.aticn ln£1u.ru:.e ch" t1oh.1b:t:llry c-f bo~h 
n'llltri11nts and he1ny 11.111t.ah, c.•1,1tlng pr.-c:l-p~ urlon Dr dl:11.s:olui::.io11:, 

C.om-p lll!':Jl!U: l111n iZllV'> l v-its t..., bondt IL& ~f 11111tt:a.l lens ...,-i th noa • m11td. Uir:: eotapoutids , 
cal h:d. U. l.im<i:lll , Ca.ph:ita':. E.on 1E.11nd.s ta inc rH.i;• ~ti. Nbt Hf)' Ond 'thus. t.h11 
c:o;:iDC.1tnci:11ti·1ms in 1u.c:hat..1!:) t;if Mt~h. HOW11t•1,ru·. •ulfidu -pu .. 111:11-t 1n thll!I 
hndfi n v1 11 Cll'.lWp• i::ti Vith 1l.atlY - b: h • eawin,g t~H ••Uh: C:D pnd-p I ta.Cl!: 

(P'Qhl•n4 &t al:_, 1911; ~ et &l_ 1 198~J. 

Llt~lll' 111 knuvn about th11 •dto:r;iLiv+ c~paci!C')' of lltd:Dicip•l •.::iltd wist• 
fllH li ,IJlll; • c i. l . , ~ 96' ~ _ Ho1iort:vl!:r, it h tnovn tlu1 t Ugn Ut- i:: :rre coap11urui.11; , 

d 41)' 11 l.n.e t'ii b from the dAil1 -1,g.i} c,:i""U 11. a11d i ~cm and -n&&au • ti.7d.t"lf'1JS 
c-dd111111 e-11n .ad.aor~ U&Cli melah ua&r a1idtz:l.~g .cc.nd.h:lons (Jenn11, 19'68.l- Lu 
•-:: -111 l . ~ 1 \1111!1) .. i:nLain th.n •d..v.orr i::i i:in, illle>'ng 1r1 th comp 11::1.atlop, h Olllll o ~ 'lhA! 
:most. icparcar.c. PT!(}t.::Hli•H d'bcl!ing !!:l'•ce: -t•l llll::'bllit)' hL the lmnd!ill. Th11y 
H iii i:e tna c thtt 11Hi i:. 11t f £e-c t of Mltl)r:?i::1.on, wh1 ell au:11m.18t:tts: 1111! 1::.1 l ~. •nd 
.cOJ11plo.1J1til)l"l. wblch ihl!Uues -i::.t BllMlity, tio. "h.iinl to ~uant1f.f. 
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Th• ili!Mvrpciim of any polhu;;.ani;: by c:li)I ia: •ffe:!;!t•d by thil prm.setl.::• of "'~b111r 
~elute•. by Ch• ioni~ iliCTragch •r.d tbt: pH of che laach.E.t.a. Th~•. lfitoraation 
al:i11:i1Jt c-h• t11d.l:Orp.C:1cn of cori:1t.itueno::-a 1:c mut h~•t• NY l'IOC dl:t111;.tly apply 'Cr;:i

pr.e-d.:l.c 'ln.g ad.ii o:rptton 1ri .u~n:i'Cheir i .. .::hat:• (Cl'l ff1n arid Shi:llp, J 9 7 6) • Th• 
.ad.s a-rptt 0'111 of IM talm fl'CIDI a h.a<C:h.at:• h CClllllla(>l'lly 1111.1.1 than •dl.,rpc:.ian frmr,o 
purm &qumOU3. 'S-Dluc:ia!LII, 

Pnu:: t pi Ut: ioa b r:ha iu.i n a..o;.hlin1t:llill fa I' 111'1.:Unuat ion 0 r 'IN! :::.at c.at:tam .u; ;p.11 
valu1111: .a'bav-e: :111.x. Do!l:lo;W a pH a.f six:, -c:. \ e.a!l:1cins a'l"e at i:.e.nu.a.c:11:r:! bj' 
uc:h.at1ge~11..Uot"pt.fon •111.::hanE.s ... whlch Al"6 1111!.fec.,•d b:r pff a:nd cmapmtit:.l.a~. 
Al th.U'llgh 'Pracip i 1!:.41U (tM h no.i:. lllllpOrt:.a"Qt: foir 1111 ~l atiians, the •dt.orpcbn of 
l:h11: mai·nov.,le1tic .i-pt:dea: fra11 :1~lu:thon t.i . .a .alg:nif:IE?.11.Qt 11t1(h;11r1:il:ll by !dlic.b 
anieon.s •t"4J :r4llt0Viid fI1111* .11:olu.chm. Anhrn:i; &n T'~htivaly !IKl~.e aob-ib c.he! 
o::.a t1 o=u. - lb..u , t.htt val anc.a: 11 t.4.ll;e it. llllf.io't'C.a.nt b• &I t.:l:mi:tiln,g, ll::hl! at:t111~-i;: lMr 
~i h•.av:y 111atala (Cr•ffin <and Shimp, l91S). 

pH intl 1•ertK:~111 p,;-1:c:1 pi t&tiol'I, <ll.asc lut: hin. T•~'Ji ?".(Ille" c iom11, sacytion, arid 
:1rp1;11;:.ht ion , In gm:rw:r .i , •d d p!I i:o~ h;; 1¢11111: 1 ncrH.1 • :11-0 l u.bi U:ta.tiari: ·Df 11.1.,,7 
~l)ri.t c..t t"2'a r:.1. lu:id pH ~.Qnr:ii dci:n1111 at.co l:t!nd to dec['Hait!E th. s.arpt: l ~ e11pa~ 1 'C~ 
of rt!.fuu •nd lnit: fHJl!I' hm e:u.b•r.:gott. C:h.&ngu in pH •nd ndol!; r;ill}t:;l!:l\Chl ca,., 
l"~b.illze pri!:dpitatl'd Ifft.ah.. Adlllr;1r"ptian l:11 l'll!Vlllr:t.1.bb 1,rit'h ch~n&aa ln 
co.po.1~tton and/~£ pH (~~if£ln and ~~twp, 1918: Lu t!t al,. l'S~>-

te..,e-r.ture •!feo:;t:• th.« itcilubil!tba; and: :ru:~tlci:n rar:.es far !Mn)' chillllic.alll aa 
111•11 u bl.ologlGal •cHvity. Th• ~ntp•r•~e inc['H:l·U .1u:lld rfllla.c:'hu • II.I.][~ 
du~lng .a~rob!c d.e&l".a.~ttan •nd 61i~1'11•111e.1 vlt~ th• ~n.ec. of anui~~bl~ •~civir:y. 
In add I ti ar., ••.s.SOM \. Cl ur::t:uat: litt:l\S 1n telllJ:lml'• c.ure c:•n •JE hi c t• c•rt:a.ia d.4lpt:l::i.11 , 
Ji.t: 1;N p ruenic t 1-, U ti!:. le •pee it k inloa1&t!on b 1wa1li111bllll •bout; the e fh..:: c 
o! tH1p•l"•t:u['• on ll'l&d1•te r::11m];1011it:90T1 (l"~h~ and Ent•lbn~h'C, 19J'6"; Lu. e"t: 
d .• lH~J. 

l.l.l 'II t .al. (Hi S) l".a.pa rt:: th.at ch.e- add! ti~n of :t l 'ddg., c.im .iu:ce 3 • ni:;e d1ti r'ilt.e of 
stabi 1 h.•t1on t}f Modt!t,Ud.abl«: (lo:rg&l!l1C::I. CM '1:.he othi11r h.tflld. 1t' c•D aha 
~ec-eler~~• the produeti~~ ~f laach.ac:m by •d.d.tn1 111e1re W•te£ •nd pot4!n'Cl•l1y 
fncr~H•H th.I •CE.hft p.alhc:ogen papuht:hn in i::ttie: le.a.c.b•t.m. Ci>IDD1'11)', slw:t.1• 
c.i;.intahw1 bl,gh 11:oru::111ntT•t.1ian.t ¢f M?:.ah:. Vhlch uy b1111 ltrlllldvad .fnm ecdbpoHd 
.1\Jq••. 

Cane•~~ ~ilk' b~~•n v•1t• 1~ 1111 l.attdl11l .and t:IMt ••~•r percolmtinJ through the 
hci H~J' h All i~oz:t.t.t'lt b:if'.he:m::• a!'I Nl'C)" che11!e.d n•c.t:1on11. Th11 ~au Df 
liilollCU ~pplitai::lc:on, in canjum::l;:'i<)ft 'l<lltl\ t.htt 'at.al th.kk,MH r;:i-f v.uc:m. •ul'aine 
tht! ci:mt:acc: tiae, Hlah•r ~·~e~ af •Ppl1e~i;.ion p~odw::m 1110:c-11 ~11~C4 le~att!.1 
•nd f:,f11141;H' AH t4tlll:IV11l ...... f4;1ric:i;.1cin lilf t1-. AhQ. ff.i::11o.1•• bial1;11!c.al 
1111cc1v1cy l.1 ri11latt!d tQ ao!1icure cgnl•nll:., the r1t.a of ~att!~ •ppl[eacion iaJl.acta: 
dm:compG.d t1on r~'CU _ D.U:Ea nnt. •pp.l I o::?.ft.ll=ior. fll?:e • c.Q!I rH\l:L t lri 'Vt! l"'J' difhT•ft~ 
l H4:hat,41 ~llm];IEl.d t lon:11 (l.u llil t: d . • l HS} • 

.lO 
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:Z. 2 . 2. lndy1 tr Lt l ~on-b;n: u.d,ous Lp.nd(il 11 /c;om UW; s;; I qu Ind D1110l l ~Um Puns 

Cons t.~c: c: i 01;1. ami 0......1.t ic l011 va~t.111.1 •r111 nry li• ta-rr.1,&6nll!ou1 1:n c:br•.:: lt•l' _ 

~n.t k!.u "t. V•:t' taus c.1m11on•n~' a r4: di tt.kul t t:1;1 ea.tliuu. Tha va111:1: IMIJ 

~o-n~aln d1.1c:ai:dad bulldiflt, IMllLerJ•ls te-o. ,.,,.v eot\tl~~c:tion. o~ vopd, ac•el, 
bri c.u •ru:i .1.1:o!P•111:. .e ernc nu. d h"t:. plH blr:r, •M plWlllbin,1 1 h•ai::t~. ,.nd 
dflCCT"ii::&1 tl'arcs fr01111 th1t d.G•o11clor.. t;;il. tu:hit::h1,g st~t:LJ.C"H. ln lill:i;,g,41 :put, 
l!::W:c•pt: for !:"ht: ..,.ood, it h not. dtll!ir~bh flY!I:: 'CiM (H•&GI";:)' oQt &l.. H1'74; 
To;;hi','l·b•~glous 11L •l., 1917). 

l~d.u.llr;:rlal ~n-1.iuardous wHt.4111! .n• 3•.:t:1*r.a1t11d. b:y .a dl.,..ne HT! of 
ae.tiuf.a<::tu~i~ p:r01::.•1:1••· 'llhic:h. bu::ludl t:ha umhcrure ofl ch11:1dyla, ficiDd:, 
t rori &:n(I .litH l. hat.hi! E" p-rodw:: I:"•. pl Hi: ic:a 6t'ld ~H 1ns. '°1.1.bbii f, pulp and P•IM' r. 
t:e:11.1: lle.a. 1114u !pm111~1;;., .. ~ con1n:ruc:t iot1 p1:pduc.t:111: (ti. :s . UIL, 19,il!le) , tu 1'11fl& 
va111e.1: o11nd oU •nd ps wa.1t:111 -.:u 1:1ot ln.c:l1111:!11d in t:i:ih ~•t:•igoey 'I:-)! th111 'EP~. 

Na r•ft:r•n~•• w-.i!l~m l~c:•t.o:d on tlut f •(f~ra alt•cting tht: ~<1'41i~O~l~litm er 
1M'id Cl' l.a l ~ • hAz•~lllUJ .,.ofi.S t (II_ H~vl!:r , it 15 •:X.pillrt; ti&d t.ha:t t.'ht: f•C' t:tl flll i&!'oii 

vl!:ry s 9~~111-r ro r::ho.&e d i.i,;cus.Htd foC-:r a:nanle i p•l vu t.it in $111:c ti on 2:. 2 . l _ 2 . 

A m.mf:le 1: a f {~. -'114> c rhl l , 11Uft! d'1'• 1 • and .ag:r ic LI l t';J!:tm l 'lllH tas. i ni: lud lll\,g hnd f"il t 
1111&1?.ba~, a~• Fl•c:ed l~ 5u.:rf11~• 1Jlp'l'.l'\,jtida9'nt.ir. Hunl~i~~l i~~¢.Undment~ art: 
foW'.ld al! .... .atl!::r .11.~ ~llt'Willl.&lfr ~t:'m:at1et1t plant.• .11.nd ofi£:. u:tt[ic.aey land!Ull. lt1 
I '!ii.BO, 10 to l::i ptr:rc:e11t. of 1B1.11i!i: lp11l t.1 u4.gi!ll w-u bt1 ing ...,!1-IJ,otd i l:'I long- t.u:·a 
h1g(I00111. Al.iro. 111&o.ons ~.111n ~ IJHd c.c:i devatlll"r o-r Uilcli.111n 1.ludgl!: pr\i::i-r l;J) 

11Uh'lrp:rit.11.dh11. ln ad:Clitiim, land: t:rut.llll!lfi'L fac:ilit.iu i::an l.2H ll_g6ons tD 
1 rou d:ut' hc:e runoff fl:oai ~Ill! be 111 ty (If. :;: _ £PJ,, 19.!I '•) _ 

llu rt;otllc:11:n~r.at.icn of a V.l!lfiil!;(ll t{lll'ISCilCuenC l<11!1Hi'Af; & lll:Yr(Ac:ll! iBFl!IUTl~n~ i:I 
u.su•lly :t:~•L hr "C~ chi11 o::•:m,cl!:ntr-atlori of th.at c:cm1tit1U1no:. In ;;h• 1:urf.ac:1t 
hq){!llJn.dsl!!nC. UnH'k.11: in ~.1:ndHlh. vbec-a p11rri;:ah.m::o1Jo-11h1ct1rac:t111lth :1110114 
..ru 1:1::111 1 th.ii h.&i: b.11 ~e ln • ~urfa.c 1111 i11q:11::iunda.eftt. h t:ht,t va.a t.111 l t ... d t. Th11: 
c~tnslt.fon cf .1. laa~lu1i:.• m;igr.ac!ng, from o1 .5~:rf.&c.111 1~au:ndiunt. ~ IJ. •f!.ricud by 
t:hll! -prop.a:rt hs ot t:hl' U quid. :i;~ .&s \I hc1:1 Iii itJ a.nd d111L'l:11 h7. and tl'lll! 
in !;:(I fllllC: '10ru; Cl [ t:bA {: D~ ti tu.a tl CJI 1111 th the anvh·r:inra•n.c (it . ! . . !J.l D~ P°.t~t.i i>tl . 

"o 1.11.t.il h.9t 1.:-t'I, &d:ar.11! p C ion. .u1t t l h1,g ico th• bot: tom a f tl:ilfl iapW.t'ldlll11nt l (l.~. s: _ 
Ei'i'I , 1 o;.U:b) -

S\!lrf.lc • ll!lllpowicb!l:cts au i;:htt h.r ,su;t. 11ciurc.a of i:ir .g1111n i<:: e:i::ol!lpOund c:111 H l(lftt t."1 

c:hc a C::.ti5:phtI4!1i f t:i;;a h.&z.;.rdou:11 w•.s; ~ t r'4lHllfHtt'lt 1.nd 11:::0::0 ~«II&• file ll 1 t.licJS. (Sh.a rp • 
Hs..ns11!11l, l ~ 9'0) . :S ;l,:111 llJL:rly, vco 111.~ ll iza r:: ion -of t;i.ft;.811'1.iem; from !hmt h:l-$ D 1111.Jr f.&t I' 

lmpou.~*~~~ 1111: e~~c:l::A!-d c:~ b• 1111n t•po:rtanl. pr~111s1 •ff~ctl~g chit coapasitton 
o! va~ca in t~•c: f111~111Li~•-

2 . 2 . 41 t.11q !x111t!H!1n'C flC:" 1J !; W 

l nd.us-:. t' i al .1.rod !111..lJJ 1<:: 1p.i11 l wa.11 I.Inf.ate c- t::i;-111.a:r:mato:q: t h11dg.r11s a n1 bo::o th d.i 11:po;:i.1ttd ... r by 
JH:.ar.i• .::if l~hd t~••tm•nt.. !ndu:11~~l~l ~l'Ji.i!!l!ie• &t'll! pretdu~•~ b1 thll! ~iEDllllld fru~~ 
111nd. 'll'i.tl!j4! l.•b la 1m:tu.s cry, i: •:t: i:: 1 l ti 1 n.durw:::ry ( tlto1,1&h 1 u 'lo'H La 5..11 no~) I"} :pl eeed! 
!n la1cor>•) , ~LI 1 fl af!id p.11pitr i ndu.a try (Le . , rui.tuC"11l o'"t;•n! i:. ("Nlpound~ .J.nd 



..... 

in,o:i-gan1c. alll.ltu.i:- c~) • E1ll P" ~o leii.m 1ftdu.titry { 1. •. , oily 111nd £J !.l • frn 
•111.;1 t;H ?ll!illliw Ling f:rq qt•M e:ondi t: i.:mtng, c.b•111i1;:.i11 l 1 lu.d&ll!• from th.a n finlq 
pt'i;iatH, am! b\t>n'Ht:JH.tl.'C 1lud&.,. fi:ow wute pre!C:re.ataant). Al•'°· flf Hb .amd. 
1141tH· !l;l'Mtaen' &ddietv.e• 11.H cGMOn 'lllilil~• f:raa ~ i::r:i•l -rind., •t.4Uai 
• t.c r::·t"Li::: pu1'11~ lnduii"U"y (Al l.•r 111 [. • l . , 1917) • 

'I'b6- :sp.clt:t:.c durac.l!:ll::rht:lt:!• -ei! llllCt'lldf!'•l ~T••t.M~t fl'lan:t l!l:ludl!jH vary Wl[V!lflT.I 
p l.ant:11 aw.I. -l)VtlT dM ill? d:.11 :11.- p-hn t 11~ dwp11snd on f:h• :rut1,1n a-f d1111: 

cr111•men' p~cicu• &nd tti. IOli.Lr~• ut thll •-taw•:t•T ~Tc:.hi::ibano,gl-ou.p •t &L. 
1911). l'.til• 2-5' ahailis th. typir::d i:hn:CC'1111 C.otlJIOCdUou of H'lllap .tud1.•, 
fcq;411nclal cm:it.mlriant:,11: af ~ne•m a.u p.ac:haipna. 11:11.c•••itte 11it.rat•, h•...,, 
-=t.ah. .a1!1d. "11'rpn:l. i!:!• 'ilbii:::h bic.ac.CLW11.1-l•t• (AllH •t d. , 1917) • the lkl t'• 

ln®licrla.liud • c-...nity h. th111 graat•t' t:b• ~., cf j'T."oblii!m.s v1tl"i b.111vy 
IMt:ah •nd puds~at vrgan1c11. Guidt::Un-.1 irp•d.l}'l.ng c.ad.!lhm Gd u~r -t:..1.1 
.appUutlCD r.a~•*, pJil. pdm.a;im t"•r:!h,1.c~ion., •i:.i::: ....... t. b• foll4W•d ~ :11l~g" 
ll 111pplbd !l:a .a1r!cu?t111-t".al 11.nd {U.5. Er.ts. U·U•), :SUllll dude;1::11 vnlir:n u• oot 
o1cc1:pt:.ahh hl' 11g,rlcultti.~d usm: rN-Y still be lDl•d in 11Uvif::1,,1l~u. 

J11:1.11 c:: Hw•s• 111 lu.dii• co atoll.JU som11: p.a1:hci&411T'l8-. Envlro-r-:nto11 i:on~t!OD by 
pathog•nk Cb.act..ri• .and vf :ru8111} detM-nd.11 on th•i:r 1urvl~al aru::E ~r.a~or~. 
Survhal b influ.riced' b:y r:hri o;-5.11r.1u 1;}111111. •oil t.a:ii:tura .iind llN')l;ll!:Uriil, 
i;.~uwu. and th111: F·nHnc.• of m[..aganbttl:! DTg11m,i1RN. T~11ruipo:i;:t. depi!ir.41 on 
Ch~ ]N!Jll!l&b!lity &l'ld cOlirpa•i~ion of i;h~ ~oil. pll. subsurf•~• fl'MI' ?4L•:11, •nd 
t:h• :pr.a111ne.11 .;;-f sol ubla D"f li'-'1'11 ¢:11 &rid -c: st: lam1 . R.~v.d ac.c...u: 11: JI E"i•.n:i 1 )' 
cnrc~a;h Eilc:i;:~c1a~ 11rnl •6~~r:p,1gn <~ll~r •t al •• 19i1). Vino.•• ~~~ '•T•i~' 
.for o1 l Bfl,j 11; llM ~n f'tilltUt"ll!. Thit lal}li"t ~ n1a i=.1rot pa!t:ho.a;•rui a~tt ptl?"H l r:.ttlll .and 
b1ic.rceT." 1& r:h.110::: (ol"lll .1irpor•u. wti.i c.h can •un-i VII h1. ·~:t:l for y~u11r.t C '*-'u1:;i;b.,~h •~ 
d.' 1984)' 

Mun1c.ip.al •l~dg,ei1 H'fl i111lmos~ .alv•tJ t.r11un.•d· by a .sc:..bllh&.::hll'o JlfO<C:H.il b11£oire 
•pplica~icn. S'Ab!l1.ui:tl<.vn pr~~•ses tnc.lud.e d1g•1~lon. c~~·~ing. d[J'1n,g, 
or s tcor.1111: tr.a 11 l.i111goon. Sub i li u t: t 111ri {.of -. tludi!lll! pr!o:r t:G pl"Uiii:t:lt a.TI 

~·~ thtt po~1:nt.iml £or ~tg:ri11tion. !t •110 ~~duee• th.cs volWR! af r.v 1l~d.g• 
bi}' 2 5 ta .r;.a fl•:-~e:nt (U. s:" E:PJt.. l S'liU11) . 

La:nd tu•ta.rit facUHi.e-r.: .are d.utpct "[Cl ~aur-1115• bioda&r&dadai:t of a:rgntltl!.1111 
lnctirpoit'.11 t•d lnca th• llPPllit" 1'°1l h1)'11!~. n.. llr:il 11 111.nd c H- r: :le 1:h.au~ter hdc • 
af d1a 111h:•. r;;'Hl c~lcal chanc.to:r1at1.e:a at .::h• wHt.• ~ tlwt opa.rac:.1cnal 
"[eehnlqu~• ~.splo711:~ all iaf l:amu=11 th~ to:c•nt ~f biolo11cal deg:r•datlO"D. Uttdar 
noa a:B6 l t;.Ondi t(Qfiji, b1cdeJ1ind.at.j.0111- l:T'ld. wht= l liu thri;:i, .aT• t:h• t'Wc llRl!U. 
lllllpOrLan~ prac••~•:11 affec~in& ~~ 1111s:11 of oi:aaci1c•. lllnd thus, l:h• e~1ltton 
a.f l•a1:baa:e from ill h.nd ~rH r::i.i;it .f.acl U. t}'. Fa.cta-n -.fhc dnr,g le.u:ba r:..: 
~Mnc1on fi:om. bind t:re•t11111nic hdlitln1 111r• 1ho111T1 i.n FJgut-• 2. 5, 
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S1Ctlo.M l.D 

1'h• al'rit c ton of i ... e:1'14 R: and l•.ch.1.1:111 oe:om r;:ltwu:it. lb th. :sub111,1z-fac.e M'p•hlb 
DD hie t:an IJ'UCh U !Ehl l iqu.ld U.t:'UZ"il Of Qa ,..._ b!"' dM ~h•lu 1 'P~ttlell or 
ttl4 le.a~becG clHDtll:.u~nt.I, tlw: lo.adlna rat:•, tl1. ~lt..A,e, And 11011 and(vr 
1quif1U! 'f'S:opt:;rt iH. 

hi. chi. rirpEITI:. t=h• f61:'1COT1J lrttlwnii;:: lq 11.ut111, lllgt"&t:llm 1u• dhcuaHd ~r 
r.:h:rH i:!l l 'lil'tdon11:: :i>hr• tU:l. @ .. :L i:;d , and bf.alo,sleal . B.ei::au.11 ot oi;.011pl61t 
in~erac~loi:i.m ~tv••n phyelcal. cl'.3 .. t~•l, ~ blol~&1~•t Ft"oe.••~••· ~tau. 
ieorita1r:ianu MA:)' 1'11111:. ~1111: t::ram;pi:irt•d ichrough di.. •i.Jbauz:f&~• at th• ..,. TIU 1111 

ta. v.ac.isr or •• .,.~h i:i t:ti..r. Jl:lil!l i 1ib le p~-t4lc:.t1on ot b.u:h•t• .tgut ion. um!l111't 
NLbJU l flil,\N c-=Mi ld6NI 1.s i;Li ff!-c,W. 't Qlc.Muillfl r.1f tam !D-H6 ti:t fta l'!Uit;t. 1:i"G?H ly 
thia ttf re-.ct::1 of un:r id!iff·U•ri.t: 'Pl'(ICH•·H. Tn 1d.t1.b:100 r 11&1:11 or th• p~.:Olll:&SH 
•:t111 t rit• rde~"441:tH. . '.Chu.. , s-.i.~ 'CM ex.:pM1~ • fhc. t a .r e&dl pt'm:!lll.UI 
.. u1:1nd lndrp•rtdftit:l.:y NY Ml:' rHu.lic. ln at:i rac.c\IJ:'&t• ~:tas•naUorm. a.f rlwl 
Vb.cil• syst .. (K••ly. ltl1: K••l~, 1919). 

AC,IHM.uttlo:A ~ deJnd:&t:fon o.f C011t:.alinant• 1n l411lduit. •l::llD CICCUJ' t:hrmqh 
Mdlan:Lc&l fi l 1:.1'•1:.hm. pinC! :I. 11'1:.atto.1:1. &dactptlan. <li.1'1.1.d.an, dl1Sp41:s-si~n. 
c0&9hxmt ilDll, 'IN) 1u;1 l lza.tloft, hydic:olyd.a. n.dc:ii u.u cJ DQJI. .id. biockgr&datJ.on 
{U.$, IPA. 1971: Lu e'I: al., l91~> Alls~ •t &l,, t'•l). Tl'i••• P~••••• az-1 
~:pe-M.enc EJir.i c"9plH 11 tG - ll:fh!lcHfo h.:ydc41:1•oc:halnl cOQdi tlom: h:t thil 
sub.lw-f.iu:.e. Tho111 11011 prapar'l:iH h1:!h.11M!it'!g t:b":H ~:lids •:t• !P'•bl •he 
dht.:-lbuHc11o, "'u·flce illtlia pi!!!!' u.i:U; .,,.1ght ll'lf aD11, o~pnle utur t:ypa am! 
~i:iin.~ic. c"1t.ll.c1:1 111:1tc.'b..w1t: c.ap&c i.ty, lJH!. Eh, bfdrou 0:11.:l.du e111ni:..nt, and. 11*11 
eont•Pt (U.S. E:tA, 1g~ij. 

Th11 degn• i:tf l4Hha'Cli &tt!llD!,141t;I. Oft it i:kpimhml:. ll'1 t:b• ICl.M th.at ~ 
eontuhu11nt 1:11 ii:i. c:..cint&c.t wldi ch11 .aub•ucf.tJC• Nttrhl. th4 ri'hJ.dul ud 
chttalie.al charact•rl•tlc• of t::hll "411~•Ti&l. 4nd tbm 4lat..nc.e 'llhich th. 
CHICM.l.tumt '111.a t::r..,,.bd;t, ~ d/egne G.f At.tiellfilil.tlll'lfl c:&n flw::tu.1.t:• ... & 

t'unc:tian cif tiM b~C'61JJl8 of! dan,p:• la th111 G:U.lM.t.•, ho11dlat• C~Ollll 1.Ur;in ,. CIT 

'hydrogeG1()glc. •'1Viic:C19MIJ.t (Al. lmr et: &l, , J !JIU) , 1hi. A'C'C.etlla.&t.1v. c.apai::lt]" Ell 
t:b• a.\ilbu11:rt1111c. b ru:i c J nU n l 't:o. T'IH1T.1faT4I:. 'Cb• volYlllill UMt i:karaat:•:i-hittcm: of 
cb• l••ch&t:• •1'~ 1ff...ct 4tt•nu•~1on. 

Hlgr•cicn Df -~~roor~1&1lii in t1im ~~•c• i• 4ffm~t•d by th• &Lz• ot th.mi 
Ol'£'11'Li.a. e,oi l. l'lote • li•. th• e•l 1 s1.1rf:aei11. pr~:-t.1•• of tt.. ot'pn;f.q ~ th• 
.iOil p&£dch.ii;' el&y cc:iinunt, 111'••~· -of UIUOClll, p!I. _,.~ ... &nd me 
PTl:H~• 0 r Ol"llSlllC -1:.t:u. ni. lllM.t :l:mpD'l"C•nt F:n>e:H••• .arll tu ~'tl~. 
J>hydc:41 ~:rpUon,. 111nd Hdiamn~•t.fafll (Pohlal\d md in&:slll'tec:ht, 197'}. 



A nu.b•r of phy:11lc.al p~~~•aaas co:n~rcl the ~r•nt!f,'Ort of corit4mtn&ntJI. ln tha 
:11ub•uE"hc•. ThtH 1ncludJI .adYl:<:tJ:orr.. dis1Je1:"11fon .11ond diff1u1d.or1, :rtlr;:ni::ton, 
phy• h:al .adsa.m:-pti on , O...n11 cy n:u ti U.:;?.at;i "On. 1 ... br&lb la ph.aw• flow. .t.11d. 
pD.a• Sb l y f~11c rure-d :Elo1i1 {Lu 111 t •l. , 198~ : hilly, Bii. 7) . rtwi •• proc.u H• , ln 
~rn. A~• .affect6d by hydro~eDlo!lc prop•~cJ•P. 1~ck •• hydE"•~lic 
c.cnd1JC!tivlty, -purC11111lt:y, and !ID!.n:1.1n i::onc«1:1n:, and by 't"i11m1i::.111.l pl:'cpertl••. Th. 
phy1lcal proc.m:11.a111:11 •Till b~leflJ discus,~d ~low, 

Mvticdon 

At;l:vc:<"itlon h th• prl!lc11;1;:11 b;r ~ie'h c.c.nt:amiri•nt:a u• tr~O'rl:.md by :t:IMt aver.all 
Jiii t.:£.cn cf" th• fl011irtg gt'ow:idv.at:•:r in lilt"I h:h t.h.y •n d h.aal v111ii:.t_ A non• ;rn.c: tiv• 
$" l \llU '111l1 l tie 'r&r1spoirt111d n th• :11.1U11: ra~1: .1rul i.n i::!he same d l ntc: t tori IUI E.hi! 
~~.,111 li!MllT v•1~~1ty (Framzm .a1ld. c::htl'"f)". 19~~)- Advil~tiv• C~•n.1pcrc ~' 
ch••fly a tUT1ction of t.ba hy~r•~llc ~ondu~tiYlty dts~rlbuE.lon, paro,lty. 4nd 
the h~draulic g~~dl~ntl ln th~ .11ubsurf&~• {A~a~lt.ac.b at. al .• 198~). 'nies6 
fJLcta.n1 -1re ilE.111~u11:11ed h:i m.;ic-o cie~.at.l b1 tb111 folla.vfr14 11-eci::.:Cor.. .. Gn 111.n:Hc.1Jr&t11d 
41:nd .11;atut""111t6d llCld:LWll p:rol:Ppmc"r:hs. 

I::11jmi::C:ir:m 'IH1ls and !l\llff41et- :l.1tpC11..indllH:ril;:~ ~11u11 glYll! -. st.rarigl7 1:h:r•e -di:11er-...slan.al 
cnar4cl:•:r ~~ l~e•l g~oll~dw&tet"" flow f ill!ld5. Kamly (\9B~J ~til~a• th.11;: ~Gin! 
bel(N .liu:r!acll! iapoW:ldlnf'lt.il can :c"•v•r.11• lo,cal ,g["~n.:hta~ll!E' flov di;n-ct:liJri!I imd 
result t~ llill~tl ~mepmr p11nel:r4t~OTI ~r eonc&111ln.1r.t5 l~to an aquifer than 
g~he:tlilisc mxpmctad, 

Hyd:ri;>dyt'Lalllii:: .dbp11rdori b .11 non- study, i•r•v•u1bh mld:r:i! pr.::111!.a:f.::I 'l:i,. "Wtiich 
a ci:rnt..a:mln.anl: SJITtHdl as !' b 11::r.uup•:itC:1!11.S thza1J1h t-hm :11.uh-11J1rf1iee. Dh1pit:rd111n 
r1111 ll'L!} t • (t"-oa ~il'.111 e f .ft1ct:11 of ~ pl'oc m:s•e.1 cg:iti r111 I: ~nl •!;; ~• nolt1cul11.;r; hrv• 1 ~ 
'IM-t::hmn1c a 1 d bpeu i.on. ,and •oleculn rU f f1J.1hn.. .l'lil!cb11.r1 lc.a • dhipttr.t :t i:in ~ r! vm ii 
frOlll 'i'.Ubc!cn.11 ln: p!lf"ll: v.11l'°elch·11 fifit.bl"l: t.h• i'l}il iG't" mqul.fe.;i::-_ ·mo ch.an.gu i:r:i 
perm VII J Cl~ l t'j 41 fl!' ClllJ..ied by bunch lng 0 t [l or,r .ar1JUIJ.d IJU i 'n5, 'fll.lthC.iaN in the 
111H of pon •. ar:d. i:;;he taut i: l:.ho1 t 1:h1111 fl 011 rne it 11 lcwe:i;: r.ut&:r Jll(l-ril! w.11.s th•Jll 
ln th~ <"i@ttte~ Df t:hd! par1::11 ~l:u et ~1-, 198~; ~ •• 1,. 1~89~. 

K.ohic~\u i!ll£fudon h YUHd by .a cant.a:mlnant (!11)'!11:'11Hl-t["l!lliC11m gudhnt. 
a...slcals mov-t f:ro11 ~l)ru!.a. c.f high c.~ne11ncrar:ion. r:o z:c.._11 iof l:!N eom::fi'ltr•tl.i:m. 
biffUJ11on ls nmgligibl• in •nviron1111tt11t:11 Vh•T• th• flo~ ~•r:es a;i::-m 1U.1dtra~• ?o 
blgh, whmre -cn.m:le.al dUpmr-.mi~n da-.id.ut.•. Ho-vi:tr, for vu;y 111)\1' 
valmE!iti••. s~h as thrcujh el&y• 11.Jtd &ilt11, .diffwiion ea~ be iBp.a.rt.ant 
(~~ly, 19D). 

Xu ly C 1 gi21g} 110.i n t 11 (lliJ.t th.4.t •path ll y v.a1:1ib 1«1 byd1&1Jllc. E!f.lnr:h.1i.i:U vi dell C.L.Lltt 

•p•l:i1lly v•r)'lP! velocttlc~ in the 11ubsw:fa~e. Vaii•,lons in th• ~•te of 
•d'"'C!!ctlon ;r;nu.lt ln phlllllm 11pni.1d:in, .• ""lei! c.111110 bl confllHd ltf;lttl dUpmr.aian. 
~· &i::.C~~acy ar dlsparll1DrL •1tl11&a~m~ .aC. tti.«t r•ai~t'l.111 ~c.1lm 1.a d!rm~~\y 
~end11n1: en th• accuract l!lf tl1Jli v•lo~i~1 d111trlbutlon11. vhleh Ult!J~lly •:r• 
o!,11'1)' f!.eeu~a?e vilh~!l 1111n -D:ri::i.r·ul--gnltud1111 or lll!}f"'8' (KtttlJ, l911.1l. 



fh)' tiit:.lil 1 :IOE°fjlt.iOfl. h .& 'WH:"t hm El ( V•.n du· lilH h. fc ll:'C.11.il , h:o-d:r;od)'n&illh , •nd 
•l11ct~okinetJ~ prvpar[11:• o! matl p•T~icle•. Th11 pto~•li l• iaport.•nt 1~ ~he 
rMO'\tl!ll o! bacbu:la •nd vlT'lllHI, bu' h usWliU)' 'IRllmportAnt. re:httv• "Crtl- od111r 
prDc•ss•• for ~~~ce ~on,11.11ln•nt •tt•Pu.a~Lo~ {Gllb1:rt 1 1'76> Fuller, 1~17). 

H1111:lulntl:!•l. fll~r.ai:Jior. relllilO'TH C.EJl'fltiMlinant• t.h.a' iltt hl"lil!:l' rlMln. Ult! pot1: 
!Sp-llC•a 0£ ch11 IEJll. Th1,1.t1 1 tM llllfftrict• Df .. CMTlh.!1-l flh:Uti-on illCU&H lit1Lh 
d1:c~.e..-in1 poTt ~1~• ~i~hin • m1:di'IJB.. ~on.atbel~s•. f lltr•t1'flfl •p~lla• tEJ • 
vid4 r.ng11 o! p.1:rticb d1.aa.. 51..1.l~nded solid pj.:rti,:.111.1 in 1;0]..utlon<f 
ge:n11raUy Tln(.tl irt 1111U rra. IJ .001 •i":CODa to I alcranm. Th• ffU:r.tl.on of 
l•r1•~ l'.art:i.elu ..._y •ffe:.;;:'tivdy udur:11 01111 p1:~bHicy ()f'. dut soil or 
•qu1Eer- (lu 9t &l., 191~~ Allmr et •l .• 1'91). 

Ttui t11EW. filtT•ti~~ 11 oft•n. .also used t~ de•cr1bw cha ••di .. n~•tloft Df 
p•rl:. f e l·H i::ha r: l't'.e 11m.11.ll11.: th.al'! ~he pou .sp11c11 •. Sad~ lff·nu i:: ton oc.cu;' if the 
partlt:lti• h•ve a d:tff•unt r:h.111.l!l:lt:t •nd .,.ic.i:!lty ~h•n 'Chtl fluid tT&nsp(>n.JE1,1 
Ch••. 

K.any .peilvoriu •nt.I EJ:l.h an h.il!Jily lntnh1.bh in ..,,.t.1::r &rtd a&)" be rlllea1=111:l l!:Q 

thw •ub•u~f•c• •5 • ••p~r•t• llquld phase. lf th• vi•cas:l.~y •nd dci~~1~J of 
the: f'luid dlfhr fro11 th..u. af v•te::r, it IN}' ~v11 • CIHh:r•:n~ HO'loP r.u:e: and 
df r4'C'[ 1-Dn IC..b.rm the va1;:111::i; O~t:dy. 19$ i') . If t&Mi f'h1U is :!in!'• der-.6t: thA~ 1rit.n111r 

it IDJ' n.ch the buu:.oa at tlie •quifer •'14 1111t1U'.' 5.t.1 flO'lo' d.inu:;'ti{lln c.a confan1 
~o du .dh•P'f.' and 3lDJ111 of ~Ill •quitillrd: •ui:hc.111:. '01AI 1n;:ructural gcti:olfl;JY "nd 
j~i'•t!sr.rphy of ~~· •lt• ~an control t'1-t: llQVIDDJ'en~ Qf th~ ~Dnt.-..ln.anc •lon& 
p.1:~hlll'"-Ji':5 nor: pr.e1Hi::i:.1:d bJ •:L:llplt1i 1nalyds a-f p~e:z.EJU~:r1e ,gudiu1t•. fol'. 
cofl'C.!iml.n.ant.11 hu d:.11 n.s:" t.han ...,,. ~er , howe.,er , :the 'h)'ditau U.i: g.udhm of c.hr: 
w.atu c.i11bh is probably .Jh.,. ;rn& gu ... H.•nt. af it.bit ia11lac.lble ph.a.u. r;.tnee h: 
!lo• t:11 on. ic:h• -w.ai:: u tab l• C Au1t:i;b.8r;:h •t .a 1 . • 1 tl4 ; l'.I. S . E.111., l 9Ub) • 

Hydraulic G.o~ec1¥H.y depend.I on 'bt:11::h rluld s:-itopie.rtm•• ind. illquihr 
prvpsflL•A. K~ely (l~Si) ~oinca o~t ~~ilt d!l!•rmrvcms ln dllnAit' •n' vl~eoli~J 
1:1£ flu9tii iprtH1l'11;: hi th~ liGJUift::r Un Cl!ll,IJle • llll"idli Tlll"llJll r;if iftyduultc 
c-ondu~t:l:itley v-.ll.MI& He Tirrpo~cii: thilt th•r• l• ., dra11tic dGVTtWeTd *l\ltt la 
locd fll)V dlni:.t:!oins n1:u· pllIIQ:I i:h.ai: :b111Ve ;U U.ttht H I one pu·c.ent 
i.1t1i::::rems11 ln. dlln!id ty U 1 flt i VII ?O UM 1mt...1m!n&t111:d Wllltlll t'. Such mm1 l t;y einnt:rHU 

fnqu.:al'li::ly ol>l!:it:Ur ai=. landfllls .and ""HU. lmpmm~!tt.I'. li!Hl)' (HU!l'51} :rt:PQ'rts 
c:h111? h:n.dU l1 !Hii;:h.au 111 a t'lmn 110 lad111;n vhh d.1 Ho l v•d contui ewinu. th.u: l u 
~ndt)' .a-pprro•chn th.a~ mf 111111..,.,,Ul'. l"oit suc:.h c:.a,11111:1:, pudict:lons .abr!IUt dlie 
ah1111p11 mid :mov•-1111; .pf i;:t.e (:()TI'-••i n&"nt. pl'WH vH l b11 :l.nc or ntl!.t tf fl!IJ1 d ck!m.il it' 
I• ~~t ~onsldlirt1d. 



H.i.guthm thro1111.gh th11 UJLll&l:u.?"At:•d z:ciM lJi alfttcted by tbe h1dttau!I. fo 
i::r:induc r:1 'Yi t)I' and th111: i;b iclmeu IJ r tb111 'llJl,S,1.11;1.a &l:;illld. ~l)ne . It. .,.i:t.oi.. :.on.a •t 
lma•c thr•• fe•t ~bi~k ~iists frit l~•&Ce~ ~•n 90 p1:tc111n~ ~f t~ •al:lit3[)' 
hndfilb sunr•yll!!d iri ori• 1-cwt.y (Thima.B. 1'9:H). Th• u, .. of lnflltu-&1-fm at 
Chi! .s,r:r.L.1.11~ il\li:rf,1.r;: • or I 1tC1111 t.bl! ibrit tQ\8 11J.f • fac 111 ty ->" b• l :Lal t•d by the: 
c:&pillC::lt)' ol. ch11 a.ell ta •c~•?t 'UUr _ Th• inf.Utr•t:lon. ~•t11 :Into th4 11011 
can:nc t. Di<! 1:111d tM vd 'Lillfl for thll! so U ' :1 1atur.at11d hydr.aul ~ ~ ec.11ri4u.:: '1 'ViC]i'. l n 
th4 u.nH'Cll!"llCiltd :zone, t;~ bydnu.lic: ctmduct1vity h O.,:.en&-111.r: on. ttl• 1oll 
:a.:tU:'C"Ure: ie0tit•T1t. n.. lllptiidUc d:1Jn::ha!f"g- :i;t'ITO!Jg,h. i::.he v•d.oH .ZIH'14!! V•dH vU:h 
the! de'ree ot satur•timn .at; 1n7 d.e~c~ (U_!_ ~P~. 1988~). 

h"EJ!P'ln iu of th111 S&t:~:i..:ut:d •dtua 

Th• r.atu.r• ud 1111xt11n:t: of tu t•olo&k lllllUt-id 1a.5.171d.4rlylftl 1111 hcility i:o111.Cfl)la 
chm f"a~11 .and l::i;a:n:qiorc Gf la&du1.tl! 111 thit ;1w11,1,d' 1111cll!. Cr1:1undllli1.-~·H' fl w• fro11: 
T111!har1111 g{llr'lfll 'Co dhch..arg• ~rim,a !:n :CU"Jl'On.a- ta t.h11: hydr-Aulii:: gra.dhmt ai;; •n)' 
givitn polnc::. u1 i;u:rn. tlia hydt.a:ulic e;radbn.i; h ln!h11e-E1.ced by illquil1111lf 
ch.&ue~a:rh?t:lca.. boundary candtU~~. illl'ld a.ii Curd ri:r llUt"I- in~1.1.Ct1d nchaqt• .and 
Clla<;.harg1: OL S . Ull.. l 9S".1.a.} _ Fo i:- 11qutt0w: s.i;i h11Uon111:. lnfc raat lan .-boi.:1 i:: icnll! 
bydrau.li~ i£r1di•~c e.iln be obt:.ainod f:rOll data on hydr•u.l~~ h4ed.. ~'he-n 
Vl~i&'Ci~~- in d1:Cl.llity ... ~lBt, h-C--Wit!v~r. t.he ~rdr~~lie !r.ildlmnC mu.at b.- Qbtaictl!!d 
frcm ~•t~:r p£•••~r• ~antaurK-

bt.imat:H of 'l'i)'d:C:llJ lte ~tmduc:::: 1 vt t)' 11't tl":.111 !hld 11i::.all: h.av• (l!fl\)' sn ord111 r;•of • 
111&gfllt~d• ~ccuracy at: best. L~kii!!~l••. infllt:ratirin ~n~ l~•ka.e;m f:ro~ ~t~lf 
.aqu{ fe u e._ri .r;.ri ly be predk t.e d vi t.M n a!ll i>TMr -()f --&11!tude-, Thua.. 
in!or~!t:lon ahout Tml1:1~l~y di11-~~ib~~io1:1~. ~hich ditpeu~ ~n the hydrauli~ 
canductivl~7 a"d f]u~ r.ilcit~. often h.a~ o~ly chm •~• laTel Df ~~cur1111cy (Ke•ly. 
HI.BJ~. H]ld.Uulk ccru!:1.1ctivSty ~•n bit! 11ltermd. br ~nrip:nedC:ns ibe-t:w•e:n 1..-1111.:.h.ai::ir 
aad ~he 1.uba.u,-rfr1c;;e ••~U.•. bur. th1111: lnr111:r-11~~l(IT'ls .il!t11o poo:i:ly ur..d11nu:[lll)d 
(Auerb~~h m~ .1 .. l~S~}. 

lf clwt nydr.aullc ~ondiJ.c.t1Y1ty •t a paint. l~ •n a~uif~r ~arie1 wttb d1:C•ct!on, 
r::h1: •tt·uJ,f..r h aald !t.c b11 .anillot.rof11e .l\nhoicropy h:i hydu1,1,lk .conduc:tlvtt:}' 
d.hCt'ibut:imn. l• c:•us•d by Hr\JclC:u.t'al tn1:ri.d.1 1;1f tJ111 .aq:u1£e:r m•t•rir1I. In 
ani~ct~Dpi~ ~dia. fl..,i,r is net al righc -ngl~s to th• pci;an~1(1.Gm~r1c contou:r1 
•~~~••d. flow i~ •t ~bl1~Y• angl~~ with th111 d•ir~• ~f d~'Vi•tion p~op¢rC1Qn.a1 
to >tl:"i• IMKM.llf'l1= ot. .il:n lu1trop:r (X1:11 l y. l H?} . 

S:111ca11d.i1rJ :por.:>sicy "INIY be ~•~•d ti,.. ch~ dlssalutlo:n cf rock. reglond 
fruic.u.t'ing., ri• fi,;it: soi la, b)' di-:rlng cr.ai;!h or fiuu:riu;. 1t.ll HdllMl'ltally 
~r;y~t.lllllfie racE~ and avan ~OIM cl•y• Knd tlllt con~lft !racl:uE••- ft-•~f'l.IT•I 
i!.•n b1: joiEiit.fl, h111=d.din& ph.:n~ .sepu-111Uon. f-11-ulc11, ci 11ch.1:t:l.1!1n cavide• (Kiniedd 
•cal., 198~a)_ Fr11ct.u:r•• ~r aactopcre11 raJ1:pand q~ickly ic.o rainfall •vent~ 
and otheT r1u1 d. t ~c;1 1u1d c.•n t:rA1llll• i; "'" i:;4r 1:'1!1.1) 5.dily dorig peth'vill]I• i hat: de 
Nllt c~1fli(;1dill! flilllC:b e1pH1tat!on1' (ll;eflly. 1\Ul!t). !v•n vJ:n!1:t1 c.1'11111 .aJllO'lltlt of wai::•r 
t rave lin,e. 11 loT1g. 1--uctt. pA! i::hi.t.ilY• b riot. larir;•. ""• loc.l th.a. c.a11 b• 1111•v1tr .al l)r(l.itn1 
l!I f IMI" l'tude gre atl!t t:h.an kr lnur .g~ anuh-r fl mv. The re 1J1..1 l t: c~ be loell.1 awd 
b.i gh conieeatr•t l">fl;111 .gif ..::on c .... ln.at:1t:s •t 11 :[ g-n1 f lc•nic di 1-t:anc.u froai tf1e 
f.adht)' .. ~.AIJ.ll!lrba.ch e::t: al., 19i!U1) 

J.B 



F~acturm da:n:11ity, •1111Jr;iJr.1J1 51111' d.i1nribur:i1Pn. a.d11n~tion fr111qulmf!)". 11nd 
lr..1t1:;rconn41.c!C lon:t •n .all f.acto~• dei:t1nlning the • fhc i: a! fuc ~H 11- C 1Lu1::r~l:J 
•&:: 1iL, 1'5184). ?be :rd1111t:1.v• l~n.ance of th11 £J"•cl:1.ln IJ)l:U:•• r!"3 thti 
h~•~l1~ C4nd'YctiVity gt an aquifer d.ci~•ncb ~n che r1itio of fr.actu.rw ~o 
1ntergt•tli.tl&t" hyd:c.aullc l;!c~r::th1.cy Ck1TlcaJ.d mt d .. l'!U.t..&). Onc11 frmictuu.a 
dami nat. flilN, i!;.h• .qu.u:hru la r po?:' DWI figv da not •:PP ly ( ~CHtly I uu1:t) . 

Ku•:11t: •y•t:1:N •A undtiz:&~Ulld 11ud'.•ic• 11.11.t:ar .11y10'l::llllLJ e&'llH•d by ttl• dl.Holu.tielln 
pf :tO<: k. An W\drll u cat'Uiln1 of dt•.1111 •YI' l;q:m; d4ptnd111 on tha .::h.anc: t.~r l:uat:1m::i a f 
cbm nt!~VQ£k o! ap1:ni~1• .and tUt'll'lels (K1nc11id et: 111., 1~54&). As for :11u:rf•~• 
llAt1:'f' IJJI i::... • tlw i • cfc.11:n t:~b\ll •nt u1id D1n:.cy' ;11; 1.11111' dJJ111.11 ~t: llli'f>l}'- Dye 
trac1:t• •T• 1.L1•d to •~~dy 'k4r•c. •Y•~e .. _ 

11'1~ ~hl!•1c.al fTOI;!~•••• pr•a'ltflted ln '111• s11ct:ian i~r::1"'4tl prec1plr!11tl01:1• 
dittoluc hi11., 11101tt:i'tii7tl. ndcx ;re.a~:i::s i;i.mp, hydni.ly11 lJ.. •nd coapleu U ~.,.. l.rt.il11 
Lhm Xll:n11£Al prll!il?lpl•• .11nd ~rivi~g iff.ch.anisiu fQ• tl:i••• r~~c-~s•s •re 
und•Tlllt~. ~h• ~011pl•~ lrub5utfa~1: •w.rl~9DilN~t in Vblch thay ~t:Ul" pr(Wlll1d.c!is 
IMt'lf 'Jl'Olll ible DUl:C.CI~ lo (itH ly, UI! n . 
la ge•nl, th1:me prD1?1:Ha111, •:ii:efl:pl'. e'or hy~to1y~h. lli+o uv•u:Lblm. The: 
r11v1:r s ihl• ~n;o.c •:llt•:ll ~•nd ~O ~·e C.it'il t:1"1.1:1$po;rt. b\lt dill llH)t: pttl'lll.an11nt l :f 
11:U1111=.Mu • e'Olfll'lllll1l'lant. !>.ua t:h• tyatH•. SCll!'pi;lol'l and pnd\1lt•ic:t01'I ara. 
S,41Mrall:'.f c:he d:Q..a:in.nt nt,ari!lng IH.c.hanisms in th11: "";i;uC"•nc f.0011:_ 

Th111 11ttallWll:tflr.. r.if IMUh la II ft:ntu::ti.an ol:; t:!iid• 1ruli.viduill prapcrrtles. t;hlfl 
'PiflTIUlllb l U r:y of the m:a 11 , tbt: pnip• rde.& ol lh• le111:hAt:e , and tMi AJIO'lrt'I CJI ilt 
day, 1111111. •nd h:,.idr"'ua if(lft i:i:icidl!ls prms«'Ylt h~ ttul: •oU (F\ill•r. U18l, 

K11mly (Hll9) r•Jld}nl irh.ar: f•H&rd.atlo11 c.11:r.i b• aho:tt•c.lrc.1.1il.l!'d by pn1c:c1111u 
vh I el'!. he 11 l c llli'te cr.anll~Q·C:t:. .'0'11;~J1 u p1ut.1 t::l11 r: l';uu;p1::ir t, c:o, •dvadon.. llil'ld 
large C'h&ng•1 in pH ur ?•do:.C Fl'! r:1m'l::l.al . Tha aucl'!ol" .;.., fE n·U p.attlc la r; UNl!P""H 
u tt'u!i :Dl::l\l'li!i:fdlnC. n! collahlal p11Tticlu r.i:t vhlch canta11:1ne:!lr;a; MYlll &12h11ud. 
Colloid 'fJ1£HU.•t.lld cnM:porr: h dh:cuu•d in Hill.I 1rul Llu (Ull.9). i:o. 
:t~1vai;;iJ)n, f:n'Wtl......,11' 'tha 1:nhatl(;?Ufl:llt of 111 cvn11:..in.nt' m: soluht 1 Sty bt1c1i1.11• ot 
th4t p:r•s.•ri.<: e of 1nothe r ililottl ¥1111l in t.h• •QU11au1111 phHtt. A larg11 clufl:g.it in pH or 
:redo:c :poounc. ld can lN?r11a.a.111 "'°' 1ub11 l 1=1+1111 by ~ or.1Zln5 n.tiut:r al -:;a.pounds , 
dhAalvi ng, \lfll'i! t p h II tie & , fottn.ln15 che11ik;i,l cOlip h:M.H , lru:I • lmlt ln.e; •icn:ibt d 
acciv1cy. 

Vh11ch1tr a .::o~~•,in1n~ ln ~h~ 11ubaurfac:111 is pT•:ll•~~ -• elt~•r a •i1clhl11: 
a.olu.c.ion. Of &Tl i-bcibl11: Uquhi CIT ~i:ilid 1• COl'IC!'iPtl.d by it.a 11ai;111r 
Jl..Dlub 1J i t.y. n,,. :P:Q 1W[l1 !CJ' of .II. !11.ubl t;anc,11: hi d•fi ned, 6111 Lb11 -H lllf' th11 

Aub:11t.a:ne• irh.at vi 11 di11111Dh•it irL a 1.mi c vvl Lllillll ot •111lut-. und11T :Jp4111.! :I.fled 
ch1t•h: d c Druiit19t);ll • 11wi 11(1 l u'b i U t.y in vat:•T ~•P•Tidt .i:>n t ~ l'•'Cul:'I:, 

PUH';JIU • pl:!, Eh , •mi the. rd.ad,,.. i:=once:nrudons of ot.hiu; $.uh&t.tnG.H 1 a 
•olut!oa {Aller et: al .• tun. CC.-;1i;etlvar:i1m oc.c.u.n. whu1 &Di:n;hwr •olV11nt. ~•: in 
t1ut •qu•~~ ph&•e mt ~oru:entrati.:;ina; th.tt ~nh•~• ch~ •oluhility of• &iv•n 



c:.eontlalh&L'J'L Cane en tr.a ti ~I 0 [' II ~f!'h' p111TC ant {l:t: - 10, 00(1. pp111) aT• ~"IJ.lll 11'.!' 
needl!d far ~a-1~lva,lon 'c oc.c~ (K••l1. l~l~l. 

Thtt .sCl'lut:iility ·Of .a seiUd PWiwab:?.aI .::om::reil.p 'Lt• •q1.11l lt:ir:h..11111 •ta.t•, \llwn !:ha 
sol W;i l• C:OM•~t:e• C.1'111l af • .::arnt:illllllirWun.i:: in le ac h.&C.11 1.a b i,gbu· t.har. th• t 11 f E.h• 
i!qu!HbriLllll st.11.t"a. pncipif.111! ion 0ccur:1 . Wb.t:i::i thfli aol ub 111 coru::•T'l!l;?".&di011 h 
Iawu: 1;t\1H'I i::t..e equllibl'i..,,.. vd~• &n4 ;1111D-Ud• n:is!: fn i;::p,,. lt.J:Pi:: ... dlu:cil\llt!M 
oe~urs. The p•c~tpl~tt~n ol a di:1:1mlvad ~uba~•rw:• ean be ·~ 1.llport•nC 
i111tt-t~Wit il'U'I 1teii::h.a:r:ih111 and .. ,. 1,1,., 1.:ni r l• ced b.1 ~h•na•:t in :pru.rur11, 
~l!Ilpieratur•, pH, c:.mneen~rai::io~. or r.da~ potentiel (All~r et al., 1'17). 
~ra~t~lt•ti~n ~•n c•LJ.11~ pl"1&1in& of 4J::I •,urf11r and r••utt fn « ~111c~11•a.• in 
aq~lfer p~ro:111it::y. 

P~~tlpit.atlon/dissalu~S~ reac,lons can ~ci~trm1 th• ~~m:~ntratlDTl of 
ccnc. .. in2?1t:1 ln 1olurlon •nd ara ea.pec1.all1 1•pgr~•nC. pra.c•.s••:t fo~ ~racm 
.. i::.41 •iira1!1on in •oils. !~th• n•~~r&l t.G hJghA!r th~" ne~i:.ral pH~·~·· tb11 
11iicr:enu.ation -IJ'f IN!t:d111 b)' -p:n1dpltation ~ d.i11olu,ion :b •cii:-11,11 dgnJ.fH:a.ct 
eh.a11i tn dl• lO'IH!c pH E"•nge I wti~T• (lthlllt' -prDCllll!llll:$' ~LJ.eh ... sarpt:hm, da111tm1t.i! -
.51nce pr11dp' ~u~.on/d.iuolurE.on .and :lll;ll'r]lt:ion. O<C-~W'. J1.l1111Ult.anallut.ly in iclie sad.l. 
h. i-11 dlfflc:uh: to Hpant111 tbt; IC'lo'CI ;p~i;u;:uiu-• {CrifUri. •nd 5n.imrp, 191!:; U:i (It 

d .• l!Jl5}. 

Co-pr11c!pl1:.Jttio~ lt ~he pr•cipltac.icin of •n ~t~lfll'."lillaa molubla 1~b1t6ne~ along 
vlch rl:ll 1n.lh))l.Jb.h 11ce-clpit11d;•' s1ni::111 1L h mi:t:ra-ly dlU'lc:ul? to .up.ari1t1P 
1.he +ffec:t.:11 of c.o•pn1c.lp1t.tit~ .... n ar..d ;md.s.orpdo~. b.cii11:h «rit usually i~lud.ad ..... 
111d:11o~ti(l!n (L.!J Cit 111l., 1'9.BS) . 

.Sc-lu·r:.1n. bt1cci11tt at 1;.4.:-hed to Lhie: .i;;o 11 d -p'huo 'by lfflltl.S i:Of ad..soirp I; ion. 
Ji.di~o:r~~i06/d11sorpt!on is ~h• lll(l~t eot1111on ~h•~tf.D ,ff•~~ln!ii coct ... trua.n~ 
11i11ratilln ln sot hi, ti'k+ tirt:dpitat1on/dluoh1.i::li:m, it ls .111 -r•ver111ibh 
proc.11!1~:111. !f.1)'1,111!\r~:r. it O<!C.1;1:r1 ,u; .ill r11la[.£.,.ely ra1P-iri r-tll:"• eoll'lpared ~ 
preclpi~tt~n x••~t1Dl'Lll {U.S. EP~, l~S&a). T'lilo •~cha~l:11_. for 6d~erpti~n ar• 
"ddl:HHd lr.i '1:.h.h u,c;t:~Qn; ni:.tfl- Lonf:c ads eo:qi L:l.1311 of o t: g111n.1 ca and icin. •:w:ch1:r.g111 
~l inor£~nl~ Sa~• all!.d 1N!C•1•-

Or~ni.::.11 1orb 1:J1.btl.:r cmto l!:x!sc\n.a $.e;iliill orga.nlc cci11ip1:ii..mda; p-1"111111119nt: in the 
11-~1-..1d:ac11: thrciugh hy(!;ropru:.ble atr:t11.~tlon. !bt..a, r..hm 11n:·&o11.nll! i:::•m:bein e-or..ut1.r 
of ·th.a pQl'."OYI Mdhm.. •loni vtth the 11t1lubiUC.y af ich• r::~~~••11'1i8til, h: u 
iapartlllnt fa<";~ll~ for th!• typ• of aor~ttlDll!I. ~trelN- dif£e~~PC.~• •r• ~bme~vmd 
1~ th.G 1d.iiorption of differ.,..~ ~rga:.ni~s CV.S. !FA. l~Sl11J. 

!on e~~h-~• prlmatily o~iglQate1 tram michan£11 ~it•• an l•Y•TGd ailil!•t• 
e l•y• a:nd ortgan:l.: 1Ntt1111r, th&c. ha"Ym a p•nu.T1Ant: neg.ar l '119 duu:g.•. Ci,t lon 
u!chan.g,a- .a 1:-i ;1.1u tr..... • nHd c..a b.a l 1ne<1: the tlil'ga ~i ve ch•ff&• in O'f.::1111 r lo 
IUll'i'Clllln ruiull:I'ality. P'ap.1d'lf1t lo.r.i; {u1tlanlll} :i.'I\ !11-ol\ll~li;m e:11.chAJlgm with [(lfll:J. 

;ml 'C l!:ady 111:1.:11~ ~.JI r:: ltd '11'1 th the net;• !;.;I. "Yd)' cJ-i. t' gttd .s i t.H. 7b111 II'.! l~H :h:y 0 t I-Cl t l :f. 

~~ •xeh«n~111 c11ti~CU1 is called tbe c11t1on ·~l!h•n&• ~•;p&eitl {C!C}. CEC i~ 
1111ft~c:t:t;o b)' ~. type 1100 qu.anl: t ~)' ~f cl 1*)' mi ne-ra l p~4!!.unt , the .aaount 11 f 
'1Tpnk -t:t•r pr•H~~ • .aNI 'Ch.e pit cif !;bit H11. 116.lar cadDT1:11 ln h1.aeh&t.11 
u:a, ~,. t:i, ~) wually do11dn.u;11t Chi!' CEC lliltu. Tracip Mi:.alil c.111r. nae. .;.:11mp•u, 



L 

.a (II e;.ai;;iod e:ir:changa h i:ifr:1n lns E.g.."lt flc.at:icc tar -tab at lav .c<:in.::u1t:l:'At1-on11 
{HurTrunn and Kli'lt~i:: z.. Hl'12 ; I.ii n al. , 1 !i'l!!IS ; U, ~, :t:l'A. l 90) _ 

lon •lC.Ch•ns;• ii ll~ited ~~ coll~id.ml partlcl•s (LD-J to lo·~ .. in di«ttettr), 
such •• ~l1y• &rid afg•nic EU.carSat•. because t'b4•• :p.art1cl11s h.rl• l•r&• 
111h.ctrlii!al chargH vh:l't rHi'J'l!li:"~ to ~tr 11-urtac11 au.u: ~"'116r •'- d- lHH. 
Achilt.icn. .cif .org.anle 1une;::- tll.l"Ou&h dudge applh::.at:\on a.ay lnc.u.a.H ion. 
·n:eh.ange ..:: 111p.11.c. tty. 

rtw.r111 is .a sEU.11':?" :lo:. HChan&e 11:f f« 't f'o:r &r1lorui; wh.:lt;h a nod a't" ,.. 2 r;b hydtoua 
cddms, Unee si::ilh ty-pic&ll)' ....... mDA N11J;•t•,,.ly-c-ha~g111d t;l&)' puli.clu 
:di•"-' po 1 l'C l vllllly~c.l:Ju:gt:d. h'.l"dt'D'Wll 01Eld.1u1. i::h• i::nru-part: of c::&t.li:'.lu t.o ua~ lly 
;m.ttenu.a te:d llklr11 d:i•n t.h&t. of .an lO'l\11- (U _ S . !f~ • l ~Ht>) • 

Th11:re is • dir•c~ r11la'Clon.s.Qip b•t'll'men 'tha qu.ant!t:y of a sub•tUl~• .aorht1:d an a 
p.artl~l• 1~rface and tht: q~n~it)' o! t:ha •ubs~an~• •t.ap•ndl•d tn aalutJon, 
l'"r4dh:~lcns .about t;he *Oi'pt.fon of t;Ontu!n.anu oft:o11r:1 1Mk111 ume. cE m;a""Pm;:S.on 
~.i;ol:.lii1n.a • wh1-cb re l•t• du1 a.<1'1..-n'C of coritu:I: n.lr4t 11:1 •ol u t :[cm ti) i:::he 1tll•:n1:nt 
1H.!1111C lated 'Ill! Eth IE.Mtl 11(1 a di - FD'7 o;c~~'th; ClllJltamin.ant: .. p i::hit'S8 hoth~l"IU i111re 
usu.ally ass!!llHd ~c ba: lin~•?" at'ld tb111 r~•~~•an l1 •••uat!!d ta bo ii:utan~n•ou. 
•nd reversible. ~owwve~. !C'D¥!ng •vt~e~~ sugge•ts r:.het ~e•m .u:sump~i~ru: •~• 
n,eot .al 1o1i11y;1. 41lda;quai::: e . nib '" 'Pill r r.: 1 cul a:r ly twit fQ.r lllt!t• ls. {KH l y. 19'6 7) . 

Ct:;i;id111t.i.on .11nd ni:'li..w:t.lcn (redci:w;) :ron:l(l-ns i:nveilv.i: th• i;:nruhr cf' el1111cUtH'ls 
and 1)¢(;':1f 'l"hen t.h111 Tl:d.a]J pi:>~'C 1 a.1 in l•.ac:;h&u• I• di! fermni;: fro• ~b. t a r th• 
i!.c:1U eor a.quthr 4nv1ronient (l.i.I et •L. 1"11!1}. !n g.t:ti•rd, redoll; na.::t.1(1ru 
a:rie: UV4ir"slbl11:, but in Hlll <:.&11u thay .:::~,, bti itCf.ei:::ti'lllly h"uwr111ble. 
Od.cl.a tier- •nd fll!n.luct !1t1n an llaf'i>rt an.C' proc u.;411 s .for 1na't' pink i:::09F,ggnda ahd 
IH:t:illllii;:; e.ll!ment::1. 1.a.g•i=her wit.h pl:!. th•y 11.fhct t.b11t salu'b!lit'y, i::omple.ictrig 
c.ap • .::it.'/. Ami "Ot1'!tl\llil b111ti.m.vlin1" of ci;;inatlt.uent:•, and ~ .... -ei::i:ni::ra.l th• pn111'!!nc.a 
•:n.d nnMHi::y of lll&TIY 1\kb:11t.1.ne11* in. vmt:er (A\hr •c llll., 19-17.; KHl)', 1·:11111). 
H le ~oa tg111nh&11 au rmmpon.s ih 1m fi::ir a la :rl!;it prcpol='t ion 11f \'il"dox ni.11.c:t i1J>ns th• r: 
o.;:c<ur lri g.~111undvmt:•J", h: h dlfflcult to dii&t:U''llllin11 t.h11t nd!!iii: n.ai::1t of' an 
aquifer aru;l E"fl i ljton.l!ify and ci:uentify ch.! rmdin: • ac.t: Sv• T+11e:r.: ant•. 

HydrclyPlP l9 ~he rheat.::al bt•akr::krWt\ of ar1•nl~ sk.IDs~a~ce~ by v&te~ &l'Ld 1~:11 
hm k :llJ:''l!C 1 H W and DK- , ~r: brqlt ~a:rb.Dn bood:11 t n th• 11-'l.lbi '-•nc ms . ? c:. i :11 

d111"P11:ride 1:1t <Jc\ pH and Eh mrul. h Mat: ef f4t,c:t t Vt: .ai;. h lt,b C.~• ntu:r" a. lat.i pH. aft'll 
lu'lo' f>Cdo:ll: pDt.11!1'1~ • .al . ror hn)" bl OdlDi'"f"&dall lit COTltallll:f n.IJ'lt •• I hydfi:) lys b hi dOW' 
.::01!11p1rr1111d 1::0 b lodo::1.tado11r:1 on (A U9:r 41 ~ .al . • l 'l'll , 1J . $ . :E:P.l\. 198.8.~) , 

Cmq:ila,:,11~1Qn l~volv41~ +41.11.~ti~~a Gt me~•l lor...s ~l~h 11\l}r,6nlc an1011.1 or organL.:: 
11 &•114• _ Campl.c:ut i9fl ..::.&a 11 it.her I 1'1.1! r•.a f41 t~ i:::oticent.+ .11.t.ion r;;i t 11 -cofl.s ti. tu.el'!' 
in :10-lut:l'l.ln by ru .. ing :111J.l"Ul;:ih1 C'OG!ple:lll. lOT.IS O~ d•Gn!!Uil Cli!EU:8:ntutlon"t if .Ill 

.ll'l)lulilt1: ion i:::09pl.P11:H 11ltlli • •oUdl. In IUl.CJ.1.ra, lt. is di ffle:uh: '-D dist1n1u,illlb 

.amon;t :IDfllll: 1on, sol ld ~ l I q ..... 1 d C1'.11Dfl leii;.a[ ic:1n, and i £1!111 ~:ii:cl'i.111r.1:e:, 11.ei t;hu m 
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~roe••••• •r~ Wl'litlilly gl'ouped tc~th•r as onm 11111:~h&ni•• tStWlm •nd H'or""n. 
l~I•; 1.y, ~~al_. l9!S}, 

Ka1t])' H917) fl~ph.1rui th .. t UJCll hllllilll\I)' lnflullUM!Jt Qf Cif1111:ih:it•tir:ul;, o111-orig 'llliC:h 
lon-111uh,.1\51t. ori tllt- ~bllity 111f M·i:.•I• fit 11tol1 ~ntffd fl'am lmbi>ra~ary 
l"U<tilll<:h. bu.:. th1: 1 nfl°"ne" Qn ortg.lllnii;.• :lit noc \llfl U undl!r st110d. He at.au• 
that. n.1.t.u:ro111J .::irgit:n.lc .aE:'=•i:' 1:-·Hl COllJ!lfli:.: and «nl111fK!• tll.4: &?J'illlf4t11C: 11oll!b1Uty 
KncJ. Mb U 1 ?)' r::i f" s ynthe:t ii: o cganlc • _ Furthtl'll(I r-•, i If' b ,. br::i po:lll 1bl • l"or 
!l)'ntbtrti~ o~ianli:• ~o complmx •nd. -.obilJz'l!I ••t&l•. 

Lu me •1- (ltl~) r•p~r' ?hilt c:h1: co~~•ntr1ti91111 of ~a.pl.,; ~~•eia• tn l•~•t• 
.a.u1 ru:it: Mit:.•:narily th4t ruult of 'l!lqulH.hI'lum pror:.HH:ll- AcC:ot'din,g to U.. 
~UthO?I, c:ktiz «xCent:: of ~ha in?111~•i::.~lon of or&l~le compcund1 with Jl!'l!l'al le~ l~ 
11::ha ,1tnvh;or.t-ri.t. 1oi n!i'C: Jmmm. S:lne• I widm v•t"!Clt::y of oi:g11nic c~ .a.'Od 
co11:pl•~e• •£~ found both In IQ11 snd 1u l••el"La~. thm n•t •tt..an-.i.a~i~fi or 
algr.at:9o:P of e:iomph!!C. sp«c.h:lli it. v•r)' dltrtcull:: r:H· t11pc-ulb-le co e11U1111te. 

~iDde&r•d.Ji~J~n r~~uJf,1 f:r~ the •nt:yi.e-c&~ .. 1y2md ~T~ntfol:!WICicn cf or14nlc 
t::~ol.J.Ms by mi i::.:raa>u. C:C'l:nt .. 1 nmnt:• e:.an 'b• del!lndmd t-c luu:11lH • b)"ll'roduc C:.• or 
'to ar::ira acibi le illf t:m le prcduc:tt. ir;hr01..:gb: Olm! olt' lllOU l!)f th• t1:1l lovh11 
biologJ.r!al :proc~!l:su; 11:tn•T.all1a.tton, bl-a.t:nnafol"llllulcm. ua:-a.nd.a[)' .1'1Jb1,uc: .. 
dm.gr~i.i:wt.fon, and c.::i-11in:.d:;.0H111 (lluteMria •1t .al., l!H!I~), rtfnenlu .. cicn 
ra.s;u\ =t,;111 in i::h• coap111-t:111 t-irH1Wo1itt1i of organi l!S j 'l'J'tC> iM r;$lllnl c ..,t• r li11 l, Wm l!"&lllll 
b1o~ra11.1fD:r1M1.t,or refflra to lha canv*r•1on ~f an a~g.-ni~ lnto lnmtllmr cr'•~i~ 
cqpCA.:irtd.. Hl all! c 111 li:z:.at: I on 4'00 'b i.::i.i::r.111n11 fct"lllaticm o..::.::ur vbmn n1.c:rt:1o:rga.nt1u 
utll l:z:" t:h& o rga'1-j r: IU fitt' ld.l a.111- .1 pir llMU:)' illl-t:Nrc111 cf' c.•TIMlin IPlnd fll:n.il l:'g)". 

S«i::.and..af)' 1ub1~rat~ d«g:c .. aatlQn ret•r• i::.o t:ha bi~tr~n•fona.a.c:.lcn r::if or11~1~ 
~oapo~:ad• wblch er~ av4ilahl1!! in con~•n~r•tlcn~ toe lov to IYp;wtrL al.crr::ibl&l 
g:cowtl:l dire"-tly, but lllh~i:::h .[!•n be uciU:za<i wtu1:r;i :priA&ry .autui::.r.at.ms .ue 
pr.,n11t. Finllll7, ~01Mubll'llh1111 b l;b" p.utlal t: .. r11.n:11Eo~don of O'l:f;llinic• t:h•t 
L .. n nat hli!I ..-ud. by !!ha •i~r04;-1rgi111.111111ru tc abtdn ~.ubon 111:\d ll!n&:rgy. 

IUod:egunlatlon of •ny :11p.11fi::.Hk C.:tll~ound dio-pc-nds on Ut. nac:.urm J1:Jld 11;(VltlC1')' of 
th• cmrpoul'li:i and ori .a 11wllb1:-. of •ID'llrCFDad11:LI:l bl'!:ton11 :J'IA("h H dlu1;1lv"d. OJC)'l+t'I 
t::ll;lMC-ittli:: ra i= {on, p~, 1;•:.p• r .&ti.I.re, t.lwl p rit1 !Jit:N!4 io f ot:h..a Ir:' c-ompllJllWd.:1 and nut..r l 1:nt:• , 
.s;ali~it::~. the dm?th belc~ l .. nd ~U~f4C(I, ~omp1:tiC:.tr::in AlllQfiij d!{(e~mn~ t.yp•' of 
or-g11n1.has, lllnd t:hlll c.a~"'Mr.&dons of .::!1D9pO'.lndai &tlid a-ll:'ganh111..1 (~1 hr ec .1., 
l '!IB 7 ~ u. ~ . !:P", I '!'.I&.&..) • I c:. h tU fU cult l:.EJ pnidii::t m:ti• nae' 'C r.n.s.fEJ l"llAI tJ l)ni 

'du1 i:; vi 11 oc cuL I J1 • $Uib:tu.t: f 1i::" .,.:11 c:.im b.aeo(llJ.ff c.f 'Cbe ccmp h.11:1 ty of dw. 
ch«mic.1L •5\d bi~lEJ&lcal r•ac.tlo~a rb.4t ~i::t.l.'I:. 

Lu 111t •l. (19$~) ilt,rlbutm i::h• f~ll~Erig a11jor afral!t:• ~o Di~C'Obi•l 
4erivl,led= r•do~ •(f•c"•· ~tner•liz~t:l11J1. l1111PObllit.a,ian. 
plt'•c1pitat1o1lfdlGsQlu~lan, and ~(llllf~l'l!l~l'Ci~- Hi~•T1ll&atl~~ ~m•ults 1'1- thli!I 
..::or'L'lfe:fsle>n CJf C'f'&lllln:I.~ eht!111h:d• Qd oeo.ph1XH i~c.a- 1ncrg•rdl? chll!liticdt_ 
11.nh1Uado111 lnvolvH th• tr~l11H.iuc.i1m of lno£1,.~tt:: n'l.llll:l'"ht"Lr:• .and t:-.c:w 
1MU1b Jnc:.o mkH•bld tlairu•. Comph:u.U°"n oc.;:;urs when t:t11.1:;• 11Ht.&lfl Mid Dth.ar 
conJ.t:lt:~nu b-ind ""'lt.h cTgimh: ] ig1tnd:1 ::hac: ,.:r• -pi;-od1,1.c;•d frfla m1crobb.I 
1111y~d1ma E Iii and d1t:gr.a.6.i don.. F"lna]ly, t;:iio IU.dJl)U st .. Cott th.mt" f'.t:doli: HIC I!: ion.a .. r. 
gTeatly 1fhc-cftd by :::ha: bioC1•1r11ulai::lon of 1:1£11:•111!? ea;i.::ivndil :tn sr::iU. 



Q'o.J.ltnti~•tiv~ ?r•dict:ion• of t:h111 fatt of biol~li-c.411~ r•a.c~lve •uhstE1C•s ar• 
wuy ?r:i•it:tv• (l(Ji•l:-i, l9.&n, he.ti ~ Mdi11:i11:iolo1t11 .. •rm .... a:t:i..1:i1111 t.o ..S.f1n. 
:U t41 Of b il.Odol!IJ.U"'t ioo ln 'W• till', but li t:t 111 ln.formr.m t fan i:J. &Yilll ll4b 11 fO!' !Jo l1 
111.~J;t- 1:1r graw:u:!lll'a~•r (Ji.Derb~.h •I:: ••., 1'91U.~ _ Flr•i:: -cinh1r ceii::•)" cor.osC:•nt.:.; 
.ra mft•n u..11111d., ~~r •. u toly (19,&7j poi nu .out. 'biat:r•riAf"O:nnthm r.ai::H 
£ n i::iu· 1"1ab.1ur !'a.t: I!' U'• not ccm.ll t:mnt, but :r11111thair. 1:ne:rtut l~ •n unp~11dic Uibla 
.,,,.y .after t:11-po:1'.llrt i;;~ thit eont..-J .. uL 



ni.. -..-1: l•p1rn:.-nt 9R'M11:1tnia alt.c.Up,g the: f•t• of 101.Y1mu rel •P•d. tnto • 
10 U emironunc f tnll S:ubtlt \9: I) t.Kll ltiila tte llll&rd:ilnc, to ~ICWJ'. 
YD laUUuU.on. &J.o-rpll'.tO"n arid m11radli t.iDJl' Of t:h.s4. luch:lq ti:J l~.i.C..l' 
p:rovidH, the &Ual.•• r: p1:1t111n1:Jal fr:rs- . .,ic~r• IC6 l'Niu:Iw v1.a drinld.:ig 'Ill• r:.r mr 
ctmtMtln.atllln mf •u1:fi1c• w._ic:.•n. iui-U...r.m~. ~11.,,.ic:ion ot ,gr1:1tmdlrat•:r b 
crt~l,- 'P•nhunc- and Uffit:ult: t:o nMd.f (8oDuC'llI:l't._. and 'll"pr, 19&4) _ 
Th it re faire, iche t111w r:evb 1011.1 to S:W:itS. tlll D lnclw:llit :sub:st&nll; ld p rOYlii 1on1 t111 
p-rovt.69' 1IO'l.Uldv.,t•:r -p:rota11~i:lot1. lm::ludlq ~ '1,;111• '°:f dall l&fl crt1:in:;Li111. and 
p.&:"foruni:• 1n::~da. :fmr landf U l i:t.dp, 1111\d ~.llit!Ql: aionito c-1~ 
r111qulr-nt.a _ 

11'1111 protecitioa af s;row:tdw.atu Ull:EJUll'."i:H vUl llJllA?:H:ai&e~• IC~ ability to 
-p:redic.t ... ~ nmlu.i.Ct: r:h111 11ffl!l!!t".ll EIJ" f111dlt~ d-eaip.a D(t ;.1;:i41 g:ret\md:w&ta~ •}'SU. 

•l .a m:p•ctn.: dt•, [f ~r1/irrpet"a1Et.1r• 1:1.f S:ubt:ith .ti f4;c;l111tiH· eh.oo1ut ~ 
.. Piil)' 5;:'h• p•rforMDt::lil u:and.i.rds t.1:1 thl:b; hcill"t.y, dn!y •:l.ll ~1116 ucbod.i fci"r" 

dleuminlng ir l::b111:lc:- dc.ai1n 'lllill ... t cb&I -p11rfD~i11: n•q"1n ... nu. Tb• UA 
isu.q•• i::11 thl: t th• P'* rti::ira.t1.ce • t..&ndard.a i:-•l)' QT1 :t 1 u -:1-pec if fo qt.a co-UH U.rn\ 
old a:idellra.g_ Kodilll.s provida • i.ic:ho4 for HJi1y Ht.!Att1:ri1 i;b., dtillcl:.ll of • 
<r.u: :E mty l:lf da:s1.,an11 •Ml hyd:ro.ge.ol~;gii: cornii1;::lor-.a on th4I ;ira i::ci r: ial .foi: 111 g:r-.-ti~n 
o! :e411.,t.mtn.1.nu in 'CM a;Ubsu't'"f11i;:111, Thb 1.c;tlatt disi:u.s:H• • v,1.:rht;y c.J,f MGeb 
th.a It i::oul Cl be u.i;ed fo &:" pndic: i;; itig d.111 pmat:-.ation and 1111l1r.ai:: 1i:in o! l••dYito 
f'l:a Suht.i tle: D f.acl l1 it!lls . l 1!:. h iflt41ud.tid cci prHeti'C ... v&d •'t:y ot llM!da.h 
tiu.t c:ould tia •PP l i r:;abl• 'Cet q:1ec.lllc si;:a..mi.:d .. o• 1 11nc.• rm i:irm :mim l lld.11 M 
..,-pr°"rtai::• ln all sltu.ittlonti-

t\#0 o cb111:r •tiilr to:l:'l&JK:• requt !flr!MTU::•" tor hn.it:Ul b ~• d.1.l<::u.u:111d. 1n Chm na:'ll 

:r11pla1!:.l 011.1 , Th• EPA \.'i 11 .a.Uov ~b11 l'Uil~ ion of g.:cMll!lh.a't• E" ~1 tci-Tin,g 
UdfUl:ntUnr 11: In •rm... vti..n r=h• Ol'ft'.llllr ci:r o-pilt:.at-:i.1:· of .. f -11111: ! 11. r:y c.an 
d11m.oturt~•t• -::.b.li.::: tbera J. .10 p...:t..111Dl:.lal. :fDT •ip-u~~ ':>f bJ.l!:ill~l.UI -e.onatit~u 
froa 'th.a b.cill cy to th• QJIP• ~' t: lllq1111ihr m:tJ:"iug ~· acU v1 Ut111 of. l!:.bm unf t:. 
Thb dillm:rMttath•irt 'lllU&C b4i biDil:d tllQ dt•·•p41:dfic d.at.a., iind incl'!,J.da 
conraln&ri.: hit• a11d tum port p:r111dii:::ti01:1.11 {IJ - s. U'A. 1 ~91) , Thill revt•ed 
~~tt:.~L• al•~ ~Ofli:;Ailhli ii;mV.~•1 E"••l!:.Ttet1~ ~ •i~ln.g fll\llll'• •t loc.at1~ th.tit 
lh111 EPA ~ 1U11V11U1 ... !f:r.w.i11;: ~Cllt'ltnl in ordil.r t:O p:rot:11~t: :bJ.ilun. ha&1 ch and t$a 
t1llY'l~it:, ho~'V4r. l:l)M of r:t..... l~tlO!CI z:u,tr 1.c'CJan. c.ould 11• ?"41M'Yld. U' 
the Olll'Oer/op11111t.ato:r:: of t:bt: 1Gdfill UC'! •.&tlllll l•c: l!:.Di; llJ' d.l!llMNI ~:rllt:6 ,;:l\.u 
oamri.~nll:lil cb.lu&'* •ill b111 maU.1,ihh, h~ 1111:icupl•. MSWLF ua.l'Q C&ZL IHI 
lKlllt•d In w• 1!:.l.ad.11 if r:h.m DllMT/Dptir-tit:OT c:an d.mmon11tnt4 th.tic C'liO illll1'.tlfi£ml;r: 
dli,1nd.at:lrm 11;., iche ued.ll'Jd11 will accur. li:i both of cht.111111 .c-a.m. ~ 
1111~U c.adon t1l 1i t• ~ Fp•dftc pudL"Uve llMid!BJUf:lc:al 11111d.I ls could iprov:ldlli ~-



.. 

Cl'lft'Utr /""P.-T ... p:rr i:ir a h.ndti 11 w1 t:h • ,.. ... 171S t:,:i. d.tio11110i:U; r:.rat111 l:h• 114rfomar11:::11111 of 
'I: lid r G&t: 5.,s.n.s. 

Alt:hol.igl! Ou! DA 111nc1JU.1".a.&•• the O'•hlJi?dl Ci'lj'.l'l!oacb. of llOdt:llng :ta'!! envi~ni;;~l 
d«icl•ian·m.aki~g, ~hill tg•'.l'l('Y it: concer:aad v1tR tbe poamibillt::y ~OT ···~ O! 
llllll!d•l• (U.S. ar~. t'st). ln •n effor~ c~ •~•• •OJllll of th. taaDe1 r•l•t•d 
?O ~G&l u~m. s~ct:ta~ ~.l P~•••ft~I aatlHI D£ it.hG f••wt• ~4l•~ed ~D de:v11lopmant, 
appllc•~!llm. Wt1 f:t C-111.t 10rt and "ll'lll id.-t ian o.f ao(t.ii b. 

4. 1 . 1 b 11 pt KlthtMt:icAl t!wh 

Thill large numb~r .of h1t•rnl.1ted phy-&kal, chmalt;?.a\ iWM bi-GlogJcal pnx:.tuea 
1P"ll'olv.ed iri the tl*t:JA!Ur:Ian and. 111ip-•Uo111; 'llf le-11oe:hu:ea 11U1lt.e1 the p-udlc::tfon of 
gl!'Uund'll'• t:11 r cont.min.at;: lt;1(1 frn 9u'b!C l ch D f.111;: i 11 Ue1- & ~'*Flex t .... 11:, 
.K.att.111111.11.t I c& 1 11Dde 11 arli!' 1,.u1111.ful to0ls t.ni11 t: p:rC!Yi llit !nm lpt lnto tli• •!tee u on 
~?OIW."ldW&U! r qu.a1l t:y a f fK i H t.y ck! sign •nd op1::rat:.la,._, Ovn.r.1:/-opmr.at:ciu of 
HSl,l'lf$ ~~ld ~till&~ ru.tlu!111.111~1~.1 IKld.!111• ln ........ ~.l Y•1• to l:wilp coctply ~1Lb 
d'J9 fi9M :r11gulaticrn.11. A DoDdit\ ~i;iul4 b~ ~led in thlll de1ipi; t~a&& 0£ thm 
lmnd£:i 11 t:D .davel "P dH 1 pi• ICh• It li«Mlld ttn.tlw;"li tMIC KCt.e •r• t1.CI ~ aii:eH4-=d "'t 
t:..lii11: potf\i; ot c-"~ll.rnca . tln I g.n!f tNit dl tru :tro. !th,e EH· 1.-pprov•d ct.eJ1.1gn 
t.1"1}1 be .llfowd Gilly tf it C:-llTI. M ~t=·111W111d l:..h.•t: t:hill rlhldlf'l vill 1iil!!olt~ p•rf1llnN,f.iC.t: 
s t:arid.ltrd:& .. J'tathrt'.!Ut i~ml acdeh could billll "1142•4 ICO pcr11V111 ~b•t tht .al ttrna.Lhie 
4'!11 i;y:i. 111U l pil! dD .-. u 1WJ111 1>~ be ne r 1Ch.an tl:wi !JIA•11pp ro...,tod de•lxn. 

Math•u.i::ii::.al iaodr.h c011Jld bei U.Hd. l1:1 dem:m:at:ut:.it th.&11; ithh•r i::h111 1.and!Ul 
dH 1 !!;ti. 111:r th• II p•( 1HG h)"d~ogeolo,a;ic -I! 1md;L th:i:i.11 J'rfl lllmC e.t: th4 d 1;;41 w1l l 
p:revcat d:i11 algr•tion of df?! 1 ri e.flnt q'lM.rn: 1 i:::lm. of l• il!C:h&t• :frN ttwl hruU:ll L 
Furtlu5:nao:r•, JIH:l~l• ~ould be- UJ;ed to predlt;?t the reaull• of d1£fare~~ tJP•• ~t 
"'flll\li:re" or '""" hndflll. !f bo1chtotti •E.gt:atb:m into d1111 ,,f'l:l~ill'UIC' bdw 
ch& l.and£ill occu~:r•d, & &111cheJ11&tlcaI Dl!lldi!:l ~lrll}d ~· ~1-•!ul in ?r111dictiTII tb' 
f.at:e and ~r•l'l.l~ort o! Lh.e cant&.1111n•nt~ in cli• J1.~bsurl•c111. fu:rth4!r-.'1Te, 
a.anagem1mt 111Ddals c:ould b-• ~wet t.o devll!1op re...<11.iitio~ dH1l1om ln .cu;1u 111b111"f• 

corraectY• ~eti~~ ~~!Mtdia~ •~• ru:J~ll:$-'llff. 

TI:!;r~fl: b&Jl.1C dti.Hltlc&t.ian.: c( lUltnONr.: l(:.iil ll(ld.e-b .are 1nc.lucJ..d 1n tbia 
repor~: lm•chata g•n•r•tl~~ ~la, 1'1!!.ach.at:~ mia~•ti~n lllmili!!ls, znd g11:ach.4i!•i~o111l 
mad111h. ln. Jtidrl!hton. •vllihbh .:1-ditb for tlDlillat.l11'." alcr~blo111J l:IT~«11111=11111.1; au 
d.lll:it:ut:sied In :r• h.t kn to bod'! 1 ncha.t:ie g1:rui rat. ~on 4-M eoMUlnant: 111lg1:atl o.n. 
lAt•~h,~• ,.l't<l!!fmC!Jn ma~ls &r• mc11:a,1, ~h&t pr&dlcir. th4 quantit~ •n~/~r qiJ&lit:y 
Dr hadi.at11: t:hmc. ... 111 b"' nl•Ha~ fro th1: b-ottom <>f .a ..... .-i::.. dl:llvo11.al 
f•" ! 1 ~ no Th:ill ..;:~ lliM:ldttl 111 1p: .::ivi de & 111 ari. """ '!!.•'-ls.II t:J:ng •ciu re• t..-rm1- and irh111 
reh.-.e af i;:.h.o•lc&ll t;I) ..i.1111 .gfai.mdwat.e-r Uav 117s'I;;"'•· l4t•char:1: m1jut1017I 
llC!ckli 111 i.lauh t.-11 ·the: t: r•rui-paT I; " [ <.:"Olit"Mlnatlt• from th• ri:iurce. thr1:i11..igh l.bm 
1lRll.atuT"&l:td .n.d/01" l!PUUU i::•d 20[1.tl 11i by 5:r®c:tdwa t&r. G11oc.hie1dCJ11 UilMl4: h 
1111ll:ll*Ahu:e ch11111§.c1.l p£CK!«:s•itll .;~I:\ &I a,d11;1):rpi::.fon/daS11Jr-pth>n. p~111etp1i:::~n:lon/ 
tl!a.olutici11 1 od da i;; 1on/:rmduct 1 im. ,11:qwu1iwi J\'l•C be lciin. a.ind tHc t:io11o "k.imM t.t i::.:1 • 

.Si: llC:ifll ch9 Subt: l i::.lie D rrevi.• i arui J'fll;W' lde Jl.'CafidiU'd:!il f'!l r JiSl,,'t.f11. th• lllllfl!dlm b 
.. umu.rlzed in tti.1111 n1i:ior~ u• prl ... dly •p;:tlii;:i11bh tra landfill.I. tlav11V111~, 
l!ladtl~ ~nae ~~uld be •?Pll~d to 11~rfac~ lD1Founi::lae'n~~ and l•~d t~•111c1MPn!f: 
f6clli~ie1 4:;-1: d:s:o d1.14'.:IU:i11!'d in •1:1tlcip•tiari of fai:nre ragu!..cory Me:dl: . 



1 n th I• npa rt:. a h.ac ~ t~ 15enar.a t:L cm -.::i~l 141 04! ti Md - • iaodal ~o11:pab le r:i f 
J1. \11W.l .at lng *11 IS Curit ~1111iC1 nit ~d/or C<rn'COl l'Llnl c ~aruiport {:rg i::..., 11111~!.u: 111 
throu,g!l th!!' l..ll'".llllatuu t~i!I :CC>'D!li. t!mny lm&:c.hat:.11 gaTiflT~~ lon aod11 l.11 •:i::e e.ap!llb hi r:i [ 

11iat.114t!ng !llU.~it'1111it:e pt'llK:H.Hs sU1C.h a111: •v.wp(l-trillMll'ir .. "lr:in .a!ld v~li111t1llz.a1:l~. 
Tht-)' 11ay alsc inC?luda: f.ai::llh-1 4hi•1gn du:.a, such H b•Trlu u.i= ~a:Cn.a.g11 
l.ay11r:11 . lr.: eat11p1J1Ti iron. le11.:::bmt:111 • i,&T•t1Dll aoi:i. la 111 lm.i.lat11 •CJV4111141'°'1C: o t 
~onrtM1ln1fit~ ,,.,,._Y !roq th~ f£~ll1~1 ~ .a dC1YI115radt.ant p41n~ of c~mptt•n<:•. 
?he~~ raod~l.a JIU.lilt !l'K"lU4ti; l&~urmt111d grcundv.a~•T rlov, !liftd may al~o i~cludw 
lh"14il&•:=u;u1 t•d f hiw. Th• EJ'llltput frtJ• • l••it:hue ~ill!MH'.at.1cn ..::i<t.l ie,g\ild prll'lfi dJa 
c.b11 .ai1W'c~ tu-. fo:r a 1 Hiehill'to& :a.lgnt ion modJa l. Al thot.:igh H"nlll'illl l«.ai;:h.11 ~• 
;m'E 1:r•-=:1ici:ii acid.eh il'Xlil t "h.at • tmuh t.11: s iap h g.-octu!•ical pTDC!• llH P. chtt llK!d111 h 
~l•~~1f1•d •• g111cchttal4;41l 11DOi:i.l11t ln c.h~s repcTt ddl nD~ 11tl11i.1l1c• fl111V a~d 
t?:1t1:U1iH>lrt:. :5oiluu ic:.:ranspc"tt. B1Cdd,11 lllh1~'h lneludll! ,g.och-bt:ry 1:re dlJic-wu.a:d 
ll"f S:11c:t ion £i • 3 . 

1'1.• dhu::inecc:ion. t.m~n t:.h11:1111• c::luH• of ;auid.Bh ill na:t: ab1J11t>l\!ltl: HV•ral 
IK!del~ ~~ist th.a~ •rill • coablnatlon of t'IHI or JKJr• of this• cl•~sifi~•tl~na. 
So-. •od.fll~ l~~lUda cb.-r.a~tmris~lc.a ~f both leacha~• &1tE1A1rati~~ 4~d •l1ratlon 
umi!l!I h . For 111.xamph, Il.U!:TI C: (h1n lltt .al. , 1969 3 ~ont.1111.na nitiduh.a for 
:s 1mul.a I:{ Dfl Df llll) ..... IMl'l.1!: ot .grou.nrh.i•C 1t:r .11.:i:id c OFLtM.lhAtlt:ll t.fi n:ou£11. t:M !'NH:. 
Vlldl.:ii:lll .and satur• r:ed z:on1u1; , J'\any ~ont.amln.ant t.r•ruil!JOT i;: eo6es ind ud.a "lllP 11111 
ge01:.h1tmtc::~l pre>;:••••&. r~rthmt'1110rl!, sev•ro11l lnveac1g.col'~ h.av~ l1nka~ or 
couphd at..imd·alan.a •ad.al$ I;'> produ.:::.e .a mo"C111 •os:-hhlc.lc-11i;;11c1 mc:idel for 
reprase~t:.1ng 1•&J::'h•t• &illn~r.ar:.ion, :rel•••• and ~1gr•ticn frl!llll l~ndfill1 
( t:•di! rbe rg. 1 H5 ; N.a ~H1.ahitn !lll'C .al . , l 'i'H ; IJr:ight. •n.d l\l.r-ne r. ii. t 87 ; !.PU • 
1919). 

Ale.hough tlll• rmpo~t •W1UUriz1• • lm~,r.e ru111b•r of •odfrl• ic:.h.ar: &.1y be u~af~l ifi 
chllrac~111rbin& the getNr&?ion and •t5:r41;i01:i r.:it h.ai=h•te Er.- .a ~ubfhh :0 
l.a~ftll. h l• by nc -•11.1 lllfli 9:M.&ll.1•klVll! aum111u:7. Tb.a fmlJo..,in.& c:ritula 
Wtir.e UJ1.ed to sehet :mod.h hr discussion in t:'1.b r1:po'CL 

1 . .Kod11: l.i; 111.LAf be n hvlnlt to t:l:itt it0dlil:l i:B& r:i f lea:cfi.ai::.11 aerui ndtH'I .. ~ 
lll:i&r•t:.iDn f~o• Subtt~lm ~ faclllti1tE. 

Z. An 111ffmr:t: .., .... 11k4d• ic:~ •ua&.a~ize J10d~l$ that 111re av~Jl.able, ••,t1y 
.1u;:t.dn.J1~] e. 11nd dccum1mt:.ad in on• fo!l:"m ol' .11::00 th.er . HP!Ml'•'lfe r. too.~ 
~l!:Ct!l'l::::ly • pYbl h1M 13 lllR)d11 h Chat. IUI)' r>Dt fvl fi U a 11 th.a !Ill!: c I" he irh 
"'•t• Ala~ lncludad 1n •n 111ff~ti:: co ~h•T&ct.atiztt ~um:-~•ni;; rm•~•rch. 

l . lilh1i:n J!-lf!Ve n l raod11 h: exbf: tb.at d:Dt.Lh;u a 1Dl hr prcll!a:li:li•llt, fhOH 
u..wd by .a si&fliifi~4u1t ni.lllbttr of pecpl.a: v.an ••hcud.. A 11od1111 i,1,11;d. 

l:iy ill l·Ufl.otJ t'IWJibl!:r of peep ~a d..awoum::n ic: H slgni fie 11:ri.t 1,;1~41 r 
c:r:infl ll..e'nC!1111. 11; dl.1!'11 INJ lnd le 111t11 t:l:u1.t. tbe llOdel 111: &pp li cab h 1;:111" "' 

,..hi• r.ang.e of .altWLt:lcn11 o1nd h uhci"'ldy .,_.,. to ~it (v11ri du 
Nd}dll! arid hlj h1, 191!11) _ Slnca !t v•s llQI; [Hi;Sibh '-c Cnt Gtli(;.b 
11odel. dill! 11u11!'111~ r El£ 11Cd11 I 'i.1411T~ w.111111 i..u1 .. d as •T:I indie.a.tot:" l)f ic:.hll! 
• us.abH i t:r • Dl i;.he ~ode. Thi!! mmtHI ii" di f 11<1~ l 11:!-le ~JI ti.as bHn 
(il(l"Unlllrn,i;d Cor .a. hrg• ~r ic:rf JNdl!!h by v•n daT 'Hdjde &Lid lh·lj in 
(l 9IUI ) .imd v.ui der K1!i 1J de II! c. ml. ( U!!) , 



iii. [f 11 taod411 h UI1lq\IO 1Hlril 1tl1Nlu·•111 ~n::l.ed ~l' ~IJ:l:c.-1 'PT~e•1H1, 
o~ c:olllbinat!cn1 gf pfc11::~1=111e • • l\O~ a i*li.i.l.ued by -cn::ne r lli6d.il 1111. then tit 
lit.U Ltw:hi.de:~ lD :che ao<k:l S~. tl'YllJl :Cf it did nolt ... tt-.fy •fllM 
~f ~ha cthe~ cr1~m~i• 1or li!'JCllJ.l.l.ion. 

!i. The 1eot::hH1i::a.l C:OdH ~dHd • 41 'Prl ... T'i ly ttiein l'ROllMn.dtd by 
t1no;:.d(!I •t d. (l'U4•.b) H 11pplic:ahl• C.6 tlwi u:udy eif lm.ac.bne 
:mlg:r• c.lvt\. 

'. l'il\llMl'(IUll llOddt •-,:J.• IC ttJ..t :II t1111.1.l•f;:• orily ~·~at.ltd grcl.llllhirat•t" 
flow. e::m:c:l~ive of JM>li.u:• t:-raNipo:rt. lilh:t h tht1• ·llOdto 1111 41.Tt: t.l.Hfi.i1 
fi;:i r d• l i.Mi&tiq hyd.~""11 h: g:r;.adhfllt:ll .aod dir.:c.tiitm. of! liraundlit.at:.a:r 
fio¥. and. lot< • &•Mir.al w:idtT•t.mlllna i:of tti.. 1:c~au r fl~ 
sy:rJ f;.l!Qll., t.ha.y r:::a.mmt pr•dic:'t C!1:1m::entr.atl(ltul; rrtf .:Olll'mt.al:il11Ci.&:1i1Clll at a 
downgr.1dhni:. pcil n11; • Th•T•fE1r•. 1:.TI1y -:irtll nut l111!.lwllld 1TI thi:ll 
i-•pott:. 

Ho • t: t-.i ~ v.... -.da co 11:valua cei ch. "t'Uiou.. 90dels in 'lhit&i l, &• th1.a 11141;1 

twtyond: d:u1 •c:O'l1'• t;i.f tM. ~ T~i:n:·t • 

.F1111r & aou computt..-M iv• db.i;?un=iair.o 'Df a:.d• r:t"'li DCJd61111i. 1111111v111ra.l d.11-~llll liid iaodel 
T"rri.l!vs ua: •v.ailabh in th111 ll~:i::.at'l.ll•. t. llr1• m.-be'° e>f ~ll'tu· 
Hde la , t~ h.1d.i nt uituTatj!d, v.ari•l:J l y •&bll:•t:11d, :iu:t l u.tt11 tt&tUtport , h1111&1t 
t.i"El.sport. 1'1.)'droi::hdlir:&l. fnc: i:111nd. :roe~ 1Dd 111111 tipha•• JIK!da\:11 , are :11..-...d r:1:d 
ln Viln d.e-r ltdjd4: tit .al. (UH}. A r.vi.V 0£ H1S'Cifll Jjlflohydn;cl!IH1C&l llll04•h 
l& i!t'Hl!M.ed ltll IU~cdd 111 t al.. ( 1'84•. b) . Van dll:r !ldj:m &T1d Aelj: in ( 198.&J 
pTO"i'i.da dim t.111 iad. daisc:ri p!l::!Dm; tor 64 g~~•ter· flow &Dd. •o lu.t:• tr111n1rio:c t 
~It 1el...i:t•d f~r ~• in datimn1.tnlt1g 'IAlllh•ad ~rElll!cC.icn •rmas. 11\ilse 
lllOd..t• V•re chour. 'bec&'l1.H i::tiey ven n·1flt1valy 'll•ll ·~t11d ........ ll&ble and 
•uit.Abh: fo-r 111-M:i"d 1,1.1141: LP 1§.:tDUDdv•i:::•r l&U'lia.l•llttlt. •nd be~• 'CheJ 1119Z'41 &bh 
?.u dllll11111u dl:1.:.hu&ina r::o:r nehar'l!A& wc l h. A rmv1- of f!~cm:lldtit.at•f' fiEV 111nd 
tT•l1-Sport: 110dllb ln the 1.IJU.m~ut.u.ad: &i:.M lit 'PUHn:tad :l..:D 0.tu; (14112). ,,_ 
1.a.:rge ftWlbar of !V~•f;:lllr'f' fl~ •111111 tTaruipart 1111tielis &rm •u.a.arilad i.t1 Bond 
,ani:;!I livGt (LHI). ?ha•• t11Vi•'lf ... proHnll a wide "YUb'Cy of 11<10.ls that: uy be 
appl tc.abh lli:I pratrl..- .:if luch.t.te &•M r•d.oi:t and 11ig:c-at:io"Jn f:i;olllll Subt.1 ,._ :0 
faciU t:i u . 

Thi-re .an Mji;ld;•\ly two t:J)H• of :111.1.t.b11-'lcal .-dalis tha'C •imlilnti tM. 
gttne.u ~11m ;>f le111ch.i11'Cill f:c(I• • 'll'&llttll ~ll•:poci,11.al f" t1 U::7; 1) m:idab th.at. provldti 
I q\Wlllti teth• d11:15o1;: dp ti.en ot th• &llll·C:Own o:Jf lil.i.Ch•t:• £;&neT&Ud ind :U :i11c,ul.a hi 
th.It!: 5111:edJ.cr. tht! q~Uty. or c:;hnJ.cal C:otlf'Ollt1ori a.f th• l·nckaui. 
l..l~dfU 1 }8.llli;?lui.11:11 quantity acdelm 1tp1!rU• oa thm pr1n.<:ipl• tk&t th• priNQ 
t.ac,ct ci:o~~ri:itlin' icb111 ~r~etl4H1 of l~chate ia th11 ...aunt. af JBtiis'tut'• in 'Ci'm 
l.andfUl. Le!M!h;tt.tt: ~"1.lllU~ IM!dtth cc11Jtldo11~ t:l!lo& 11v.a.U&ble 111:1lnun. u vd] u 
a "Visrlall)' 1tf f&ctair• (;Clil!ltt:oll18' thD c;:hgh:.al -C.011P01ilt.:LCJP of tll111 l!jl!MUUd 
h••e:h41t.11:- Tb• {cill.ov:Lng sac:tlotJ• a~m fgr;:;umr! on la•c:hti'Cm genant111d f:ri:iia 
til.S....U-a • 111 lni::e rtiey u111 ll!f f•·~ c:11d by th• n1111v 1"""'1 ia;:lGf.ls t:o Subt l tla D. 1\u:rf.aic:11 
11111P'OYndiment •nd l.imd tu• ta:11:nt 11115• ilsment= !Ht:h.odlll .are dlacuu&d in So&~!!: lon• 
~.2.3 &Dd ~-2-4. 



Ali;;~l.L&h E.c. h th• qu..mHt:y llf ch" h.iw:hu• 11::tiai:: cau1111• clD'l'!tuhi.&~ii;>n. lh• 
qw.ant.lty a.£ lim.a.chmt:a b MU 4Hlly lnflW11nc1:4 b}' hc1lti;;y d4•1gn {Cir.u·ford 
a11d kt t:l!i. 19U) . 'Fer ch.111: re•lfnm, 111civu.al lm,r•111ti 1iacor• llllve .foeW1 ad. .pn 

qiJoll\l!:lUC.i'ltelJ' u'l.at.in& t.bll: VO!~ af' llqu.ld lrd11,iu11d f~ l;:hfl bC"!!fOD: of 
vH:t:e d l:spci:1d f.ai;:. I Hi; iH , Thh p~ldas an Ht; iN i:.ti of c:he ci ftci~:t:l VltN.I 11 a f 
chit fa.cl Ht)' d11Jd.gn _ Jll:l1if4lv11::r, du• IC~ i;:he n.wurowr; fAc l::on 1 nvolv-td ln 
ltlachat11: J..itn.-r·•don. Ht11UH9 .ar1: c:yplcally only llC:ll':~:ra.u 'ti'lt:hln an o!['i:t.£ cf 
INlgnl~ude {IJJ ~~al .• 1~15), 

Tb• ~u.antlcy er 111.ach•I::• pradme•d frQtll ~ 11ndfill ll:lt:.it 1. d11:p•n.d1nt on sm\tt!rt11l 
:r •c tors . lru:: I LJdi 111, t:h11 Mhr~tJ.1'4' C01'1tlflnt. ln 1t:bi11 so 11 9ndl w.a1te a.ace~i•l , thill 
l•ruifill ~115ign, ind the hydraullc prop•:rt1~• of ttM: 11.&ce~i•l• in th~ . 
l.anc!i U . Ah:l11!1Ugl"I .SOJH liquh!:I 1161 b411 lllUoc.l.ll!t1ul vi c:h th.Ill dh;pOH l Cl f 'lfU Ce:, 
l::h• l•rs.e•t f•!;:'tO-£ th.A~ tnc.nu11s lmidfUl mohi1;:.11;1u h 'Pfeelplur:icn (l.ki 11-t 
•l .• ltS)). LB•ch.a'• qu.ar.tity 11111Qd.ll1 fr+dtc' ?ft~ 'lf(Jolmr.11: cf l••~h,.at• l&Rl!lr•l::ed 
from ~ha fac~Jity 'by ct.c•'f'lllinln..g the ..:JVfHH:nt cf .oiat~r• chroul!jh t.hill 
l•nd:flll_ The m*?i••ti~n Gf the woi1t~r• pt~f1les ln the- faelltty -~ ~ny 
l!i~ven l::i•e hi ~rttlcd t.u Lkff p.redh:tLcn of c:h111 voll.llM of le&~h.ate l!ienti-aC:•d, 
~lttl~ l•mckat11 will be ~111l11a1ad frr;i~ the boc:'Oll! of 1::h111 l•ndftll !Jntll ILh• 
fhld cap•cU:.}' cf t:ha UfiJH 11.H bl!'ll!in uachad. Cini:.• fbl-d C-i.P•~l'E.y ha.m bmi11n 
•i:.t:.ain1111:t, d11t lar.dlill lci1c.htn11 pa::;t11:-rn;1. cloHl.y foU'IJ'llll cha hipur:: llf lltlb'l;IJ.n 
l!:o the landfill. ind1c•tina th&~ l11Lde r.:h.an15• in internal BCJilllci..n occurs_ 
('Lu 11:t d'' l985)' 

Si11v111ral 11C1dal• h•v• b••n d,l,v•lc~d ith•C could be •PPli•d to t~ e&~lmatlan cf 
tli" ~nc ct le-achat11 g111ne r.11111:11:1:!: !ta • ""H te '11111paJ;.&l fmc l 11 ty. Sr;ilff of 
'hue- l'l!Od11b U$tt " w•ll;:•£ bd&L"ICll'I 1pp~t11ch, 1di.i.ch h •i11Pl)' .a 'IMC,,ad of 
acc:o~nting f~r th• ch•ng•s ln the 110t~t~£• c~n~ent vitliln 11:btt landfill 
prcHlll. 7fui PT"•.;l.~e1;jQ11, ~:! !!:hi!' .utOLlnC. cf ha,;h411t:tt ganu&ted lmalvu twc .. In 
JI;""'; n qiJ.ant.i([caticn of h21-~h,.au i111rietliltlo0TI fac.'E.mu (pr111cipt11:o11t1Qn, 
5utr•c~ nniaff. 1nf•ltrA~10fi etc.) •nd Z) wat•~ b•l•~• ~.alculac1onir (Lu •t 
.al,. U85). Gen.e!t11l1y, c::h11: aaount: i;;if :tn.Hluac1on lnco c:ha bCJd.ftll 5.s 
calc.ulated H 1:."1111 d l ff+re~ • bi!! ~ciTI p!!: e.c!p:l u t; 1011 •ndi ev.ap~n·•ruph·&tl0t1 p 1U11 
:r~l)f f, Th• 1 nf l l ~t• l::ttd w.al!•• is t:h•rii C'OY.C4"1J chrC!ugb r:hc landfi 11 1.1dn.1 "' 
~alutlon to o11n •Qu.&tiott tar Ytu1atut"at.11d flov, •uc:.h a~ Richard'' e~UAl!ion ci~ .a. 
.,d,ifle<I Venla-11 mf DaTc.f' • La11, $•v•r .. 1 lnvHt:tgac.111'.11 h&Vll: u.•d thAt i.r•ttr:r
bml.a:nc• •pp,1:-c.mch fo:r i;;N pr44lc: P! ion tJt l it•ch•t:• vo ht11H 1 nc l !OicU n& Da.m • 11 t ml . 
( l9 H) • JHc!lme 11 Cl i'Bii.) , Scli.ra•dtt:r • t 111 , O ~84) , lllhll llOllllzounr::ms and V•,gnn 
(1984)_ Th••~ mod•l' •r• •~~1.Z:ed ln Tabl~ 4•1, 

On~ of t:ha llldJJ~t videly-us~d w.ace~ btl.dg11t: aicn:l~l~ 11 tht: KELP' (H~~rmloglc. 
£v&lu.acl~n at Landfill Pei-faTIUJnA::~) lllO.:S.l CSchro11dar et al_, lgfUi.), th.s.t w&' 
d.evd~itd. h:oai the tl)'drolillgh:: Sl1111.1ht:i011 HDdd foT hdNcir..g l"etcohtii:m .a.t. 
So.lid 'iilmmtt!' Dispa.11:111 Sf.t1111~ (HS!>'llD.S:) C:P•rrler •nd Cibul'!. 1980). SUJrtao 
rumiof{ t~ ~ELF l• ~•lctll•c•d u.in& •11:t:h~d.I •dtlp~ed from cha Ch•mfcal lbmciff 
•~d Ero•!on !t-Dtl" ~,~,c~lt~£Al l!ta1:1.ail!MH'lu~ Sy5,11ou: (CR!AH~) BDcl4l (Knis•l, 
l9iOJ_ ~- HEU' 11H11~11l r11p~~smnl:s a iujor ~4;N:e (W•~ tne HS~'UDS modml, •!~¢ 
l i:. i13i;; ludu b r. nal flov t:li.r1:1u~ dr,. lM&• layee1 and l111prov111d 11o1 t:.lQ'•tt=d. 
v11:r t:.ical flov .al gcTi t:ha' _ Th'l!lt:e fot'.it. H.SS\lltS ll!H Mt nv lll!l\itl!lld. ll:l t:hh repcirt , 
5l~llmrly. c.h11 ~ATIUC (w•t•r budg~t) 110del (F~nn mt al., 1~75; Mo1ther et el., 
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l1SO) i• not dti1¢us511114, i1~a it ~.s not 46 w•ll-doc111111nt•d •8 ~11.P. dou• nat 
a11:.co1mc ffll" dc-.&l~• h.yrT.s, ar.d :n1r::111Lr•• ,.:ir;c:erui.lwi -f'll,Ulil •nt:I:') of 
p:r~~tplr~ticn da~a. 

l'b1111 ~ti.J" •~d.81 ~a• a.~lgn•d t~ pr~vtc:t..I la:M:!.flll d•mian•r• a;n.d ~•g>.1.l•tar~ wifh 
.a 'l:.1:101 ["a r rapi di, ee~T'IQllll1<!"41 l m'l,l',.;lwi.t I en erf .al tt1nu.t E.w lit!•:[ E,"NS, 1 t ~.tn bm 

u1111:d. co :11hrnl.4u landfU h vlt:b Uil ti) l2 d.btinct l~•r• ineludi"Ag. ve:r~ti;:d 
pei:"e:ohi:.E.an h.y•~ ... l&tU&l ~r.ain.1g41 hy.an .a:nd bar:riet: sail h)'tl.U. tt.U: 
capab1ll~y prQvli;J.a1 tlut ucd.olm~ •t~~ 1 v&rtecy ~t optlons f~r rep~mamntin1 th• 
•ctu.al 1mndtlll sy•~••· ~·~~~ti of Che REL.t 111>d•l ha..,. bm~n W!E"lfi•d •~ 
mevmr•I fl•l~ Pitel snd in r:ba l•bo:r•t~t')' {5~h~•Eh!r, 191S; P•y~on •r..d 
.$ ehT1J.111de r. l tfUI) . 

!:LEU' ha• b-Hrt -..dl fled by HY4Ll"iJI l :I.,....... .. ~l!..11 i:on r:.-o ii l9\lh t• lpmi;:: lflc. pr-ob h1111~ 
a1 ccnc.mrn. l.tt-~ll (1'6.t.J i:r..corpoutmd h.a'\':.hlte q1,,1;11llt:y c.alcuhitil;!lrl:I :Enco 
tha H:f:Lf' 11<141111. 1,,·1Uh.-:1 1tt o11l. ( 1'St) ccinb1Dmd th1111 U'.£U' lllll(!ld.411 "°1:k ,. 
tll'l!c"anhi:::lc bl.olo1iol :»0df!1 _ M11111ts 11:t d. O~H) hilllfi :li<:ldt.fted. :ttW tC'J 
p:ro~c-1111 iii .fnmrc 11 1111:1w h1 t.ha c PT<1vt el• fl iH'I i!L sic 111111:~• a f ~ st••dy- m t,;i,te \11!:.ac:ha c-v 

tli.i.x from th• baa• 6f I len4flll in~o tb• top ~f ch6 Yli'ldl•~u~ateg zol!lll, ~l• 
~ourca 11111.f!ul~ ha~ be~n linked ta th• ~.5_ El'l~1~ilJlt'UIBn~a1 Pratec::til)~ A&ency•1 
l't)ij h:: lHd h .Modlllll ( $dho t:n et a L , 19'!11-::11; Sh.&rp • HAl'lH'1 e:~ d . , l 990) . Th h 
link~d aoa.l ~•a •n ~~~nl-•Vll~~ged ap~~oac~ r.o dflscriba pr~cipi~ation, r1J.nDif 
il!!l/¢ •V-11-J)D l~Btu'(P E. T&!l:.iar.:, Wi c::b l)irDVidill-• .&ti 111J; l!i .. tm Of eJ:i• 111 ... 1111 l:.tg.tl! po-.11ibl11!: 
lnH l c: r-at:lan T .11.u . i\h'hou,g'h thie H nmr;:i c i.011 4f I t411&1')'- ll u t 11 !l ov f..:iqi.raV111.11 1:~11 
c::Dlll!Jllll't"4·i;: 1 (Ina,) o&f Uc bn.cy a f" t:b• ~Odoll , l t 111111}' .af he t: tba aE?.c:UU.cJ of !!he 
ri!':1ul t.s . Thh ..- 1-tiutl11>l'I 111atbiad for lll:o1!?h•tia '"'"• r•ic lon Mgl.ec t:.s di~ •fhc [a 
of T•i~f&ll 1l'IC111n.i:l~y. fE"llllQWl~.:!Y .and d~~.a,ion. These t,..pa~111l ~haracc11ri•tlE!1 
o:t t'ainfall can 11'"'"ltif!eantly i11:H~ct r:h11: u~u.al leM:hat:111 qUAnt.lt.y p:rC1~~111{t (w 
e::. .. 1. • llllt~) .•. ~.....; .iliY"it be~tmi; :f'll!:;Jr1t:Hntl'lld. lti [h..it ot'lgiruil H!LP 1110.:t..J_ 

~:rCJ't.!I,. a~~alyi::H:al and i!Rml!:riic:.•1 LBQd.eh. •Xlit":. co Sl'Jll.\r'll: th11: On4•d1.l!Mf'LllLJn.11l 
p.u:: tlall7- n:tur• t• d nm.i •.itl.i41i I;" 1<.tl'l. Thue- 11tCd1:l:r; :p:rQ'l,I idt: .a llli! t.l'l13d f"or 
utt:m.111;tng r::h• •J!IVL!!:llfl4!i1"- of 1moht.1JTlll: iri. th• l&cnttill profiler and l(lln Htiilll.ttio.n 
cit i::h.r vO!Wlllll!I o0-f hac:li.au rwh&1111d h1111: r:.h• b0Etc11 of ch111 brutt'llL 1n 
111.p;ilylri;g th4JH •Odf!ls t~ l.1nd.EHh, l'!:- ""'-''I: b4!I H.SUIRd l!hac: thdt th•oi:y o:t 
ur'l3:.1C·1.u'atmd flcv thrc.ugn p(lnn.19 lll!tdd..a cair.. b11 '<!.11td fo!I:" the .i:Ll~.11lylllla of ll:l:li1<turt 
fl~~ {n 1.m~ai::~rat~d va.ste- m.1C:1t:r1.11l. 

'fa'blo J.. • l lfl.utm. l'i ZUI t.he cho1 C"Ol.l?tmTi :11'1;" 1Cll- .:tf unJ;&tUT.B C:Ltd fl D'll' llO~lll h LI:.• t. llU:'1 
be mppl kablll!: 11:a •111\!ihr~• -i;he YOh1111e af lui;.hato111 'H1L!IU~fi.d by • hndHl 1 
~!11JUl1~l~a of ut'l.:!a~urat~d flaw l• 1aport41~~ bmcaws.m most l•ndf~l1• •r~ loc•t.1:d 
mo t.h.1c tl:w bt;it.tQlll of 11'..tn!I hruitUl •E.ll b111: -11l1iQ'llt1 i::-'he 'oll&Ur c.iible. Slncc- ~tn 
l.andlIHh r;.:1mt:aln J1mV11nl. h)'•l"I {c:a.f). WHto&, dt'.aiJ1agm lay111r.11, l:LrierO, lbm 
c-apaci ty tCJ dlll'Ll 1.JL r• .a bye ritd systtt• a.y b• ri.-..::ctU-llll")'. Typi.cal ly. th.ea• 
11UM r led 11.:iod'll bi. Coll.fl :dllllU loll tt: b<:-th ch111 tltJdi'C. la.l .BOO !l:.111111]1-ll'l;"Al di.1Hl,gH l n !ID.I 1 
moi.s:tur•. 

K~rri•ti• •~ al. (l~S..:.) haV'll dev~lor;:i•~ a •odel ba•ed ant.he pTi.rw.tp~l~ af 
~nrti•lly sar:ura~itd f!ov, fo~ ~~~~lct1Qn o0-f m.oi11tuT• tTAn$~~t tfi~ough 
h.ndf"i 115. l:ifSll.Tl. 411 W"!H t.'l.i.t'ated • E"llMil 11a.:h111 llJ.e1•.-111 le)pitd b:pt l!:f'l.l tl IJ!i!ll), li<:-hu 



thci o.nitTcU.,.,n;1h:n'l•l IU..:h11rd.' s t:Q'ilAtj.c.n ro PT"'d:1i:.~ itt-11Uure tr•IUj.:ii;rn ~hI'llugl1 

thc:i hrid.f t. n . 
A.lt.htllLl@.M L~ w.as M'C f1t,uibl11: tci •~r:l.:r.11!1 all 1J[ Lh11 ...,,.th.bl<(! ~11f!:llU1~urat:11:d 

rl l1'W IRCode 1 s in thi lll rlitpCI r I; , :ii fl \rll t'al l'ci.vi.~IJI F-lllPll:r • llT,. 111\1.fl.1 bl; lit rvb ich C:Hp.&11: 11 

di ffll!H nt mc11:.b1 h, .Jr;:ihna ... n e c .al. ( l! 9.!I 3) revt i!Wtl H""ll!n .-.:ida ls fot: ;1. :!.lfN lac ion 
of fL(l"'I' 'thr'Du&f:. .. hyend s,o~ J pn1fnto. OH.et (1'911.2) p:rovi~u !l.-L.11 .;i.n Ftfty
:l:lve m:ide-1.s or p11irc:.h11ly-111.a:t1r.irii::l!:d no .... l.t'ld t:r111ina~rt 11.tld d.at.al hd r1n•brws al" 
Can. •.citi(I \ S l!h.11? "'1! t'"tt J;G h:.::: ~ad f~::;- (\1,n:.hti I: 1=lud:J'. 

The llill.J:l~lP dlteui~~d previou.sly pr•d9ct ch. qu.mnLI~r or l•11~h-~e ~rroJducad fros 
5 !scillt:y ball.ad on~~ 11!1~&}1.1.&~ion of th1. 11111v..-.~~ ~[ ~A'Cll!l' t.hrou,g.h ~h$ 

1 andf t J. l . lku-:; Cha)' 11 re unabh l:.O p.r1td~ (:I; t.h~ fOli:pG-S l T: ion Ill f" thAf h1 lllr:li.11 t.~ . 
Ho""tlv11 t' , th.a 1u i:.:E.ru.t.1 en " { i:.h(I <:: titw: ii nT: t"at lcn of c11;1ntu1 n..nc.111- ant.1:t:-in,g th.a 
gr1Jund..,.11 t:.e:T 11 r;; r "'"' 1"' illptir' ant f1J r t.he: p:r11t1dt~ r;; 1 r;:in ot: re 1m tamln.11 nt h1vtt l1 at .a. 
dD\r.ll,P:- .ir.i::t 1 (Lr.'! r. pi:i int. of .::~ U a.ric:u . The .111J1Urce i:: 11:r11. for a. ~ •• i:.hfl t (L 111 Es i:-1.t hm 
mDdel f!it111111:ro11ll)' ritq'Ll:Ll"ol!'!ll btir.h th11: fl'll:lt cf 1.1~r:•r .uid. i::ir ..:.c-nt.usin1.nt.s; ~~r;;u i;:Jae 
,&f"CILirL<ti-'• Ca I' 1ys Et1•. Lit.1.c.h.11 c.a i]Ll.l!.11 [:- L lllli h.1 l!jl'l l:'.' d11:;iand11~i; 011 ":: lit1 c:t1111p hu:. 1.nd 
i:i (Lim 1 n le rr111 l a. te.<! _ :p-rl!'l<::4111!111:'11! !ii i:icreul'T h~g h?i 1aridfl1 h1 , tPt.at. -.rm d L s111.1:11.a 1trj 1 n 
~fi c::: ~or, l . -:l. Thlt' i:tilll!pc-d t. Lor.. of i::ho1: le •~k.at 11: 5..s deipend11:r..c:. r:in lo hr .grt l'Al1llllb.e r 
I!\~ ~ai:cor.s LnchJd:iri;s. i:;h111 1;"11Jfi.Uie c111Cp1Jsit.lcn, "l.l" 1.rid <'.!lll!l:t.ign od: tl111: ~11.i;.lht:)', 
h)'d !"Dg.ti.;;io 10£~ o;;i ! the 31'I.111 , c J ~m1.t.11: , :1.11~ :11 l)n, and IK1htur11: rG'l.llt h?.g 1;h;cr;n.1gh the 
f111cU Et.y. 

T'hit?e erti c:urr11:nt~y tr,ro ba~t~ 111111~1'1~cis !Gi:- dm.ser!b~ng ,.!114 pr•dic~~D5 th11: 
c'°1111pGd t: !.con <;f llll 111(;1\.a C.111 is.. One: .appr1G1.c.h h. 1:11'1 3~ r:-itmpt co r111p!"r.'UG i:i l th111 ~timp ii.ex 
JI ri;:ii;ti ti sell 'th•t IJC CUT In C.M6 f "-C: l 11 t:' . nut D t:he. 11irrp:rc.&cil ~!1'111.fo 1 .... 11:s dl!!VI!: ! opt ri& 

111mpirical Bqu.e.tl~ns to fit expl!!Ti111l!:nl;;~l d.&~rl ~~ leach11te ccru::mnt:ra~t~n vertu5 
~[IJ>(ll i~r ~ po11rt.l..:~1 .. r t .. ~dftll. Ua~QCl~nai::aly, tlua co ~~• depitr..d~ncy ~f the 
c.i:inc 1:n c E:lli t: i i;.ri h 1:1 i;.,;r hus on s 11:: m - sp11 C!! ft c cinf!i.'!t r;: ii\ns • t Cht1 bnd!! l l . i:nie sit 
•·i;.urvq · t.L c i;: ing • mi C!d 1 u e 111:r..11:u 11 ~ ti ff l!'c I! 1v11o onl )' in O<t0. h ng thm 
11:xp~rLIJl.l!nt .. 1 d~~• frl!'I~ which th1:y Witt:• d•TiV4d \Lu ec il., 19~3). Tt..~rll!lfore, 
..:hit ritpon: co?>;s ~der:s: .i!on~)' 111ord411la thmt .at.tmmpt. ta s.fmulillrll!I !tht' proc:e:nie:!I 
.cont i: D l U rig l •"c tla t ai gtmmr.111 t. lcn. 

H..a.d~l1 r:hq' ~~n ~~ u~rd ti:i p~~dtct tt:c:i chtml~al c1Jmpc.sil!on of ch~ •~acl'lar.:e 
r•l~•t~d from a £1..:::11l~v l(l(;l~de P~ (CaTsitl •t •l .. ]~S~J, SESOJl 
ChnHOwMU .and 'l,!11~l!r', l'ilJl!i). i:;h• 1-ndf! ll/l.ttgoon ~ode:\ c1U.i;;.kn11H ,. us.-..}' 
Pl..STAN' fE.r..fEmld "t ~l .• 1~82) ~r.d 11.:1d.els dev•lCfJ!'*d by St.~111..lb arul Lynch 
( H 8 2 l'i) ' l>ellilll' Ct ac:opcul D:IO 1tll: d ' u 9$6'b). .1111d Vi 11 La.1111 • t: al . (l '8-n . In 
add.it: I an. ~e"'e ~ r1 I <;if L h11 11od11 h I ab file~ lllJJ h•eM o 1!111 ll!!I rai::li:in u.:iditl s ( til.b l~ !ii
..:; • lb. ~) h11Vi1! c.h11 1t:J1;p,.b! H t:y c F •I~• o111 ting. unut:ur •ted: U'°"" a~ C:.:t(1 cu ln.a.nt 
t.l',.;r..spc rt:.. In ll (!IJllt\l s 1tIJ~r.:101'1.!li , th.,11:s.111 1 H:c:h:i.t~ 1111gr.11c1r:m 111Dde ls re mul d b.a u H d 
r D 11 n11:'.11.:- I[ h 111d11"'t:e c.all!pci.11 h ~~r:•, ti. hh'11"t1gh thl!'}' 111.11.:r no,t. .11 hru ,.a E;fl strr f11ice 
.-roc...:!lse.s :;.u:;h ..,11. l!!Vill!;)utr.an!!lpl ~11tion. 

l'I ic rob ;l..11 l Jl'l"(l'l! l!l:d:ll 111:S c osn :il.§.!?:U ~.c.:i.n t l y ~ff lltC t l!l\it cc nc:entra ti 011 of c Ql\t Silii nant :s. 
re h.allt! d hem d hipcisa 1 f Al'! 111 ~ = f! !I . Typ i.;: 11 l ~ y, 11.ll!HtO I c; ill Li::- t""i.Pb i.al p roe a s.se 11. 



.oc..:::u~ or:ly 1 r; c..h11 • mr ly a 1:J1.p;111111 r:> t ~he hndf U 1 , vtui n o~.:irs•;;i. is •va.il .ahhi. 
Ar;aet:l)bi;: mcl.lvlt.y 1.11u•Br Ht&bH:mhu ll:n.d c.ont.rohl Jma.chau qu.dtcy d!Jrlri&, 
thm a.C"tfv1 J th o( • hndfil 1 {'IJUlh ... 11C. •L, l'ii'&:i' ~ -

11.irrabi•l p•o~e•8$1 iDpa~~anl. co la•ch•t• r•1ea•• .~ aii~•tlon •~e 
.:::111l011.h at1<:in and gravth, 11nd rfl 11pon.11t co. srab:1 tr• te- ebrig• 11 . 1Jtll1ir f11.:::toT11: 
'that may infl.~*~~· e~~-~~tnanc m1gratian ill(!l~~ •~&anJc tr·~sfo!l:"lWl~ion, 
DT£&n01HUl15.cc r:tlehcas. -thyht.to:-ri l)f llH!'tals, billlfEluHn,a 11.nd r:h111 o11ff6et-11 ,;.of 
n~cr1~nt:m. o~ya11n, pH, •nd LllJIP11ratura (Kine~i~ •r:: Al., l9B4•~
l"IQ!artu."M-~~ly. al~ou,&h Bi~rab1•3 pr~~••aes ll.lly lnflue~e l~&~b•Ca algratlan 
trttt1; a. disp~5•l sdt~- vtr~ llc~l~ expe~ip,ant•l ii.it& 1:1: ..,..llable f~r 
var~fi~atiQ~ Ar..d ~~lida~lan of .. th~AAtl¢al ai:nl.al• that 4~••1Df~ ~o 11illUJ.•t• 
~~~-~ prac1is51is. C'J.we I;~•~ ltM:omi)llete undcir•t•~1,,.,, ot microhi~l proc•••~• • 
.... c:.heiut!e<1l 111od4 l:1: t.h• c • hrul.11 t:.a th•:llll!I l'TOC Hlllol! Iii ln th• .. ~•urf 11co11 ,.;re 
llm1tad in thelr ·~pll~•~~li~y vt..en eo11:;p111red ta hyd~~llll&i~ Dr &eD.:::lui•i~•l 
coos (Kin.ca Id iH 1.l., l91Jii.}. 

rhlf'mlcal ch.u1g.es. 1,~ .s.oluti!I 11t" sulis.tratm du• rn •l-:'::""Obim1 .. ctlvl ty Ulll i!'~ly 
r11:f~~r~~ ~o ~Ill blod1tgradatiDn. S•v•r~l inv~5~i~ators ~vt ~tv•lopm~ 1110d11t15 
(ot' 5h11.1la.t!n1 ti.todagr•4'•cion in che :11ubsu;::f•~• lirt\li:L"1:1n1Hnt.. T1ifllillll llOGel• 
J,111'1•1'?'-11-Hy l!ll~het' 1Js.e t:be btofU• ..::C'lnt:111-p-.: t111 si111Uht,. t:i,11 re1,.co1d af 1:1r,g.ariti:.fi. 
"' a~ca.ched or~,·~•- !~t:"1l!lln& on machanl••~ a~ fhe por~ sc,.le, GT •ll*:fl'l1 
8 SK? c:i:ri'Croll r;; ~ emph' li::al exprm n ia'l"ls dit:ti er L blr.g tile i::f fe c. t• 'Of 111 1liic:i'<1bi .. .1 
pr;:rpulatior.. lnt:.D 5.oluc11: 1;un11r-01:i: lliadeh H!iari!i•l'"I· '*"",j B.erlient., J'Qe.E.,.; van ~r 
H11 ! j de ll:f .ii 1 . ' t 9 u) . fio~h typo "r ...-..l.lil1 • typically UH Jr):lll• f(;orm of K<1nod 
K~(Ml~ic1 to reduce t~• nr.ieb•[ o~ mDdt!l pAra.tHc.~r5 l'l••d~d eo rbarA.:::t11rt~• t•~ 
'F"IE"Elbh11. f$•tri~.VlllJll:,Mj •ni:= Kerc11r, llfH). 

lHO:FTU4 (RI tatAlln. li;-".1'9) repfuents tti-1.1 .fh-tt ,g,1Cl)1.1p of modelJI 11.nd. is ~iCllll='flsed 
r!'lf •t<!llllid)'-S.t&te and ni::.r:1Jtl!lll(J:t-·n:at11: 1111i1Guh1111 ta 11E111Jillatil!I 'h" dep;radat:•o~ eif 
~race: o•prit<? 1 '"""'tH ot:an~!. !. l Dm1 Yha:re b.1of111u .airr i:.h11 cc-nt:r(fl Un& lk"av·.a:mtJ VII! 

to t:"C.t" . The 1111Ddulei.1 pr111di [ct r.hrfl C"Oftt: "nr: r"at: ion oil r thci l;ir,1 l:k J.loib !It r11 te , and: s:h• 
I l w;: of 111'-lhs tr• c11 I r..r. c. i::h• Mot: Ha.. !i111u1.10 r e.nd lfoCa r-:. y { l 984 ~ 11.nd. ~o 1:11 ~' a. L 
( l ·!Hli:.) hilli~ a ho s. Emu h 1;~ d th• bl aue EJr.ada:t I <1 n 111 f lllT pnt c !!I 1Js ins tha blo f 11• 
conc1ipt. 

S'e-ve r• I •odll: hi hllll'-'1!! be en dl!!:v.e 1 apt11! t..'>ii11:t ind ~dr l!il,u• ti 1m.1 f111:r 11ic robill l s.rovch: 
11.nd d:ee.11y lill"i th tl'l.r: :!: h•t1.11} •ti Q~ t;i r iar .&~ - 5C 111I11 _g;i-r')LIOOWI I; e.f C: ['I mi: po rt pr:g.c•.tHll , 
.fk.rd11111 a~(I ~II (J hUI t ( l'9 B 6• , b) pru 11.nt t. ~I!' l fo:t dau l.11.tln& .... robi C 
Mtid-al!Ji:i:"•d&tlon. Th11:lr 1111aie:t.J\ u:SllllU that thit St"Or.rth at akr0<arg.11:nt..s11110 •ri1' The 

ut!l h111.d1>n t:tf ol}li:)"&1m and <l"rg.a.nlc• t.r. ~h• 11-1.1li•urf,.c11: can 'bil!I 11iavl&C"il-d u= 
ln1U • .1!1111t•ne DIJ.11 T!ll 1111:;. ti OCl• bll!I r;; l(lir1111 t!u: or l!j31n h: t"Qf'I; il:ll:i fllll:l:IC lllnd <l .C]flC:O ( l 1 f tl!°I .1111'1'1 

l.11.t l ·~1: , 1989) _ Jl~ £41 et .ml . (l 'il.!l 711a 41'11" b, l 9U) p ir•:ii:.-r:t A ll1 Vde,guda.c ion 
11.4:.1-;J1d. {Bl C-Pl.t'ME. l E ) c l'i• ~ ~Ji: i 15.H s i:.hl!!: • 1 n• t.arit•f~&o..ur t"u c.t E.on" llllDU 1 PT"~l)QHd 
h' ~DT~•n an~ Bf~L~~~ c1~g6A,b), thB1 atidAl!l ~ ... dmVC!lafiA" £r0111 L~e uses 1:1irar 

d ::.tlllf ndonal sol ut:411 t C'"IU):fl po:t: ~ IB!da I (Kl:Jni ka"' 11.nr;i f!.nct.1fhoo11 f!f., l ~n I) . !'lie bH:1.i:
c.a~ •Pt "'P'?' 1 ~of''!J ln de vi!' lop tng l.IOPl.!11[ ll 1nd1Jd4! 1 thlt ui;a ot 41 dr.wtl -pu [ icl e 
llKl\'e l' p rocedu r.e tc :1dmu J.ii.i 4' i:he- t f .1!11115 po r It a f both C;(ltH: Ulnants and O'll:J'g.Cl'1 [ l'I 

c.h1E1 11.'Ub 111Jt:r far:-• . 

Sr I n.111u.t M a ni:l :!ll!'n: er [ 19.1111:) ir!l:t.ondi11'¢ t hot IK'l.tt! 1 devit lopr1td t>y ~toirdmn and 
B.ed~ant t:D produr.-11'1 .s. cir.•-~iil<l!!Til!!l 5.onrll, H'!llitlll:•dtHt!r1mce 11£1dal far :i;ill'Uhd!M\ 
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of bioa..gn1(1..1.t!.:>n •nd :1~;rpt:hm ~ri:ic••s11a ln parou• Mdl&. IL!!<robtc di,.iµ.au'f:ion 
l• 1l1111da~l!d u•ing a 1111a(l:if'.h1-d M.om:id fww::cfor..; !lllM-U..:>bk bloC.11",:r.adar;ion h 
llodl!:led u11h1,g J'lld}1111ial.lm-H1mti11:n :idncii::ic-1111. lill'Lol!het" -.:>dlitl of aubmurfaE?a 
O::(l Atilli1f"1•:nt r: c-sruipor I: 11 I i;h b i-eidegr;md.ado~ t.ih 1~'h u::un~ t111chnt i;1,1.n p ropa.Hd b)' 
lac-den and ~•~1•n~ (l966a,b) .and Holx mr al. {l~!~). t~ pr•1111efi~l!d 1n ~indra~ 
·~~ c~l1• C191~l-

n-.1111 llkll ln ttl'l:'Dre t:.ic.a l 1:U ff llrt"ll:n~fl bot! 1!111l!o11n th• • hH 1Cilllllil.llntl1!11J..1 r1111.a!I! c1 on• lllGd!!< 1 .and 
thi:: lll.5.1!: of .a Mar.1111~ Une~H: rtt~.al!lan111hb ico qtaanC:iiy t.h11 ru.c.~5cin beC"wH!fll • 
conL.a•irt111n~ .and o'lt)'&•n i1 th.at th• ·1t"Llit..ntana:au.a m.::i<l.9t• ••1uiu::1 tb~t (l~Y~•D 
c~•n•~rt i a: 1 iui i::C n,g th• l:lti,gud&l!lan pr.iM!u• , ~U • lf:h11 \r: ~ 11o111: I.::: •o<1411 
co:rui~ders th1111 p~~•1bil1ty c.hai: cxy51111r.. Vt111~aCion ... y •1'~ be 1111 conl:L"Olllr..s: 
p+~H.11 CEU.fd mrul. l!il!dh:nl:, 19'1!-':ll). Ubl .and .ie.;llu'l't (l98!ii) h.av111 tneor-pouced 
H1mod ~!nmtic::s into l'ilOPU."ME II !:ri ei+du i;;u ~.:i•p•l'tt tbe- tva .iu~t:la:iu. lb{!)' 
four.ii 'l;h&t (Ile:)" .g.en t<•n.mpQ+ ~ :.s \h111 Hml t lng f .all! i!:.aT 1: n (he degr.1.d.1;;14;.)ll ;prcicl!21:11 
in :111'°"' &reiundr.r4~CIT tla'll' •}'•t.11:... Th•ni!ore, che •in.11:11,ntanei::iu re.actiol'I" 
m-:;H:l•l Li: 11uit&ble ror th11111e IE)':lU:l!!tu. Elovever. the t:111L11 o! .Ol:J,f:.ITl u.r:1 lU:aitlon 
can 5r.flu.enr.~ r-11t~~ ~f degrad~tj~~ ~~~n g~ciund~ater v~lo~~r1•3 e~c-eed 0.01 
a/rui.~· l :a IC:he se .c .11::1e s • "q.i;;t• l i Cfo1 L i nco rpoT .ac11 l"\l)ni::id kine-ti.cs. Vl!)i:i Id l;.11 11110r111 
ilj;:';p["Dp ri Ate 

Thia e-!rect:s c;.f mteraoT~&niau» on th• coni:::•nCT•tlcmi .and tr&nsparr ~f 
1:Dnt.1.:11lr...1.nr..11 fr.c4ll .e !11cl i ity c11,n !>.ii ~111Nht1!1d wil!!.g -i::h.iniitr1c 110d11ol.11 Df 
l &nd.U ll 1n:•bL l h: .. 1: i c;.n • Siov•n:.al ln ... e-!11c:.r15.a 1: or:1 h111v~ r:it1vitlope-d 1110dt: h i;;(> 

11.:llulate t:.h~ a1i:::robi&lly-.1111:~r.1:ed pr~~a~it•s Qf lsadf[ll •t•bEl1:sL1on. ihms& 
SJ~D~• U-llli: 1nflul!nc • 1:.he i::.amp~• ! r:-1 ~r.. ot !!hie: 1·11.:i.ch.11,t• re le u:11: ii I ros .11 l 11:n.::tf 111 . 
J'l.11:.rabi • ll::r, me r.1hii;:111:.:t r•.e.c-=. 5.ar:s 11.ff 1111-!;: :";. diw.11 i...::&1 .and ph7:11 i c: .. l ~r -11r.11-f o ~· t iG""lll 
111.iuU!!.& r(I l.a:rtdfill !lll::.tb1 H:uu.li::iu. Th11 prcceu Gf hnd!Ul st,.bi H.:ti:•~hm h 
;!.(llM'llftiar: comp J a ii!;' itnd. l~dlii bell: Tl diu c;: r i b111:rl 'by f{l;h tflnd e It .al . ( 198~} . n.11!',. 
d11~crtb~ f!v111 pha.1111.~: lnlci.a.l ~dj~sCi:roeat, tr.an~l~ion. scl~ rcn1.aciD~. ~·Lty~ 
t~rlltlntat:.{ar.. ,.r,.d final a.a~uratton. 

Se1.•11: 1:"'4 i ia.:tc.h.an :.11;;; LC !110~ h of h:mif n J IEUbil H:t at.1Gn havit '!;i.u~ dto\ld Djjlt! d. 
Stra'Jll .and Lynch (l,11b) •l):J:-lo' a ~~l.ativ1111ly $impliJclc 11.Ddel af ~•nd(ill 
.II t.ab 11 h:.a ct Df) l tlYC l Vi 111!! th!! rm h~:ll{I of .f;OD thrCl'IJ!!h 111t CY"illlb 5.-111 lllt' i:: 1tbo 115111:, Th~ 

~ l 11.JNl 11te s t!i.11: d:t •.Jol1,1r;:1 ... 1o, tr.a nsport:, .al'!d l'.!i!IC-411 of or&"'" t~ 11• i;: 11r5.ah La 
u:ru11 "'tu n1.U4 *.II nl c.a:r)' l 11m:lf E 1l11. lltM'r't:'M r::poul o.i; i:tt 11, \ { l 9J l;b ~ ut 11 i H r~ 
u tht;,11..ltl:: Lc.a l !~rEW 11111 ci c.n 111 f" i::t-." .5 ("l'•ub .11:'ld J.y:rii;h 111.:.ide 1 t:i~t. t:.hity • D • v.ci tho1:1 
!;DV11:rn I r..1 •q_u4 c [ o~' b'.!t' ~h.e mr. th a Iii a f LL ;IA! 11 ~rui tie.ad a f tht11 "':i:ttl! i:: it f'i nt t1111 
1:Ufr.'11r~U(I- ll1:he11e- u11-111:d b:t ~n.111.d:,1 11.nd Lyric!\ ( 34illl:(b~. li.'UH..m!ll 11-t .it1 flli'S:r) 
.extend -:hrt 1;'1.'(1- .ii Ufl zrodel prap.oHdi by :irnub a.11d Lyncti. hi .s111·.,111 ioplnl!!i GTLF-"CH · 
J , • mvc.h&ri lJi t.lc thr-jl-11: • lll ".-1111:1) 1111(hlf& l . n-((1 la(ldD l ;l ;1. b.aa.t1d. on thie thr1111'11 - :i; r;:.i;,.:. 
p C"DCllJS s11s cf 'hf4rQ tya! 1/501111bi 1 h:.a.ci Ofl, 11..: 1 d for.111.a I: :I.er.. 11orui .lll!lil'"~&ae 
r'111aMfU:111c:i11a. 

b.ch i::i f thttsl!! t.h r.e 111 1111t""h.an S Iii: t c: :111:o::idtt ls Vll:P v1 r I fi.lll'd, in p.a r 1: , by ct:11tp1111r 1 lltl-n to 
:am.a!llur111d ~dne"nrr.;i,ian histo~t$• for l1111nd!llls. suc:h as tho19 dGscrib111d by 
i'oh had (HI 1~) . l'J 1)1.1evu. 'L.hlll IJJl.C Iu lr.HJI r.if i;-l\Ht 110611: l.D In pudi.::,; mg 
le-.achac.fl COl~&t1C.ull!n'I:. c~ncenl:TAL~OT18 <)Vl!'1' ~[- .tt !111potc1f1~ sli::11:s; h U:11!t11:Q. 
~~~aUISI!! ~f ~ l•c~ flf ~fa 11n ~aSl::9 char•~~•t"i8~l.;:• .and WAste r.Qn&~ttliM!n~ 

di std bui;: :I. e•iAll.. 
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La.m:I ~!!:11.at:mw:r..c. ! r.: 11;"111 6J1? l 5.c: u: l(ln •~ lnc orpo.-at:ion of lill.U l.11111 in l:o tha 1.:1p~:r 
h )'If. T Iii I) ( ,,..ill Iii., 11 ln ord~r ~D d.. r:.0119o;u1 t..he lHlll l:.fl l t.s.11 l r Ill!!" !;(lo d.e,gr•d!.a • 
tr: an:s foED •nd/cir iml(IM U.i ill kai.111 rdeu.1 ch111111{ r:::a l $ t:(l-MU i ned 1 n Ch• 111qtti • llu u 
hanil!bd. b}' hnd t:::tt•l:rllaTII: fad U 1:ta:11 IH)' be c:h.11.1ifl•di .,,.. liqu.id. ahldp:, ar 
sclld (a.g., QCTl~.Qllin•~•~ soil}. 

C.....nd ~reall:millnt ha& 'l*Q b••n ~ailed land apr11111di~J, 1o11Nlf•n1i~g. •n.d: slu.d.&~ 
!•n11ng. Uau•lly th• p1sc1:ic• involY•t; l) apflleA~ien of w-.:it• o~to er 
b1En11alh r:.h11 surf.ac11 actl. 2) ~i~ln..g 'he w•.1~11 v!tb th~ •~£!•~• •~11 ~o ••~.at:• 
the aa•s .a~d •~P~•• ~••t• t~ .m;ail •i~raor1•~i1iu, •hi.I lJ 1cal1ina ~~• 
itflill_,......U?• lul.1• per101Hc.11.l1y tci Mlnulrii Htoblc ccin.dit:l1:1n11 (la~H •nd fb•nJ., 
19~Dl. tn •d.dit1~~- nuccl~ni::.111 iu.~ !:wt •ddad to 1:~~ •~il t:~ prcmote •lcroblal 
1:r(lrUth . 

"t"'111 <)f'fl C"lllt: i(Jn of ...--.stewate !!' l.and l:Ua tait:lll C lll)".H:.ll!lli.S is d i£,h I: l y 41 rf6fll'Cll:. llut 
~h~ee 11o11st ~oumon ite':h~d• ~••d ~c411.~ 111E111 ,m;lmv r&t111 tnfll~r•tlon {l . .a._ 
irrl&&t1~n Qf c~cpa cir fer11st:1>. rap'd tn(iltTatlo~ . .1oui o~e~l•l14 fl~-
Durlr..g the t"apld. lnftlcTubn :p:-oeeu. 11. bu-En h. flood411, furai:nE a surf.au: 
hrpoun,,,,..n'I:. 1:nd die 1o1111i:e-r h allow•d t:o pcirr:.i;il•t.• !nt:ci th111 .m;111!1. TIH: ba•h'I 
h f.h-1:11 alla-d to d~)' OVit. fglll)11,11Bi1 b)' •net.bu 1::7cla cf flo<Hllln,s. :B4!~111u:1.it 
l:ht r&pid 1nf1Jtr4tlvn p~ci~e•• iTIYelv111$ p11rl~d~ ~f c1a~ 'll'here w•tar t' pondfl~ 
AC ~he sucf•~e. ~lsnifEc.11.nt ~a~tMl~'1.l!ltl(l:n 0£ graundwatl!:r can rasult.. 

1.:'lrhin U.111 upp.er •oil hyu·. i:>rgat1lc c.crlliJoun.d.B -,- undar,gp 'b°H•Gltgu.d•Ci-on. 
-trans! llTIUlt i cit'll, o t: h)'dll:"o lylll111 •nd th11 pndp t t' &11; lll.l-1'1 of 1no tt,g•ni cs miL}' d 1 o 
'1Ci(;W'" (Sher t , l !188} . Other p r~t'!· a SH ~ na I! a.f fe ct the f 111:1;:111 of i:;:-;;.n-cu.lrumt • ln 
lmml t:ri1L1Ltniant hid\iilt phr.H:<)ch.fflcml dt!Er.111.!1.tticn. vohi;;iH:t.i1cfon, adsoLJll:"icn, 
•v~p,ptra~•~ir6~ion. and. le•c.hlr.g t~ the utl.<l:krlylng •trati. 

::i•Y•T4-l llK)Ch1h exist that. AiBUla'Cll val.u:.n lZiUi-flin ft:IHll 1-.nd t'!"e.1t;J1c:11J;. 
faclli~!ma, b~t da r..JJJ~ r.:L~ul~~~ transpo~~ tt.rou.sf: I:~• $Oil pT~fll~ r~ 
&C.::-1.:mt:f.'".l!&t:f! Z" C Th lbode.aWE a.nd ]fw.11~11.- 19:152 ; P,tit:b:r &ntl J l!'Mi Tlll- • l 98'1) ; U . .i • .rill., 
l9B7l. n-t..ae •od.6la are ll5afu1 fer 11:stllB.l1liti~g •1r eai~sionm. t:hat r:::a~ 

• lgn!H'C"•ri.t ly ritduc • th111 coin.i;.u ln111ri~ i: O:K:l!l:'I~ ~ .. , d.011s l:n th• 11-0 il. .a.~ll 
uJ c:l.11Wt',.\)' 111ffeet: 1macho1tl! quallty. .S1.1C?h G<14.111h: arm dl:scu.1Hd .En daui 1 ln 
Sh.ii rp- ~ an.m;en {191!!19) ~ci..,..v•T", i;:.nl)' land t.r11-11.Lilllll!r.t m.:10. h1 ~h•i"t ~ llll:li 11: ll:Wil 1ote 
c.ent.11J11•~..ant t~&n•:p11-rl tQ gzcu:rn!vaL~:r 4rit 1~rl~•d ln Th•i t•-porl:. 

HoRc af ~h• ~rt1•t.u~•tad ll°"' and tr•IU1~cirt -~~~lM 1IMmlldlilL11d ln Tabl• ~-1 e~r. 
bit IJ.Hd to .sd.aulAtill tl:l-t f•i;;a Clf 4llule S'iJIJ.llClu.I lillll.ll:ll!S .11-pp• ~·~ Col) d'I• land 
11 llJ" r.11-t? * Si;'.JMl!I 0 t diol!H 1!1Dd.1t h • au.ch .I.I P21,;'f (.:::e.ne 1 a [ Iii l . • 191 ti) • CL.tJ\K5 
~Kn he J. et .al . • l 9B !J.) .and tf.E:t:P ( Sc:t.ro4!dllr et: 111 l . • l 9'!a!,, l "'l io.... i;;hir 111.auri:::e 11-f 
C6nL.111thl• t 1 r)r., t(I b4l 1 oC:.11.Ud ... 1 thin It.he I Cl. l pr.:>fl h1 , ill~td C lllrlo, th.are F>e-flll: .. 
1:41 pre.1e n t t:he c.c.~1:H t: :I. ciri.1 •f tt:r 6 * 1 udge e1r -con l:.AD I n.a1:11:d ii; ot l 1 a: 1 ni:::orpora c e d 
h~t.o ~•• c.b. b1g !: i;irui . bci ~xamplt1:11 of chit "tlO t>f l'llZl'1 for C.h•lt d111u l.aU on "'f 
l&nd appi ic11ti on Gf 11\wi.g• •:re 4i;S;C:'IJHll!d En Dcinigl•!ll •cpd IUdc.:ndl ( HBli.~ 



Erifhl d at • 1 (1911.10 dn c.:r lb1: .1 t.b-r•e • t;?ot1p&n.a.11t. llllHh: 1 foT 1!:''171 hi1i11:"1 on of 
IBl!IWJillllllfll'. r:i f orl§.&l~k chem.1.:: • h dJ..L["i I'll l:"illp 1~ lnfl.1 t:"ntlon c.f vu ~111'if1ot:n·. Th• 
CJ. r J:C ci::>m?a• t.mirir..t S :11 • •'ll:rli111..::• lmpi11WMl!a11nt. l:t\it ••C'cind • chln uri.u.tu.~.ated •a1 l 
layec- 1:Hni;;tly bol!uHlh t.he lm:ptrundlunc, ind t:M r:h.1rd i.• the: \LndH"l)'ln!j .1oil 
lJrcilll11:. 

J.Rblt "i-2 l1111r::s Sl!JIN ll!Od111:h tb.a~ h . .11.Vll bu1tn dui'11111Cif14!d tfl jl:'Ll .. hH1Cft 'thl!I fa.I:• •rid 
':.ranapori;: af oily 'tt-.1U.•a in l:h11 uru;at:ur.ai:.11d. ~ON. C:&d111na 1111!: •l. ( ltl9) 
pre•snt • mtfd~l far v•st11: •ppli~~'lon tCi th• surf11ce 1 b•fa~• i~orpor.1tion 
!rito :t:rui llpp.ar 11.aH llye:-. ThE.s model w411i •~t•u11:t•d tr1211 .Jury 11t •l. (UU) to 
.ar.~fl~nt for ~h111 eft111c~• of a11Y .,,_.~tiJ Qn 'fl:llatlliz11tia~ 'nli4" ci~~·~ four 
mod111l~ C4T1 b~ ~$•d tu •lmul•c~' ¥aat11 bah~v~~T vhen un1fon.l1 1~cOJ"PQ["4t•d l~co 
ch• !Plow- :i:9nlll . 11.11 a f th.a 11:Cda h •1.'1:1:\llM ~g1tne-DW11 .1o11 .i;: o:t.dU: !mull , •rid 
• tndy- st.1.~1111 ill'no11: - di:ll('ftll- loMl. unsatura~d !Low 'Chrvugh t:he sail pr.an h 

Sli<1 rt. (l 98") p r"lll:Hr-!U .a ~d.IF l Ch• t pravi 1!111::11 :t:l:,41 U ~ht:iu.t k.1 l b.11.1 h f" Of 'l;:l.IO 
otb11t:r f*<:-ditb: strrz (Bafz.iz.mr •n.d V~ l1 E.au. lHO .1r..d VIP C:S1;.111 ... •n• 11H . ..i .. 
19:9 !I> _ Th11 !ll.I T2. Dada-l V&f: .::Live l~adi 'o he-lp d111<: is to.l'I _,, ku.. •1• t 111111&t ic:.al 1 y 
e5tl111.•t111 Ll:i• WOV$1M~t and faC1t Gf cant"lloin•n~• du:rln5 land tElli&l:mlli~~ I)[ ol1y 
'll'A~ til!!I fl._ \"' ~ l'", .1n. exp ... nded Ft I 'f2: lllD'{!l• l . w- de...-• ll:1p11.d .1 t: Uc ah :S i::<111:e. Ua1vll!t"1 .i ty. 
Ver .!don :i'. 0 h· d{.;11i=:-r1 bitd lri Gt"11in."'"l1tf 111 t .i. O g.11t7) an(!. S~nJ: 11-i::. al. { 1981) _ 
Stlll""l!IUll- olll; .1. ( 191!!9} pr•IUl!:rlt t:lu: 1.l;Hr'. Gulde to:> Vll!"r•iO!"I. l.CI' VIP 1!111.tl!OOS 
:SILcirt (191&) CD h•,c]LJJt! &:HI!- 1p1:ciflc pillt"Hlitt{l:t"lli lluCh .;1.11: .1rppH~•ticn r.1.'C!IJ!! U1d 

rl"lllo~IM'f'll!")' • II:~ l!.t! f:e•p·e:cat:u.c It. ~gr &da'C l'l'.l'n and .soll- vate E"" p.a rt:'l c i l)t) eoa (t E.c h·nt• 
Ia~ chanlcA\• 4& a f"1.11W:tiu11 of dllipth (Cr11:nn11iy ·~ 11., 1?81} . 

.Nat ml l eif i;:J~t: "Proce Urfl s. impor c:.ant t ri land ~:rlflat1u1m ( ilLB shovn in F1 g1,1,["t 2 . S) 
":rt• si111111111ted by llive.-, lllK'd•l; th-a1 mod11l 11el11c:tion i"11i:r .111 ${~..$-•-plli::iflc lAnd 
l!rll!• tll11:nt. •P'P 1 le.at: h:m llu.11 c. canm idar c 1 l111.u:i1: , ~i:i 11 ill!M 1.1.111 ii lll! ch.1 rac. tu: hi i;. t e;a , 
.a.pp u~ 1111 [ 11m p;E"ace du re... and .at.ha r h ,,,..J: {ilUI d ~.ICU.:Hlitd h:. Site;.'!; ~CrY'I ~ • D) . 'l"h111 

p~t1CelH:.5 slnrulac:ld by •4~h JUd~l •t'tl shown j.n f.ch}~ .i:.~2, 

Sue: r illC-11 i1111F-Oundiuin.~111 1 ir• A i:ollldtOn d{:J:FO:Fill l !llflthod. fi:ir .&q1.1e"11W; Viii• r:: Iii - Tti111y .arr• 
~~•only l.11r-:~ open- top 1114rtruin b.ui~ thaL can b.11 •ith•T 1 h1.e~ r:o ?fl!.-\'11mc. 
llquld 111:abg• &~)d. h,•clhmr.. far .. ti11n O!:" u;r.:1 iM~. St.JT.'f&i::e i•pouridm11H1l;;111- i111rilll, 
:I. tL .gti:i.u •I • used fQ r: b.:l o.:::ti.•!11 E.e.&l i: E"ltllll c111e-nc ci f o;rg.1111 Lt;: .i11~b,11~&f1Ct1111 , c-h11m t c:.al 
~r11at:a.tn~ of ~r&1111ni~111- a~d i:nor& ... nl~.s. a~ $tO:t"•!• p~ior ~o p-11rfan1!ns l!l~~•r 
~r•aa.enlf t1pt!r.1tions (T1tiberct.1111u.rio: •~ ... 1_. 1~8~). 

Al c.ti~15!1 the r 111 .a E""lt llU.TI)' llllOd~ 1 a. f{I.:" .& 1:111.J la~ fon a f su.r f Ill~• t ~V1n.,;!;iunl 1-, t h1:s-11 
typl~Al~y f~c~~ ~n 5ur!.act! v•~rr ~Ply. V•:ry f•v &i111Ul.1r::-11 fltll:'lil .and cr•n.tporr: 
i::ltrcius,h i:.-. .... bot:tQlll. af i:ti• :LlllfHllU'Ldm11nt ta thll! vatu- t~ 1 •. An il!'i!I If 111.11.~ {an t.1.f 
th1t vol l..IM of ""11111 ce r it 11lli'11:115 frDD. iru:r h.~.1111 iapCMAndrNnu 111 CiH f"t.cul t t-o 
•:1•H.t-flll1 ril!I . l'iv.ai lab 1111 a11 ch.l;lli;'.'1:11 'rt d llH:usseil bitl aw, 

~ ~oa:pl11te ari•l1si1 of ~•ep6'~ r.1r.-11s -lll:ld tiBlll ~•'111110f"'""'= of ~••s>-&l!ill! has bac:~ 
due !I" UMid fol" 1111 [II! ~. u lri,gir impourum1Htli. (rti: U'h.cr Ce r o1nd Ne L:FC!ll, l'9 n: 
Kr;:;lio1•circ:t!r. UIU; D.a,..cs. l'llJH:t). and i. •pplic.a!:th: t;~ 1l11:L l11111~ &)'111tt11H s:uc.h as 
[ nd.ust"d d .fl 1'1<1 IJ!Vrl le= 1~d :11 r::ou,s.a- and t: r-Htlillt-t"l c lago1ma: { l!iic lrni! 11 , 1 H!.) . 
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'Th.rt L&1a11m HaaJ ~.i:.~clkne-H, 19Bol'.t) h d111::111gned. ~,\) •l11uh.l• t.h• ~f-.•v'lleying 
h•~•vi~r Qf • s~ne~•I ch,._,i~•l ~on•cit~•nC dls•ol'l'l!d In • ~-llilqllec•ly-•l~•d 
suz-f' •ct! ~ mpound.m11H\r;. ~oni;.111 l11oln15 aqu•awi • ._. t.a•. Thti -rhe11i ea 1 p1:'oco1111-sa 11 
dll\llu;;it~ i~loai:11 adHctfon, •d.lorpt:~Ol'I. d.t~•J. vvhciH:ution. "iffi.ufon •nd. 
seep1111!t1· S11-1tpA&• 15 ~anrpute4 b~ ~•S:umin~ Da~,i•n fli:w tn~o~&h Chm Illlillr 
1.mdnrlytn& ch• i•~OliH'!d.ilitin~- St•VGns et ~l, (l~!'} 11:(1d1!19d t.h• qu&•t-~hr••
~EIM'nsl¢nai, flni~•-~iffa~•nc~ ITO'Unilw•t•~ [lvv m:idt!!l, Pl.JI.~ {P~ie~•tt mad 
~n~ubt. J'l}t(o), -co !UUHlne t.hll! qu•ntit.,. af b.1Q.i• cie.::urt:'ing frOll • at!ltlt

r;;., Ll i 11g11 1t"'•por• C: 1 en pcrnd, and t.ei ii; Uri.I 1-111 I!: to th• 15roundvat.•• iru; •tll'.: &pc-or 
5)!"•t111•s. 

Nwt1~t"ical 111. EW.l •ti<l'n r;.:i! d1ti 11rl1!c t.s of rmcbrslli u1d l.!t.ti~lurr g• frcn1 > o1k111.11 lw""• 
bu r1 Mill!!' bo_'f Kcl!h' idG •nd Pfarmkur.h (l 97~) , £1.11il"¥1ll ll and L111: (19U ) , Jtuntll!t 1111nd 
Andi! rHn ( l 91 I ) , a!l'Ld US -PUT (l 'i'U} . ColC"Cl.11 t I:: 111f; d , (1918t J i;t1t11Hn t •n 
._n.1 l ~T ~ (:41 IM!idto l fr::i r ~:11:: ill A ti Tlf!; t:t.e T.fl I;:• jlo Q f l!JjrtiluDt.fwa C: l:r 1nfl1!1.1' 111'14 1)1,.1 i:: { h:1'W, 

a11= win ... , 11Dl:ute tra.ri,.~ort tlil"Q~~ tho11 bcittom ••di .. nc• t>f .,,n:·f11e111 ...... c:..,.r.i;. 
Th h •od·d iu o .fi ..:i1'ko - r.HIJH! n1dhm•l .a.dvac: ti v1: dh P•T 111 L '1111!! 11quat: ion to dl1.t111: all I~ 
tlH E 4 lt' ll'I [: 1'11!:1.llpOT t Dr .II. nor... r•-41-::" E: L .... 1r.;.! u te Ith rough th• "'"<.'! t Mnt.11' . 

l f !:ht< U '!liBr f" • h oi;- tf ch11Fti11 h n.;.r UN! c , the lliak.a&• eif 1 u,ge .quanH I:: h-s c-f 
~ear: h.11 t" ..:,_ n JI irr:rd·.i..:" • 11i:1W11d ~:il. t.h11 va t:ll?" t.Ah • • t:i-• l(l-'111 ('.!! rt:.d n typo11 • a f 
k~:r>dlills. ~a3t:~w.11t:l!:r la100At J~4 •ur!&~~ i•pr::il..lllldzl1:nt:s t'!)4 a~"al ~Kt~nt or 
t.he :mo·.mcl .ii r111 j r; iJ r II.{" <:>! .g£O'llth d1-pe1u!I on ci?iit ~ i z.• tmd a hap 11: of th it li'l:l'!'" f "-C-• 
L11i".;.unda.1rni:, ~he dur-1.tlori a:ic: t•l;e ot flr::iw of illlach111te f!rl!r~ i;he I•Ll.11rtlaer.:t. 
a.ad i:r.1: 'h1d r .ol.J,J. :I.(: p rvp11 n. .L •u or th!! unda:rly ina; h)'dfl!l'<!r ti log le l!:nv r rorau:!\t. 
~ ~'rtt111 ~~ and Cherry, 1979 i . T.ii:111 lltlUTrtH~..g o t • 1'1.llr'Ce t tab la 4qu:l.f<i :- c:&n 11.ava & 

11&j r::ir ~.act on l t\11!:.lr 1 ttr~dr.t-il Ill •1' (1 i;rw p•t:tan:i.dl •nd ttl• r•u.w h •nl IMJV~nt a.f 
ccm c.e111 t rl.flT'll'. :i ( ~oul!:111r!! 11 rt •II . , l 9B.t.) . Gn:i1.11"1'1W6t.lflll' ilound.ing iuy c au.a It J Or.' 1111 l 
re...:-~r 111:.3 .s; in g:::oundw.i I;:• T !l.01.1 &n..:I dlli 11:pe r pu111 tr1.t: h:m of (?l!lT'lll;-llllli1C'hll nt::11 into thrt 

•qu I f-t :- cliat1 .,.i:ru llll. cicc1.0r nor:m.1ll7 (~.1111· 1 )'. 19!9} . ThHe fore • the -pi;iH :I. b 11 L. t' 
of graundr,ru:m:r :aou:n1:U~& :P:~"'1uld 011 cons.idtind when d..tv•l.4)plt1;g -Ill &KJih!l t.hat 
:i;; i1r11.:; 11r1t"- I.r:i rte~llitt" s•ne i'at ic-n a:r..r:!I mi gr1t. i-;>n frr;'.1111 -:.ho1111-11 type a a f f'.1.1;?. ~ l t 11; l(l 11-

~o•~ gr111.0nd~111~er (low •nd t~.1.n9~~r1 ~~d•l• do. no~ simul1111;:11: •1;1Y1110i~g. nantush 
(l967) ~rDvir:!I•• 6M analy~Lcal IH:~hod fo:r ~rtdi~~1ttg a.~ ch•ngm5 ln w•t:ar ~4bl~ 
•lrll''lr1-:.5ans •I'.: differ4'rit r"lllrdi11i:l dhtc11r:u:1!s !ro• the •aur.:::• t\lf •1111•:i:-•ge. HE.1111 
solutio~ l.$.11':,!:;D6~ m ~-uag&en~r::iUJI, unconf~n11:d. i1eir.T~~Ee 11iq~lfer. that e:xt11:nd:.I 
~~f~~tc~ly l~~mrally 1.nd ham 4 hart~Ar,~~l. i~rr:Nl•ble ba••- N'1.lll•T1e•l •nd 
an•ly~ic:al 11&:1~11:1~ •~t•~ ~~~ ~r~diction c-f w•t~r t~l• motion rto•ulc1ng fra• 
T.11cn.11r-g• trr::i1111 • •i:dl? or 11;W1t11 b.ui.n (IJ.rock., 197rll; llrocll:., 197fli: 11.ao ol!M 
S•:!"ll.a, HI.Ill: ttiJ:n.s<l'rr and ll!ro1:.l1e., Ullrli~, .aml f:rmm 1?•rc.;;hr- re.c'i'i•rl;a are.a {Ka:rh1;1. 
~ 91 ~ ~ . i\1 hm O '!illl 6) dl!.v11: J op•d .._ ecopu Cii!I r ccide that d low:11 br;i th (of"'ll'.ti"d 111nd 
~:'tv11:r .II.I! f':.I] i:-u hn; : ofis u11 Lag :Hantu1 h' 111 ( 1'!i16 7) eq11Wtcf(lf!i1i;_ .A. detd 1•~ dn ll!C:"r i pr kn 
r::ir a me~had, b1•ed on ~rtar-flgw thll!~ir and t:b• Dup~tt.•rA~(?~•l••r •••U11J1tLaN1, 
for:- e;111;:1..ut1r1g t.he ..aunt. of !roundlil'.u:.•T M\.ln<Htag lll p1:'.it!Hnt111d tn tTh::r1::11 1f't 

ml. (l~Bl). ~II.CIT• ~~1111)-1•~ •or:t..l 'Ch4~ handl•s 1i1ntClc&nk lliQU~dln15 under 
s.ur i Al!:rlio i'9f14>und.IR11:n c:. ~ I bit :1. ng dev1 top>(! ii! b}' ~rt ou: le It c r Sa lid 1rl.1.11 t.e: . 1J .::; . 
E:nv iZ" oruu nt.111 Pr ot•~ t h',1~\ AgiJ! ll~)' n:. h lllClde 1 ha.i; not 7• c b•<11 n r It l• Htid CZ.t.:ba:l r 
S~~t:~411 P'rt~Um.11l ~om1111.mic•t!on, 11:190). 

Jnpuc [Dr th<llH A('.odelll: l'eG!ulru th!t :111p.41d fh:111tlo11- i::if typical aqulfci.r 
'f' t o;::i'! r't. 5.u J;uch n hydu';.11 l Le: ~ot1duc t.~ vi t.:r. •p11:cl n c y 111: •a and :t.n.;-.u rat:ed 



... 

11:.h t~kn•.11111. .all- Yt! l l .a$ th• •t!il'li!ol!ICI IC"o11::4l fi:i:{ i;l11!11 41?'11111 il'Olai!'Clll . Thi I llli-ll!Bp&.11 
r4.:Ca is dt fft i;:.ul c. 'to qi,um:ti fy aru;l uqui l'!tll ctw UJ1• cf fle ld llH1thcd.s c I" 
.&opl:ih";:lc.aud midal.I (!aut:w•ll rai't &l .• llSH), two g.U.'pb1cal t:•chn.•~•I ten 
det.11t:rmln.mt.icn Df •••p.,tJl!!iil C-11'1:111.s b•••4 on D.arc;y' 11: Lll.v 111re PT•ill-tftit:ed ln 
\l'il:'bmn-pe111Jfl and ff.flU-1-.h•n '197)) .nd l!>nigb!f: mt: •l. O.HO), 

l'Tl'"lt!nt: I an or rt-±uet. hrn lll'f grt0UJ1dv.j1.U'C' C{)f'l'Cui t1.o11 r: toci by S\itl:i c.1 t. l• D fad] l ti u 
r•<:w l 'C'U ct.. t: •d11qui1 t:a- eanu(l l ft.iin1r1::11: k pz;.in int at. l.hl! 11: l ta. Av.a:t: lab le 
co:r.t:rc 1 1U1.l.$UT• 11- .1md cl111e prDi::•• !I IJl!:ti invo l v.ad -n1 d.h.i;:U;11111•d. in. !111..:: iti.::t:n J, 
i::o"'crei l -.eouurc: s. lnc. l l!.Ldit fa.,u l t.f d.e.si !iJrL1 1:lu11t :Lnfiu.rw:e thl' qua'1:1;1 cy •nd 
((1.Jo1l1cy -of l••eh&til!I g11:ne!t'o1ted •w:h H .&f'tifid..l 111r •111th•c.1i:. llt'M!n, d?"•1n.age 
l&y•~ ... h111c.t..1He i::ollmct.ii:in ity:&i'tMlli, J111>rfo1..:t1 111at.itr d.1.Vlllt:.&li;n::i, c.ap:1 and Hnel 
~l)""ll!!f'I. fol' t.h• l.andfiH1. 'llt.&!11'111 i::ypa.s 1:1f C!C>ftt:rah: i::lll ti• dll\.ll":i:•d bf 11otH: af 
th• lt!~cha~• ~•IM!lflltiDn mod111l1. 

Gt:~~r ~D~trol ••••ur111 •t:tiurpc f0 ~~~~•n' cont,UJ;~~t•d groflru"'4v•t:11r fro• 
co~-i::•Cl 1 ng a.ddi cl an• l ,lt'01Jndllil.ii.C: 1tr a r; 1.urf.a.;: • r,r.at11 t' rt1:•ourc• •. Tll4;1:e iHI thod.!i 
[ nd ud111 ~ ru11:: .t l1 ng pumpfos "'d h or Gi~mln. t;c lo....1:T il'nt 1o1a t er i:::111bb o:r 1-ocd ly 
r-•V4lr~11 l!.h~ groundw•t*~ gr.~1mnc. ~IJl,jtdl•l 111et1-M'la ~an b111 1l.!Mll111c~d with •n 
.appr<l'p:rh.t• h1111cit:..ca algnti.0T1 lll04til ar an .a.q1.1J!11-:r ~ldtilflt: mc.&il. l!lo"-tvdl 
'* c 1111 l . ( 1 !l'Si} pro'Y Ida C\'li ~n.<:41 lot: t:b• * 1: l il!lefi: 11)fi atii:! u.H cf' 1H1(i4 h tor: 
11va.lua11: Ing -chi! • fhc i:: ht!rutH of :ru••.H.d •i:: t:ian.s .al:: u:nl;!:Clnit:rr:.lled ha.u;-do1.,1..1 
11r.s1 i;-e:t s l t• 111. Thttl r .:-111;:io n: • t:"H111nt.1: mn -ll"HII"ll'ht111 o-f 11>1!1 tli.:idm t.11o 1;Dnttol 
1Pub1.ur hi::• :a lgntivn of i::0t:it:&1.11t11.9ri.r;~ • Hid d1.1Vt1 l Dp.s JUlda li Miil and re.qui !f'•mtnt!J 
far iche ilpp1 i.i::&itian af ~t:.Lth i::o 1'11~hl 1ctlol'.I iUt.•:U-nt:. 

111 ar-der "ro rt1111o1lhtii::all)I pn1Hct h.ach•t:• :r•le&H .and mlg.:-m:Uoi;i froa Subt.lt:b 
D t'..iid 11 tl u , t:t.IJJ t.aUu~m or cont:.:ral .,, 1:l'ia:ni lli1d 1 ns cal ltid t.o fl U\'1!1 nt 

~oi;1t&:111lrLA.nt ~1tl111&1111 lmlllC bm •51~- All f•ellti;y ~OT'lt~9l d1:si1ru11 ~~v~ • 
Unll::.e !lb chat llll\UI~ b11 .con.sid•r•d w?t111rn il\>.alu.tlni f.a!!I Hty p11r!al'iYnc.11 .. 
J.lov11t'l.IU. t'.hil ;p:tcbabll;l:l:y .:;if f.fl.lh1ce cf fA!!ll11;7 cl.6~1,&nlll {L•., th• 1J'f(lbilbillty 
ttiA~ la11i::t1At• ~lll be r11leiu:1:d to ~h• •uh1t1..1.rf•c11} i• Vlltt)' 4lfflcult to 
q1J&ntl!y bumu.11: it" d.~•rid• on • i.ridtt 'li'•Thty of fa.Cl:lilD- For 1u1.11111ph, du!gn 
l•llur11 i:if a ~uTf •~• i•po1imd.m.t~~ IN~ be dua t~ a poorly e(l.T!•~C'l.ICCild llna:r o~ • 
dlPl~THH E.'11 t:h11 st: rue t-.su 1 1 ru:e l!i:r lty of d.l li:H l'U:rround h'.lg Cli• i;aipciUfldail:rn a"nlr 
C{IM!. F&!l~r• of ~ot'ltE1111 1S1L~h...ni.ai:1 .at 1.andf1ll' 14 411penda~C en tha c&:r• 
i;.ake:11 du.t lng cc!U.tt"U(!!ti-tlln. ht'ld.fil 1 d.111 aJ p, cllMtlc f.ac.l::ar•, th• g'CO'lltld¥11r:111 r
fl C1Y 1y:11'tM, t.he 1.1nd1trlyt1:1g .1.•olu-11 • .a1 -11 as 'bihiloJJcl!lil 1:t1d ch••!ul 
dh-=: cs_ l'h11 •g• of icn1.1 landH ll i:l:t:o ii ff•~~• ?hit p:l:'Dbo1b 111 '!::)' 'Of f8l lur11 . 
Y'°'1.!rt' 111'1.dfHls •ti: .afhietitd. p!rlu.rt.ly by f.a(.tCJn nlaud to constru(:t:loir:;, 
1o1ht1h,... •n 1J]d.•1' h:ri4!1 ll ...,E.U h..lv.a .n incr1111&dq -prnoabi lHy (If !.ailurl! dl,!111: 
ta fa-clgt.1-111 (lunun. l~ll), 

.N~!f'.~i;.tl 1ROd11lin;g h•• net: b111:11n Ylil!ld t:o an)' l.1.!l'.'511: •ic:tent i:.1:1 11valW11ta th11: 
ilq.l.ac t Q f f.a t h1r11 llih•H'!. H Ht.sing f .111-1:- t l l ty p•r til'bY.m:.l!I ( l!laubh!JI 11 -&:r Ai •. , l 9i' ~ . 
!'.l'.01111: m:11d3' l ing .u:ud ies 1 laci ly i111u 11111!11 c l.ll.8'p !1.111::1: fat 1 un: e { • 11:pec lflad tiaortri end 
tin lute i::h11 11 C f11:e:t.11 (If 'the n l.aI11.• 111 f hM:hUe .hH:o the :l'l.llU01'3ru:i:in& 
an.., I r.i>f'ISMM, Studlu. af put: P•rfot"IHf'.li::e -of 1.andfUh .ay prr:YYJdill: h~•l&ln· 



11'1 to p ~ub•bl l l r: i- of f.ail1i&n _ Hi:rnveir. ~ta bl l bd btd •:111 r;o;i. chai eHi::: e: 
t:im ~un cf ct. f&ihl'!'fLo. and th11: P411rfo~111 11! aldar 'fK l J 1ich• :may 119t u fh.:::.r. 
Adv.t.ncu in ittr"mo llll"ID' ud 66 .. 1,gn. 

As c: i! kid r:ir tyni::l:.tt ii: ll!PeU 1111y b-= u.c! 11z:ad q b4i th ti leKh.111?.6 c9U.c:.tlot1 
O.vic-1!1 and ... is a -.llJ'.l,tl f~r b~la.~ing 1Ht:?Ei4U vitMtt. ~ landfill 1111nd 1Ui11plr1.5 
15rou.i:idwatu out .at: chm i.mlflll (~ n lllll .. 191)). A nl.ti'Cl'iit1rl-' lllp•nM.abh 
11 n,u· 111iu:.sr lal. 1H1.C!h •:111 <C:h)". b1uu::1:1ru t11:. 13 batti:;. or -phal t cQ N pll.ctid at 
Lh• b11ttam af '*'- l•r.d!lll ta pir•~•nt lllV~mmnt cf la~t• ln~o th• unde~lyi~ 
.11:111-i l, t..a~b•~"" r::ol1111ct!t;11r.; ~!pu c..m. thaT:i bm ht:t.1116d O'lftlr .:he U:ou:- i:.a 
t'll!lllCr'rn! t:h111 1 •.&c.b.t te 'Co • icol llllc.t. J Dfl 111......,, tr~ wbicb Ch-. litach.a ca can b111 ~cl. 
i;:i:i; othG['lllhit dhch&r1«d (~.f"...-f(lrd ar.d Smith. lUS). In 11;1111111..-.llil • ._ d.n1lM-&fl 
I •)'•I" b la-11?.•t•d 41bqwe ~h• 11.tltllT 11::0 al lw { ti:t <fr .. 1 a.a• af ~ le«h.ae:11: to t~ 
cclh:cttng •ynaa. The 1tff•~t~W:C'tHi a! land:fTll 1 lnn ""'a:igr.is h d.9pel'ltllkci:c 
on Ch& il1:1~111, drA1n.ll$ lwt'!&ch, s&turat:ad ~ydraulic CDnductivity Qf tbe lataral 
du1na11111: hy• ["&, Ht.u.u tad hyd{"i111,1.l te it:.rmd1Jc ci vH:y of till!! ioll lhwnr and flft rbe 
fr•c:~1tin of th.a ara• 1>-f -c;bt- :lytl!f.l"l•tic Unu {fhi:idbh mmin:-imm 1 h'toi!ir cir 
gH11-mhuM) thilli'C bab { P•ytfln end :i:iwh.rvrdmr, lHO). 

Jahns.an 111:t il. {1'i18ft) EHY11 Uv.l111~41d a ~1 call111:d :SolWfll t.1:1 &Hlllt: tn 'l;n.t! 

.... ,. 1Wllt.111n of Hi J l i: n•T"• Th• eode i 1. ~•.:p.ab le of • Lmulat:ln& a vt d,ti vaT hi ty 
vf c~a.c..-•d. s:o:l.l Hn•r 1-c.111n.as:-la• iru:lw1U1t1; :multi· lsy•red l)'H4HM. vairhbhi 
fr1:L-.;: i•• 1M:o1s cur111 c.1:1Ei.t.1tn.t .i..r-.i::i. ~•n,slng c nmil I t h')ri~ °" dJ11 bounda~iu ol ~h• 
C:c.ia~.aic ~rid. sei 11 L lM:r t h1'11' dcm&Lri. Jb:ir !i &t l• and a.-t:ut:opor.1.1ie:1 ( lli'H) ar..d 
J'ttl.hT" aNI. Vtlg.ht (11JH) haw• ~1~4!~ 1111dd.1 to d1nal•t..111 bud buUi!-t.rp and 
flll'AI Ehrcu..gh cl.,. 1Jr..rir1. A '=Ollil•~i•on of 1c111ady-mtata, qv..111l-sc•a~ sc~t:• 
utd t::i:~t: t•nw:- nd4!1 ls for • l9!.th t:li or. v:r nm1 av•ir i!llM d:.rou,gh i.ndf ill bo-i:.ci::.a 
HM n and ti st 1Ptlon Cl r II Alfs"tll!m rs A::·D U•c rrfon 4!I ffici•n4;1 L:1 p:c11111.u111:\1:111d ln 
D.il1M1i:,r&eop04ll.lo• {19HI)_ Mc!nr~• and SrhrGGdair (l~IS> prwmmnt •n 1.naly1l• ~t 
l~b&'Ce c1:1ll~ct.iein ll}'•t4as ~it:h slapin1. l-D'li'-par1D11•bll!ty sQ!l lin•r* 1Jil1Plh:r 
.1Lr.•dy·st&~• (Ond.i'Ci~CUI-

Ont: cif th• Ak!;il[. dlfflcul t (!.Pne4!pt:I !CO a~r•H .... i.tll & Mtheaatiica.l IBBr!d of Ill 
:S'ilblC!f:h: D fad Hc.y h et'l•f•Ct:-1tz-hathm1 .of t.h4t prchD:EUty IM'ld nu:ure o>f the 
£.ail Ut"!ll l!I f Ill H '1"111 I: . "" ..... :riot:)' 10f be-ton ~an contd.bit.IC+ f.(1- ~be r:ra~b ll it::; of 
•lpltd.c•nt. llllak.- 01:.c:u.r:rlfll, ln a 1 inar, Cl6)' Hnmu -.., bti ~d b:1 frHu • 
Ith.Iv C:)'C lu , 1H 11.1:1:ic ac tivt t:'f, ~ othangu ;li;i 11t>i 1>tu:re Clllnt.Gnt (Sl:iirm.111r, 

1980). Organic 111olve~c• ~•n c•U111t •ip-.lf1~.Atlt lncr•.1J1•.1 i~ i;h• ~ydraultc 
cimdw;::tivtcy o! chy.1 CIE"Olrft'I 1n4 Andllr11-rm, 19U). lilHU1 illol)'" occ.1..1ionally 
.con!:.ai n .11ol,,..nt:1 , o l 1 (It ib• f. taT,. &I!: ld~ l[h.111 c .ran at"t.i11.;.lt llOIN l l.Nir -t.arial 111 
fCr.awf~rd 111il'ld Salf:h. 1985). Fle~ibl• maabT•lM" l~rt1111rs (Jl'MLB) and cl•y liners 
t&ti l!llB •xc111.11J.1Vltll)' if ch.ey .1.=:-11 ini:.i>~t.ibl111 vJth th.It wut-4', i;mp'f'tlf'mltly 
d.1111: I gJ14d. 11tp r.c-p11:r ly h:istdl •di tir m.li •1.1..1ad ( f.:v.an11 11111: -.l. . l H!ii) . 

llthia:r f.ac~oli: 111 .. ,. .afhc.c 'tM n.u of l111.1b1• i;hri:Ngh Lb. l !nu . Lna\ts i 'f'I 
f14!1~lbla llA!libT~ liners (PMl..s) .1.r• l$lll!l~a11y aa•Ullllll!d to Dc~ur ltl}re fr11qu111ntl1 
rllroug,ti a e.1111111- ch.an t:'hn>ugb d\e 1111:1: ddh: d ti:i• Hne:n. T1Mrefor111, t.l:ia hw r 
H.l.IU ~n ll:hCI l hlld r, c.b111 J mu 1 lq I J i::t.e l i:e..-:t' is t.c luk ( E:v.&M 41 t al. . 198'5) . 
l J:I ge flH'£1. f:hm gr111.1 t.•r II: n• !h:fd.r.aul le hH.d OYill? d\11 l hwr, tfHI &T••t4':r thei 
byfil' .a'IO l h: ;g;r.Ldhr.~ dC-f(I 1111 the Un.r. &tld th.a. gr-...t:ar tlwt. flrJU. hittJ.l '=-• II! f 41 



JltUCI}' bf l:rl!'JV'l'I Iii!: .lil. {198~) l~iColll;lli chillt. [JH!I Jd.H 0( d:.• n_. .ani;l thlll 
o:::crr11:!1,1e~i.\r1~)' of th1: ..,t•::-J.•l 1,1nder lhl! Un.el" •:r• t.h"' predomhuurt ~r;)nttDllb:r1 
f.fl.;: i:: or 11 !Z11 de t••1d n Lng ck111 111ak.ag1: •.at:ri i;:hrou.gh .a C1111 f ...ctt v11: f'HJ... 

5-ev111rml lnva:stig•ton pri:ivtde Mtood.s far r.'_.lwn:l:n15 .f.allun qf laf'rd!Ul 
'lies igns . l\u:nN'n ( l '[1118 l} p C"e.Hrtt:S & fiauh: CflllC! th• t gn:phlc.all)' np r• Hni;; II !:hill 
.a"l11:ni: '"Liana Jt.tMhl f::-011 Lan.dfil.l JH.e;nt.11• fJMr.:inr.:rolli11C1• hH Apf!imdlx, 
Sac ti on ] . 0) . Th121 :r.ul t t rn pri::ivi du ti c om:eptud ft"ue11t•Ulll: for d.11 i::f'nai n in& 
th.IJ even C:11 th.at c c-u ld li!J 11;("1 te. Ch1t unc.ontro ll•d ra1gf at.ion l!I:! v.1u;t&1L Heoo•111 11:nd 
Ali (lgai) pr~11:eni:: • -..th1:11:.1tic.al 11Ud111l for d1:t111n11inin, th• i11f!111ct• of ~rack.. 
c.n flow ~hrous,h .::lily Unen. .l!n th111 ..::11d.11l. i;:h• pnbabllity !;hat .a i=:rac\:: 1111 l 
fora E:11 c..::i!\ltdJrind. 'La b• a unifoTI!ll)' .dl•i:::-lbui:11CI ran~ v.arlabh c.anl!ilr..,g; t'ru 
0. 0 ~ l . 0 . Th111 ouc:r •.ii: f-rD:ll:I i::h111 1111odllll p•a.v ld.-1:1 • 'P':CCJbabll h:tlc 1111.uifJI HINn~ a f 
tJn, pi! r1111111.b i U ty l!I f " ic: r,.rtlc.1tcl 1i na r i:::011pat I!!" C:11t ,.;n f: n tact li ""? . B.covn ill I: rll , 
(U!n af'.d J.ay1111'll'ic:ikt11.JU. tHUl p:ru11'nl • 11111thad. 'br vhleh 'Cbe pot-.i:1ti&1 h1ali; 
Ta~~ tro~ 1: d1.JL1&1td fl'l1. ~nlik~ • given ~at af cci:R41~io~• ••Y b~ ~•Cll:l\ated. 
They d,.e,.111 loped: pt'. l!td 1-c t. ~ ve ll!:quzt ~ on:r; fcir ::.ho!! r1:cl iuis ci f ;Hr;; !JU tl!'CI fleo1J h0:1"111.u;'h 

~he l~~~r &5 a !unct~o~ ~f rl.tl:'il t1Zill, d~pl:h ~f leach.ale pond~ng. •nd ~h~ 
Htunt111 d hyi:!n'l.l 1 i~ i::onduc :t: l vt t)' -of r;;hm .11 o.li l . l'111yc1:Jn. 1u·1(1. S:i:b t'.01tde t" ( in pr111'S1) 
IWU l i:: 1 p Had th111 c.r.;i• • • :11+c c ion. 1 mrill._ a f :11• ~'l.lr .fl~ 4d fl.,,,.. b.J th111 fl.'ll;ll;bti I:! o! ho 1 e.s 
:pi!r untt •:rot.i of s:yn1..ho!l:.lc llna:r r;;(l- .fl?'rE...,i!! 11t .a 111ynthC1t1C 11.nar 11t.11'k.11.1• 
h:-11ii;:: t itm , 11hi ch c:11n b11111 1•itf!(l :!iii' 1 n1;n.,;,t f.o:r th11i li.l;;U' l'lt!lltlm 1 . 

i:'ll1!n i! th.I!' hydr.n i:.1 h: cvndu..:: i:: iv ill:.)' of a c: 9 •Y ~ lur h un&f fe'I; U4 !):t 1111: l!i1mi c 
~olv~nl:JI, an~ tJi~~m are neo ha.le• ~h~~v.gh the Llruir ir..at~ri•l. conta.mln.ant 
:i;::r•11111'1 par::. c&n occur .aJ?Tfl 11 :fl ~tA 11 n• r . ,.. :recont if'l'"'iei.t tlgat.lar.: by J r:ilm.l<>n .., t 
al. (!91~) rtl;f'.j.1:$~ Th.at [or cla~ llrnir* ~f typli::al t~i~lcnti~~ l-1 11Htt111•}. 
d111plfll dif!un:lon c~n C-1.W!fl bu&k~hroug,h af ml!l§i.ilf, e(!lrtCulr..ant1 in 
a.nroailu.1:1: ly 5 yu.r111 . U. S'. I:E"A gu S do l ~ M Ill:. •fie r l!y th.11.t cl Ii'; l 1nil! r 1 sh au l d 
Ii.av• ltydr.a1.1Uc canductiv!t:l.~s hu i:.h.an 10·r c.11/• :110 i::tiai:: th.lln v H ti.111 v•ry 
tltCl• •dva.1:tiwe CT4n*p~rt. Haw1:Yec-. chc: 41t!1J.J1lYil! flux of ~o~~~~lr..mnt.; Dllt 

cf 1.ui:I\ l! !!'Ill' Ill C.il n be lai:gll!: . Thit pot11mU 11 l 1:! fill!: ts 111 f dii f (ul" ion eon mt e::ro11i;11)1'1 
111f ~"nculnmn~~ ~~~"~ih ll~•r• can ha pradl(!~•n ~ll~g diffu•ton ~od~l• b11.sed 
c-n Fti;.t' 11' lil'r!:t111d la11 (Jalm:1mn 111i: illl., UUl. ::>al'Uti~ni!ll i::11 diffusdeori (Uj.~atHms 
au pru1mt.ad :t.n i::::-1111~1'!. C 1'1'15). 

F.i!.1 lur1: of J "1111c:hi!it• ca lll!c l t.ar.: s.y i; ~""'ti l iii a. coni::111 c-ri .; i n.;.111 ...::riiJ.e i:. ri:: Led f .ail m:-111 IJ 

iu.y c:a~lliil! li!!ac.h.at.11!: t..::i b-i.51~ tip on l!DtJ 1>f thlill linmt'. :S01ch fal h.tr1t (!llfl lt111.CI to11 
Li.ui.a r.nur!IJ .fl11id i::ontaa~ruitl1;11' l)f graundwatll!:C'. lmp:rc:pfll-r l:'itdlt>Va.l af tc:.11<:?hu:111 
C.l!lft i:auH thill l 1-::i u ~di 'CC> t;.u11 Cl up •r..d av1tr fl 1)1.1 r..h111 1111 du eo C thfl lllltidH 11 . 
T)rptts of d.ralna15e 111y11~111111 f•ilur~ lrw:lu~1 pip~ br111ala1•. 11:e~ar•ti~n ac-
~l!I till r le r•t 1 eon. •ru:! pt P• d ou1ni1 by Hdhl~llt..t.'C hrn. bl D l1115 h:!.al g.l!'owth o:r 
c.hillmii::.•l Pt•cl~'catlQn (~as.11, 998~). ~~fott1'11•tal~. t.h• probability Df t~t•• 
1;"11'11!1111 of f.ailuc-111 af ltl41c~n" t:olhcti1m 11y111c41•~ 1;!1 d1fU..:ull: l:.o ':j\!:llim'.1fl" for 
u•e in ..._thN11~~1~ .. l 11110Cl~lin&. 

i'i.pp:r.::i:d&1i;;11:l)' i) pacc.ent flf .1131 11s·.,r~.r. ISl'ill EacAt.1:d wldi.1n th• rnD-:irflar 
f 1ID1lldp la: t::11 1 .11nd ~ pt1 C'l!'tl nt. • rii: l.[)i;::.111 t;.ed t n • .-~111• i: I •.n L H 1td .ii t WiD d •Miit C Till•p h: , 
!.11T"k~T ~n6 Sl~mnill, 1~&8}. ~l~Q~iri& r111Frll!:sant.s IL ••rt~ulll thr1ta~ t.::i t~~ 

Ln ca sr i ty a.f ch ti b1Utl:.• and c DV• f' ill)' u "'"' of landf:l H.11 , ®1 ro 'l: he poH 1 b I H C'f 



f 0 r Ht.ans h• ill r1:1:11' Ori , ll11hl)f: f ( 1'51,fl ~) :II t.at:H ic;h.ll't lllH'l}' Jub th:. h Oi f .. t: l1 it: lu 
ar~ lElutlr ~~ t•i~ w.t:imn 11:xpo•~d ~1:1 & 100-~~·r flaod ~ .... ~r. K• ll:11t.' s•v•r•l 
hi:-r.;::.:-11 11:1fluH1c1ng t:h• l'Hf'l>i:'Uli41 at a hci H ty 'CO !loodi'l'llg t~lwih'& tbc 
ext.1111nt tie- 1o1h1-cb tJU! tadllty :d.:11a:11 o111bil;w• r:t-.w heal t.'°r?OIT'*Pb)t, t.b• natup of 
~ .. lllUL~w~1a1• comprh:[n' ch• benlc.• 1111\d cover 11y1tH1i, scn5 t.h1: lnt.:c•llar;1ioft ot' 
any bank .ara.stim p.ri:u:•et1-;i.n devh:1111. 

1! flaa-.d: w:11t.•~• ov4r~~~ th.ti landfill. thay ~•n ~~n~ribut1: •~•~•h~i•lly t:a th• 
111:ne :r• tt o~ ~t: l111:11i:::hat.• and irub•&qwi:n"- ?'el•••• of <! o~t:ui nant s t.r;i ,g;nmndv•i:• r. 
Ar!r;;l l i:: ion.ml val:u· c:an •••:I. 1 y 'b• ~ltJlre • •nt-11d l11 ~:11;; l1111i11ch.at• _gwr'lll:r• 1; ton Md• l 1 

by u.ming a lll'l.l;l;!'h Mgh!l:r .... .ii.Mt fot p:i;:mdpU;&~E.oti in tb11: 1npu:I; f.,r ch• model. 
Th• 1Proba.b111ey of this oe.~!.l::-rln,,g wlll b'4! 1:1:hc..11ilil 1;6 th• d11ptli. of w.tt1n· it~ Chll! 
flood, Ch• heigh c cl d'• b•nk.a, and tha 1 i ~411 U10od o11 f th• fl.ood llYmnt . 

. ~ dl!t:~il1:d ~l•r.'!:!t8ion of ~h~ pct:11:11t.i•• wffe~t.a of flaodtn4 on l•flldfltlt and 
~~~ f••iJbll{~ of 1JE?l1ta.111~~ina !l~dln,g; •naly111l• ~·~•~111~1•• into " cll!ll!~~~mt 
:t1ode l fo:r IJ.,ll 11: u ill p-hrm ins, •mi rm"11 u{lr-y C-'O 1 foiL !u!:i c: i > l• D he 111 tiu. h 
ll-ritUn'ted ln lllhDfr (Hin') Thu. r•p.orc: 111ha 1U•~~:t.H Chi:! avail•btl h;y t,( 

dmt.• for fl l!l&d- S IJ:Pollli:! t liln11.1:in1 n. 

Lin.d.f 1 u C...p.s 

Slnc1t th!! J1.l!:n1111r1.do1'1 1!1( l"'<Jeh.ai::.~ h pr1iudl.y ~p111ndcml!: on :':.hit .11~1H Q.f 
UiquCfl c:h•t 111ni:.e:r.s the taoofUl i::•lh. !andril1111 .an afun H&hd at the 
l(tut'f-.i::.p to p:-11:v>f:nl:. w•t•t" h:.t E ll:ution. Surf.U.11' Hllil ~ng h, • :m111ttler4 l)f 
11.ndft•l cl~~Yra by vhlch impmt'lU!abl~ IMt~rl•l c•ps o> 1••l~ :h1t landfill 
!h~ ~•p oz .seal 11..11:~ b• ~nn.1f:""1Jec&d ~! clAy~. f1r ••h. 111oil-~ela-l!'n~. lt~-
1:':.abiH1::11:~ :1:1!1 t • • D11tabr111r..tt ~ ! T11i:r:1 • b I r;1.1111n.a11:ii. co-ncr.e ::.e Cl"f 1.1 pl'i.11 h: (Lu •t al . , 
PH!o~). Kany land!"!. I h. U• t'fl"'"'lc~•t•d, pr~vld.ing .tf!. !nnp11n.siv-t "'"Y 111! 
.st.ab~li~l~g t~• landf1J1 coVGr, a• ~•ll ~• i:mpr~vLna th• •••~net1c quality of 
cti• • ll: 1111. liCJYt1v1:r , frr £~11: I .:in .ih kh IH.!f be uq•.ti r.-d i;; 111 i' to1111otoe: th• e,rmn: h o t 
vas•L•tii:in c•n ~f-~n ~ont~ibute ta ~h• probla* Gf liquid mis~~r1~n Ent~ ~he 
I •rw:!.f ll l . I nfi hr.a c: ~a'l'!I NY oc.;;;u.r ch.rou.gh th.e c:ap .;!1;1.I!' i::c. • v.a.r h1 ty .;.f f&c -.::ou 
!nclud~~I l•pro~r •m•l• around pr~~•1;1r• r•l1ef vcn~$ •nd acandplpe1, crac:~.a 
~ue co .se~tlin1 er ••rct\~~ak&s, or d..aa.t!• ~o dl• cap cl1JJ11 ~a eri:i~•a~. huA•n 
al:'t i vt cy. I) l.t1nt: r i;;.o c.1 a r bu!"roi,r1 ng .an Lil.• l 11 • 

F.ai 1 U?' fl Bf ••.i't' f lll;r;:t! !:.111ip1>undaan!; Ill IU)' Cu~ ODii: a f HV411 r • l r (I NII' . F'l l'X !l.lb.l 11: 
Mllibune Hnu.s (ll'!il.s) .arid d.ay Hnmu c•ri lui.: l!lll:Ceui .... ely H tha:y .a-r• 
!ncomp.a~!blil wi~h the vast~. t•p~~:perly d~.ai~noe:d, t!1$1r~p•rly ln.m~all11:d i:ir 
11il3!u111d.. b:tm.111tv. lo111titra.l la1li:a,ge c.an J"itd;,1.<:11: th11 :sttuctur.al sc~i \I r:.y ot 
marthmn dlk.41• chat surr~u!ltd ;~• lllp'l'A.l~nt, lm•~tAg ~Q eat•t~rophic: d1k• 
t'AHll.5!t'll! {!:v.anllli •t al. r 151.S'.!i). Ovutl:l'3P1111' IN.)I' o<:cur u .. n1ulc of ~1nd
iridU!.":9d wa~ie •i::tion, a?" hi \'!..In of cha: l...-v1:I ~~ric.-r~t :11y11:::111111. or tu JtVO, 

(allur11: af th• l~v•l e~~tral my~lll:JI ~u.all~ revr~•1nt~ a -.:ir• ••rlou~ ~hr1at 
cc r~ e:wLro11rattni:, lliri..i;:11: ;!.r; M)' quickly z-11i2ul c: hi .:aa.1;i::rophic clUE• faU~:re 
(E:v.Hl.s et itl , ~98S). 

~ p trGb.11l:d l 1.. i;y (If fd .Ii un• of :surf 1111;;.!(I L.1tpoun..S-nt. ill d I t f1 c1,1.h lo d4i t 1"nd ri• 
Lim1.r fll hu·• pirob•b1l ~thui. "'•U111 d!11-c:·.us1Hd Ln ~- pr•v101J.s section. The 



11kmlihaod af ~&t&acrvvbic dlk.e fall~• d•f4nd• "f)n ~ ~atiaty af f•ctor• tb•t 
V!lL:r)' firo11 II-lea ta 1ita. Th• pr•vli::111H cl.h:cuu1on of b11nli UN10n i;it lmndfHl• 
111 lllll•i) awllc.abl111 t.o th• ti.a.nu t1! .1urf.ata !!li'ou.nd1111u1t!!I;_ A U..taihd 11tL.Ldy of 
hbt:a~tc. f•t hL['.flll of ll;u.rfac.a UspolJn.diiMnc i:CJl\[l'llll das!l.p;nm 'lfDUl~ pC-0\JlGeo l~tpt 
S.n.t D i:~e. p:rob.a~ · · . ·~., of Ui t111 111""•:11' oc c.urring. 

tA:111c:h&u 1111,g~aHon a.t1d1tl:11 d-..lat111 ~cm~ln&r1t tTan•~c.r~ 1n th• 1ar:uiro111t.d zcnu 
h) gtollildvfltmr frClll ~rur. bottam af th• l.a1'1df111 c~ a ~r:rVnit'"'1111:nt p~i~~ ~f 
~Ollplh.nee. Thms• mad.•ils -.y ahi:i incl:Jidli un.utuuto~ flo11r &t'n5/ot' r:r.1m.1po:rt. 
'wl'hif'h h nac.u-n• tf t;h• v.u:ir.r uble- b 11lpU:l"ndy b .. 1ov tb1111 bQtt~ af icbe 
landflll _ The rit•uh:a ... ~,. e•.::!ut•UI tit cfn'lt:.amin.ant .:ari~•nn·•~1on.it r:aus111:d by .i 

sp•.e i tic .a,~rc111 • Thb •01.:1rce; tti r:. can be 1:m r: bu1tt1d b:y 1111 1e.•chat111 J•!MI ndvu 
:1K1dAtl. Th• ~i;:i11t1plaxi ty a f th• avd hti h lu.c-ha.t·11: mi e;ta r:t i;iin lllOch!h lt•nge-1 f'C'Dla 
~il'liJrlm •q:u.tiDns chat~-~ b• 'olv•d ~i'b a c.alo;~l•~~I'. ~g highly :IU'pht~~1~•t•d 
Tl\IElllll~{eal 114~1• r::h•c tru•t b~ 1olvad with a laYg• c021put1:~. 

~ l•T&• ~~~ of liltDdlllll~ •~ist vhl~~ can be used ~a .1i.lliill~t• ••c~r•ted 
groundv•to11 r fl-ov. t81t¢ ~ Ulll t vt ('Jf c l)t'lt:a•irui.n:::. t: norl:llP'Oft • S.aturat.1:d flaw ai;id,'1 t 
th.at. h..a"Y11 b...,n vtdely ce-st:ed •Ni: 111:ao;eptci-d tn allailati:n.g ,1rol..llldh111t•r rl0\11 
PYl(tAI 1a~lude t.h111 ~SCS·in·'&.o&i Model (Tr1::1cott •t. al .• 1'76}. che- U$C$·JD• 
f'l...l)!',;1 Iliad.] {~~l1!riall1 d.a•ct1bad tn Tr1:aeGt•. 197§}, ~LASM CFTtclultt .attd 
Lol'tl'H\w l.11 m;, l H&) , •nd :HOOFl . ..OV (.Hu Don.al d ~nd ~~b•uJh • 1911} _ Hill?]' a r t.h•u 
11e1dals an 5u11aiuhtd. in 'Vlllti de-r 11:.tjdtt •t &l. {UU) _ Mod.ls t.hi11i:. 1l11AJ111i[e 
Dl'l1)' H'l!':!il:r.tCed 5rt0UI1dw.1:t:c:~ flow ai11y be uH[ul for datH111h1lng 1r"'1undw.au::;- flO>'ll 
pa,r:e1m:1 And "Yt;loci.::5.-ell-. lt...11n1v11:r, !li.n.c11i 1:1iim1tr1/..,pit'C'-lll~(lrllll af liltndf:Ult .ac-111 
~:4.pt:C (Id r:: a pr .l:All ci l J' Wll: lllll)lild I fO!' ~t'ed E.c t 1 cig IC l)C\C•Tltn.tl6M a-f CllmtRlll:I. n•~ I; Ill 
at .a p.oint of ~oiq:ili•tw:8, onlj 1atu;-•t•~ ~ona lllll(ldmlm t.h.at lnc.lui:L. •ol~~e 
~T~n•f~r~ ar~ d1scU.16111:d i~ i;hl1 r111part_ 

(;rwridJJ•t • t' flaw 11ru:I. sa lut111: t.:r•:!'l:llV'I)? t DOd.lt l• i •C1;1C1 ft"Ollll 1 i•p h U'.I f cnapl•:ii;, and 
h.andh A 'W S da v.a:r:t.o i;y Q f ph)' II! C.1111 .tnd c.h11111:!. i;::d pro-.:: ll:t:il llllS- ThJi pn1;p1in i UI O-f 8 

l.-r,g.111: ruiabtot' ot modllll1 t.h1.t -:::ould. bm lll:&•d t.a Jlli11Ul.at:111: •ign.tl€11'11 of lHcb•t• tn 
~h~ 1.1Jl:J.s;u1rfa<: 11: u: 111 til.lilllla i= 1 z11d in T."Lb' • .6.- ) <a, b illM c) . The:'°• mode b .a.c-a 
1..ibd.h t.de LI by SCI l ut: lan t111chn h:j\IH 'l.llHd ~IJ .1.0 he t:li• c:.:aY.at lClllJI: da 11cd b ina; naii' 
and tnruipic,.rc, 'faM• 4- la. conta!n.'I •1t1.1:tt:1-c1l .111.nd .s-1-11n.alyth!al ~dell, ar.d 
Ta.blu .ff.- 3b an!! 1 •. 1c c.:iont.11tn ll\-.&illliaril:11;1 110d111b that A;-11 .adve<l by o:.ho11 flnh.11!:• 
d.ifh i:: 1m.:;,.. ('t.a.b h "' · lb) a. fin ic.11 • • l lllMT'ill:; IN~ hod. ( 'r abh 4 ·Jc) . fhe 
<:'l°l't'l'C&i rumt. 11:1gr.ati1m modt:l 1 1U:'l!I ea:p11b lo11 a.f 1 iJ11,J.ht iq :11y11-;.&11111 in a!IWI , tvo Ot' 
th.r11:111: db•!l".dt;1ft:!I. -ilf'ld ttu11 .... ,. t•pnHnr.: 1tU.&d)"-J;t•f:11, i.mifoTm flll)V 
r:ti1"id '- t: 1.c-ns • DT ::.T.afl.111 t.ri.i; C t•111po ~11Uy HT iJrJ:i I•) r.(ilr.i·~H t:: 1 "M . Th11::1e :mo~ h 
:rt:prit1Hnc pri:11::ur11•s lei r:ha JOAt:UT.!Lir•d. ~on.fl, and -...y ;iiho l1:\cl~ chm 
LJI1.1at.uu t.111:rd ;i! o;ia . ~ ._..u 111-t}" r1! hyd:r111g111:a101 luJ (:lllfliH tfon.1 can b• l"ri•r.4hd., 
t l'I~ l 'ljd lr.g eonftrrll~ a r ph.-11:• t: i c. •q;L:iif• n and 1.11.ymr•d 11y.1 t:1:111i1J. Solk'I i!Kl.:k ls cari 
•l1111..Llate ~pa~1•lly oc ~~mporally variabl• ~~~lf•r ~~op~r~i••. ~th•ra a•~""*' 
holl(>,g•rim<raa c omH l for.s. 

Jn cha •~ ~• l I)' 1 r:: ., • .a l.a E"(!.111: l'VCGllb• r Q f (;ilira-c 1111=• a may a if1111e t ti'!• !• C'l!I and 
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11q~lli~r1'1m 1•oLherm !s 'ID.11d [O '181.ll•te ~d•Drp~ion. to~ ~g;e i:ant.11.211{n.nL~. 
~llU:h .... 11111!~•1•, • 1•~_..~r !1oth1?'Di will riot •d•ql.IA~•ly pr•dict •d•ar~c!o" •nd a 
.::ad!t ct.11; L l'l('.1udto1 :.he r.:ip,C: ion .r;.f liL6 C t'l& • ru:mll m!.ar horh• na ~-:. bl!I .se l itc t4 d. 
Seca~•e •.:b~rp~ior. •ll:d d~~•Y r•duce ccnt.u1lll.linr Cl;>f!Ce~Ct•tiDrui •~ gro~d~atmr, 
1K1.:W!ls t.h•c ~~ not ccirui!dGr ~hJ!ait ~r~e·,••• •b91.itd bit con$id~re~ •VDr:11t·c•~~~ 
:11(;11!'1("..S;flol-. whlch Wi 11 prtrbo41!1,lil)' °P'1:'1td1;:0: high111:T COf14:t)n"C:?'&~!,1;1n• c£ Cl!l!r.:t"i14h'llllifll:il 

tlun t.ha• 11 w • t!h w 11 l •-t ~u• 11 y be al:u~ ni•-IJ LEI. ch11 Jl.'f3 C:em. O:::.'h11: [ pt'<>~ e.11111ts 
w I eh, e.an .a! !l!'i:: r. i:ont..11•~ r.11~1; ~ o~M: ri:rr:r a.c. I ,uu •ru:I. "Wh i-!!h .tr• • illN I• t.i!"d t i:i s 01111 
model !I h?ic lud111 .::t.EA!icat EHCl Ecirui, d!ff1,1.t1ht'fl • .aM t't!l!:ardac:.~ar. cwt.E.i::h !ru:luci.,JI 
•-1>rp c :L i:;i(L) . 

!he h1fL u~m:e ;..f d! scha:r ~J rig <:; r f'(l1!ha I:' g,i ng ve 11 :11 on .gro..i~at:e • i1 i:;,w •rid 
11-cil;ac:.111 i:.r.a:n11;;ion .;;;,ari ltr •i11"1Jla.t11:d hy so1:v11<rt1! ..-:idc.11-. Thi.11 i:t111;>.abll1ty h: 

t~rt•l!it J11i:u:.e •" e:s.thuited .:it. l)f!lt'<':l!1:1t of •ll .H:si.;u•411 4r• l"Dc•t11:d vtdttri "~ 
•ile cf a pub~~c Qt' pT1~•~• ~ell ~h.ac pr~v1d•~ d~1nkln~ v•ter (T•iap!•. lh.rk.ar 
.&1'1d !': 1 €1.t fllil!. 1 IJ.fie) A~ :::houp 1110.1 t ~ ( l '111 lllCldl! b dllft.'.: h ce H'.i!l l'li-port cf a :ll fl.&l 11' 

~~•~1c~l •peclt1, ~'!ltlllli ~r~ ~•P•b!I! of si111J.la11:.fr.g 111,•lfl•~1~me1 f.&L6 ~nd 
~ran1port Hu.t!c~~~cinent 1111tdl!"l1 ritllb.!lv~ ~~ ~c the re1Crl~LLv• •~•"Lll8ptiDn. 
o; :s. :i. ng ~e c omp•:ment mDdll! l :i: .'1oteJ14i n & :SIJl!I such .u SI pit.;: i .._~ l9h campe t ! t ion l:.111 t'Wilt-l!n 
lnors.11r:i c •nion:11 .11.f'l(l ::lll:t: j on.s , DT int 111:«111 i;:;-:; ~ ::.il'.a t111! t 111e-11n 11e t.a 1 :11 .and -:>rg..r. Le 
I ig,a.l'ld.4. iH1)· l:_,,r:: fr1i: •ud11:d Ln chili! :l!oUh :..spei:lt:.s aod.11!111. Thl l!I •I l"D111:11 mcid•l:s. c<;. 
pt't'(: ~ c !:: th!!" av,:,. t ~.Ii Iii t U ~ y <.1 :r .sa 1 utl! s: for a.u.1111111J:• ~ i w'I! r.r. ilLC t ions i J lllltbll L1:11'!.1- 11 t 
,,.. ~ . I <ii a..: ! 

!!01. r o { ~ h"!' !i ro ;.znd"lfi11 toll"~ f !...,,,,. .!1•"11 lll'O 1 u'!:.e r. n.n.sp.a.rr 1111nd1111 ii- .a r I! dr r: itrm.1 n t5 i;; ic 
l!.o.,,ever, tha 1,1:U vr lll'Lticluut!c mDci.,lr; 11:.h.11i: truc:<>::pot:•!.1111 ch•r.ai;:11;11"~:L:t•IC.lcin mf tt.111 
SI p;.t ;La.~ u•C i:. e-m:p.4:-r• l . .,. .. r lab t l l ry Lr; i=YIS ~ t-Dl!ll i :11 i n.::T«&:lii S r..g. A f111v cf 'Che 
imi!11 h I r.c I u.dit .11 ."!i:mr it - ,-:..11 t' h• i:•p.a.b i U t 1 fc.r ~ 1-i.a ~·i:: te z lz: i Til!i ~111:r C4 ~n.~ I rt!! a tftd 
to par 11JH r itf v1u•i itb il L ty . 

Chl!m[.::.111 r•A~tlein~ ~h•t occur dur~~i •~Lu-:.11 ~ran.pert c•n h• • ~omin..11n~ 
:lllf't::W.nh11 ef!"or.~-:: •ni :lflll:"r:,• L .1nd tt:m-pDr.111 c..::m.r.1tri'l:r.1111: li:'.1-:'!11- o! contJta1Ut'IC:.il h1 !!:ht: 
II: ub ~'VT r .a 1:E Ru1:: U.cms tJ-.• t "f fol:(' I[ C~I! r. t I! 0 f c D!Lt II.Ill !nti n t• L [I ,g1rnundw.11 ~.ar 
1m::lude 1.c1J;.:i.rpt1':1l'I 111-r11;1 Lon 1xchang"'. o:id-:J.iiith:iu· rli!'duct.!11m. ti.ydTalyd• .11nd 
.cc.mp) 1r:io.-11~ lo~~. In ~erit:r"i. f.,vrt«ent llli:lditls: dD ?l!DIC ;Lnceirl!l")r41te -:.l:le e=tt1.r• :Ht 11'1 
p;r oce s ,.'II: 1 l-::!\ew;, ir.;.. al tet: l r.at r.s. a.f C:ill'!'lt.•1111'1 .. P'I f 111 I g.1:'111 t: lan. J{ow.v4.1 r , • l•.:z: SI!: 
~bl!! r ""l die• h::" [ t :!: lS?L.11 ji'OT [. 1111(1.:IA!o L It hAV'I:: bee [I u·•· J 4;:-ptd, t Cl r Chm purp.O!.I! (If 
hiprcvLng, our o1:ti1 l :.~:1 ~"' i::h.11~111.::tt-::'\.<::• ~hitti.e pr'"c1t•.H111. 

Mury 1110Cl!!"l l5 """''-""" cl1,11,L t.J-.111 ch11t111c•I ii:y•-.;•1*111 .111:'"' ar. •1tqu~ Hbr~\:CI. sEm:a th.b 
• l l ~-!i i::i::...-.1 Ede z •!:i 111 .s 1!111.p 1 t ft!!!,(!'!'. ~ l".lf'- O'i I! Al!' equ.11t i(!.ri:J "Jljl 11.:i ~i:;. 4e scr i b• Ll1111: 
pn:i c e.u l!:.S. . i:::hin ~ d': 1 I l'li:'ln- t1 '-l!U il Lb r i•..i.c ~Iii~ II: 1'111""111' d11:! 1n! "11. 1ti;uu • i:t~!I. th.a~ ar1111 
:1.E.g.r:~ ~ l l'.'41!'11'.' !y il:L [f1trt1n::: f~D• i;;hl)*-11! ~sed. t.ci ~:1.~rtb111: .iuti,:il hbrh•111 cond• t;loN. 
Tht' Local ~u~ ittir1Yi* Auuiapt1-nn ~ r.t..\J h.l)tl'!• Lt r:.I>'!- chit11ic111l r~•~r::.L1:1;-i CM! b11: 
A:l.~'llOlll~d ~~ ~~ ~•~L ~ith reap•~t ~~ ~ht- ~~lk fliw ~f ~~• 1ruundva~o1::z: A 
drt.11! lid ducr11l''!:.:.an r:1f t~ Lli.!I t" ipru-r-r.ud Ln RW...ln (l'!ill!]} 1i•lll:L(!i:-t11 ( l'illl<>~ 
dLu~\!.d::Hlll rh..- v~t ~d.!t:r DI LE.A Ei:.r *tlile-Ur.g saz-bln1, soh111::1111~ fl.lflli.:t -11nd l.ublr. 
{198' ) coD111p-11 u ft-.111 "'H"".;;.;, ;111 Qf k1 nr ti c ·~ 11 '1L>i'1 Lb r 1 i.m ( orm.i 1". t I or.:11 f cir ilu,a ac 11 

rw&cr;Lo:l).(I :S.t,;€:1'1 .a!. •d.sorpt.ion .. ~~ Lo:r. 11..:ct?11.n~ 



.... 

~wero\Ui J;CI] U'l:lfo ~ :r•ns po C' t nioCI• h iti.: i 11-ll r;:Ja.a;t. !1111:1.Ll &1:.. cnellll le.al TIB.R<: t I 01'1111-. 

'.:;rciv111: .JIT\i!I s l<> 1 lenwie-Til. ( 11} IP') p £11111; l!Cl t. ll dA E: .. - ] ll:d I:'.<!! W it1111 0 r .:::h<11r11 I i;:;.al nuc t. I D'l'll:ll 

II £mul•lt!!i by f,fO"'HIJW.11tl':I q1.1.1li;:.y lllCl(IJ!lla.. II. .. -1 ! ...... ili.&mallr)' t•bla i:.ti•i:: 
inc.l~dl!:lil i;ovll!'t L5G Bod.al• •l"ld thl!!'ir •ppH.:;:.atlO';lll ln predicct"l.i <::nit111ic1111l 
coru:e nt TA ct or.5 ~ ~ gro:.md:,r• t i::r . ,t, l r; hi;nJ,gl"I most !'11 DI ui= • i;: :r111t1Jq>Dr t •cu:U l 11, chat 
i; i:91• l .iu: '!!' ch1111ic •a rtt•i::: c.i ons are de termini :11c1-e. lt'u.e <• l :11-tci-chur;: 1c 111C1dl!'E.JO h.1ov• 
bof!'en dev111:bp111:d i..;lury et. 1111., Hile. i;.i..He, ei: al, ~9S!So: 5p•:ult.o ec. •l , •'H!6) 
St~ch~~~•~ llPQdelln& t.echn1qUJll!$. briefl~ d~sc~•<ll~ ln Si::c~ion ~ 2.,. ''ovjd• a 
~WllTI~li:.a~ivc: aetho~ ~~ <Wiir~r•lru: how un~wrt.ain~y Ln iacod•\ i~~u~ a£f1111cc' 
unc~r~•incy 1n ~t.- mo-del r111:sul~~ 

Until r11t.:::u.11:.h, !'.he L.ticlu.1.ia.n o! ,g1111<i11tht1ml:s:try h"i sll'lb..ii:.4!' irr.an!lport. ll(IC~h1 hms 
b1H1n l11111~ted to sEns,1• fl):,jJi'.:tlo5lJI, inclu.d:l.n;f!. Lfl:!l·u:di.an'e or 111'11:'ptlcm., far a 
~m.all n\JJ!lb!lllr ~f r~•ctln~ s1:1lut111::11 (V.Jlloe~h! et al., l~!l.a,b~. H~v•v•r. 
a•choY,gl• ~asl ~ml~te ~r•nt~~rt ~~15 ar~ c.•~&blt! or slmulac1ng ~nly onr: 
1: he111l i:.111 l :1.pt:o!: t l?'S . '"""v.t ;r .ii l 111J 11!: L SJ>I!.:: I Iii! ii; twdi11: 5 i:-x ~ !It. :!'ILJ h t Si'"4! c ~ t::ll •oi;lci 11!1 -11 i: a 
11D~ved 111111.c t .. u ... el'.:' b;." nWM1rl.::1i1,L kl hods. !ldn.:::e "Ch" iildd:L'Cic;nal cl)"flhntl ty 
., L ~;i:inat.i:s the posj Lb1l LC)' for 111n.1l yt~f!a• il'.>h1i::!on [t:rol.'e and S11..1:1llem.i•r'k. 
1';1'!:1). 

~ die t.111 i 1111 d .~ t '-C:-·.1!!i 'S hm of 111J h 1.11'~1! i;. 3 t! a m~r1~11 h E .111 h•)'~ lid t hoe- u: op« of cll.L s 
r""~r t . [le !5C T) p:: L Cl!~f. i.i ( 11i:.ii!l.e. in,s >f' ff CIT C' :II .JIM l::t'lor t.h.e DTc i;; L i;:.a l b.u es. [a r "Cl-1<1 Jt' 

a ode L :1. <::M1 I.! I:' f.;.iuntl in .i;e YJZ-T 11. l :P_. l'"r 11 ~ nc L 1Jdi "I itulHn 111nd J .IUIH I. ~ l ir :t ~) , 
i.· • l~ c i:: h 5 I! t .al ·: 1 98 ].ii . b .' . Jenn h:s:s -t;: d . ( J H7} ; a:n.e !'-ii1tt"":n e ~ 1 l ( 19 U) . 
ii. brief <11 :11,..,111111;t.;;n of llllUl ti:i:pwi•lu• Lr.ansport and rlli•ei::i on Podtil:S. h Laclud111d 
1.·1 i:: .. ~. rbe T g .;.198 ~ ~ G'fuVIJ! .a:rid St BU e m.ie r'I!. ~ U·t 1) 11-W1111a,r h"' ,.,...,., t t~•l r ty 
1111.1o Lt h r'""c i 11:11 ~a• h A c rl t I ca L ave l ~ • .,. '., n o ! th"" h)'d.r"1i115t"vc h!!!sll c.a l c T .. r.,to r i:: 
n..:-.a• l 11 = t1.11 t s imu' a t.11 r.a:: a.er 1 "'ii' . 11111J ii.~ t .s pe,c L """'° .,; ~mpom1 nt11 Ls p r•••f'{ •d l n ~eh aw;l 
Tr! p• th [ ·· l ~SS) It "'"'w nWM! r i cal $¢' h1 i;: L i::ori pI ace dur e ( o~ 'J b111J ~•ti DC'l c; f 
Tiii:• c d ve n'.n ;i:i:;jlc-rt 1 n pc; n::.'1 • IJt'i!l.l• h ;i r l!':S.1111 n: ul L n Ct! i ill e:t .t '.. ~ ! '11,!1'9) . Tl~e 

fl .. ._. rto,C .Z.dlJ r II • 1 f (,I rll!Y 3 4 t I.! d ID t...'lii.ru. lit '1'.f$.1'. t':Joit C. j C .Ii~ l y 4tc:lipt ~ ii. 0 C:bll: ch1rng~ 'flit 
~h.rir.i.l!:t:111r ol the p,;ov.ernj n~. ~Jt:rti.n L d~ ff,u·u.,~ t&l t1ttu.1ti1:1r...11. Sriitd.Hi:: 
alg·;u:lth.!11:1 Arv ~:!!i('lu~d f<:or l'll'lltt~lllP.tliiir111 lr•r.spcrc 

0r:e o:i:..:.h:-i.Lii"'"' ftn :nod~! Ln.& 111JJ i:: ~ ~f'l'i:: ~cs d~e•~.c,a.~ ~1!'4i::.C li:o::i.s Ls i::i::. : ~r.li: or 
b11.:i:.:q.>i;ot.1te .11 .r:c.11p] 111!1: &•OO::nl!'!'Ph:el :":C'lro.,.. ,..I i;:h ,. 1Dl1JC:I!' c:-a:-.:llJ!'l'.>Tt ;:odf!. !'4a.-:.>1 l:ii 
th.a.: C(l.llhtl'lll! ~t1Di::hco11Lc.11l ll'?!ii".I l:'t"t.rl:llVD1 t. prtice1111.110.a11>. h"(' ~tlod.a:: rlE.:ii:'tA. (..-t.1111h et a.1., 
,<l(!.~ ~, DYl'IA."D: Pol.111."Ul~urn, ~9.llft). ~~, ((:l!'dt1r'b1e-r11.. H'S~l 1mtl ~"' FAS'ft':~~ 
.P.al!:killJ:;.<il C:l!.tir.:'l11rll e .nnd Ceo'fr.an:1.. L'll.f:~, Kinc..11i d. l q.e:9, .Horny, l9BS: !'ll!llllhf!lt1r 

.S:11'1! E:rik1on. l9elJ: ~111$1'.,.!: ~to; ~:: 11.L . ~°"0) Thor Fi'LS'TCl:lfl! "4rkili,ge ~ncludu 8 
f!ov cCJd11 JOll'-4 $' :- '"""" JJb<: pT<i~ f$ ll!.:·~· 'Efl.D'l.l .a;r..d F.Tl'"'f.) , i::-o.de-.s f:h• t ij• t IN •nd 
:11 o )'11, 8.e~chH11Lc.a1 .-q:,. L L Hi f I wn prob h:!11:11 ( e.::r;if; F iii~ ECHb'l l &nd & n1uplll!:d 
r,11: oh ydr(n;h"'~ h: m I c ;,:.de t h.111:: pt: :-f o ,.._ ',,e I:: n:ru;pcon: ll • lc: u I .al Ian ( £ l CH) 

{ ii•n1~ et ler .m:i.d !dl!sm'.. 1 l'.lt"ll). Th.eH ...,.;1111!11 •E'.I! inclw:La:d 11'1 Tl!111ilt'I 4- )!J 11.nd ~ 

'!h.t1 [.II t I: .BT..d t. E' '1 r:J.(>ll!T ~ f>f l:·R-t :::.r. ~ ~ill And YI. t°~bir'I! 1 n t.ii:f' n1bsur f !111(:4!1 ls 1.n 
~lllF QT !:.a nT <' 11ns: t~ r .. t Lon ~ ~· th'll I! ....... 1 aa.1.S on 0 l t.h.a • ~ r. e I: !II or. t.ht: ........ tr l)t'lllllS:nl Cl r 
~ """'' ~ i 5J=-0!;111 l .:. t .... Ill• r,: I!' II' H l c TOG r.,;•T- L 111:11::[1 ~ ·1111 t'olUS.e D ... 9 d.lfF \1-11.:t ""' ty Cl r i 11: !l..A 11.$ 11!1.S 



1{ they re•ch • po~n~ of hllll.i-n •XVg~l.L!'e, •uch •:11 • 111:11 usmd faT rl~1nk1~& 
i,ra.t.111: c. Th• &pill: r .at"i(>11 "'t SYb t l t.le D f.a,c i 1 ~ c h:s c.111 Jll 1 "'I:: ~l.J..:'l!! b•c t:ll! c i.a .. nd 
v1n.111f!i1 l:nt.o;:i i:.hm 1 ubJ1ur !.1.c • Fr:i-r I ll;1Htph _ r.:bit l!iurh t a f d i.sposab. h1 (I i.i1111'111 r a In 
11:wd c:lp11 I lar.df! J h IP ["l)V14ea • pa emu•)" lby wti kb p.a ehoge1li r;;. o 1:"g111;n.h:m.s can 
ti.'IOC:•DP.Ll'l.Jti:'.4! ,c~u~a~.er. K1::11vtc.k .a.rid i;;,.:;:b41 (1~$0J drsr:dbl!: urae-111 .c.••'9lt CJf 

IJ!iTa'IZTldw11t111:r c.ar.t:.a•:Ln.fll;.10:-i: ~;:: i:H:.1-• :pt•ctidn& land l:.1"1:.at-l'IC af Yll.llltt11"•t.11:r . 
.i'.li::-..,1,i;g.""ii H h.ul i:oa11Jnl:::- been a.u.WNr:I -duu; r.ti• 1-~U ac-u .... ,. fl.lt.11T Aru;i. 
rll!m!l'VlltS ccntlt!l:inanc.s f~r:ia t~o~r4w•i::•r SUf~l~e1, •ctuall~ !llliC.Tq~f&6nl•m11: c•n b1: 
CT.ard~i.'lrt•~ fQr ~it;n~tic-.ar.t dlst•nce1 Ln th• •t;,i.b11,1cf&t1 (Y11tm:11 •nd ~at.~•. 
1 ';166} . 1;" L nJ.11-1!::11 -w111:n1 d• ~111:c t4 di t.08 Ii dt:nft1gi:'.ad lmnt frct1 A 1 andfl ll i 1 U I.ti N•r,r 
Y-D:rlo: r .... ..i:gtuL en a.i . . l'9 7 a:) &nd ru. ... 1: b-111:n r• Pfl"f" C'9dl ~o t n .. ·d up t.c 1600 II t n 
ur11t tec-r•in ~Fl11:tch111:r 111.nd ?lyitrlll, ~·;i?.U) ~[nee thit wi11: ar i;.QfjtU1Fl..lted, 

um:T6&1E.1111d l)T Lri-1114.illl~t..Lfl:tll'ly C.l:"e~ft:d 1r.:iW!tdl.iac6~ hu b11tt1o"ll U.111 -Jar c.1.-use 1:1£ 
w-11!: 1n'l>.orne di uau h th.11 IJn~ i;: tll:l":I ~ t 11t11111 11: ln.c.e I'll 20 (Craun. l IJl;!;l!i) , thilll 

t•.1.n~~ri: ~t ~t¢r~~rg&nlsa1- f~m1 l&.e1df~lls ~1 .a p'.L11i\!~ ~•ll!:b concel"TI. 

A la.r;g..11 r:W111b•~ n! 't>~C'l L1;10.kot.i,, chii!'a.ico111? .11.nCI :;ih.1:1.5';:.d p:ro'i.':!dll~11s 11re knovr. -:.c 
~:"lt\t..ittnCll!I 'lrli:'u1 .11"!1.d bactc:d111I i;U:notv.a.I -11.-:.i;:! ~t:anii:pr;irl h1 thli!" ,s,.risurfac• 
U::i ( !l-r-::ur:Atti 1 )' . -:: h.,i; p1"111 Iii itllC. kma'lll'l 11:ds.-e of" tl:.1: 11roi:::111:s,s.a1 aru:I. 'rhot il:V-U l .. "!J. t" ~ .. ta 
1111"• L 1u:110f C i-c:: E "n~ tv dti .,..~ ~a"F ILOda ls char .c.11.n • 11111.:1 l Ill!!:«' *' ~-iitl! v-1 rte t.y -!>{ 0 tr. -
s.pe!;:L flc c.ands ciEt!l.:11 ('f._t~ll itl"1r1 Y•ttis, li8B) Si>- i1Wi1Fttig1111tors: h.1ve 
di!'.,,., 1.,:;i.:11;! ood'!'h (¢l" mic.ralila~ fit-:.• 11:11:1.mo;l ;;>I) t':Xl)'"t"lllll'nl,.l ~11t.a, bu:: cha 
~~tr~po]Ati~n ~f ~h$$• :ll¢~w!1 co ~Cher rnviro!lllU!nt.al .c1:1nd~clon~ 5~ 

::; '""pi;! o~b ~ t' l 11 'lililtllll! ce 11:5:e.s , I t may "1t11 ?Ct u ~ !'l l,. ;: e> .a:i:-p Ly 11110d.P h tt.A t :11- • lll!'"-" 1 o1H" 

•i;.lute tr.:i.r.,spDTl i:o -:.he r.r""!li;llf!n)T~ o( 1 i:ttl lo~dOlll e-ntd t:y :1.uch .ai; vs ~YHli, tJ.ut 
rl-. ~ s 1 U1"1Jl l'i t!l It. II'.(>~ ~t! """ ;c'":i:a l "•11td ( 't .11t~ s .1:11..1 ! • ~~- . E -:ill 8 ~ 

't'htr pr11tdh;;11;hm of c..,llr:.i1d 11lgr .. tion i!l iche 11111.111:.:Ru~f._e,.. h .a 11i.;ibjt1c-t of" current. 
t II! se-,. r c-h ~:M 11 ls .1.nd Liu. L 9Bi) 41~4 T t:i 44!'.'." , f r:!"w c&de:s 111.vc: '!!<I! ~!1 dt:V$ I i;.ij>I! d f ~l 
d•u l.-1L:; ~ l)f. "' ( i:: r) 11 o t.o!11 I i: r an.11por t . !fod.{f 1 ~ !ll,. lit Hor~ ll 11 re de 11e 1 I b e'd in V L l !tear 
and :l'Jur P,;t: ( ~ 9 6[' j : W.' d l kat r f l 9i J ' . Cotmtidc1:>g I u. 11.nd Har E da11 ( ~ 1J lh) : r.°' t1Chil::l:n "i: 

• ~ f J ~87 J •r•4. l'h1U .. he r;:s. t"::. • l (I 9Bf!) A d.41 r ;i ~ l11.d. 1H 111:<:"\J.!C:i- ~ o •~ o ~ ~he ~ f fore" 
lhai:. ha '"Ii!" bi: r::-t l!Uldn: ca. d.11.Yll h:1p j:'f"!'.:.t L ~ [. S Vt! a.;id.I! L ,s o:!' 11 ~ c rob~ .(11 l 11.1 r.i ~ v~ ~ and 
t"Tlll'l«:iCJn. ls Lnr:l"iJded ~111 Yo111tu and !.at:-t.11 C l~QS) -1111'.1 !4llh •nd Liu ( l'iillil ~ 

Sttml! reu.1rceh ha.1111 feic:u:11:ii.11td i>l'I n*;; ir..( Lut'nc'!' of col ln-id:S. 4n d-.9 1:t"-l!ltl.$pi:>rt llo! 
ot.!-t• r ll"!~nT .111111 t ""' f'i ~ II' • E 1)f it' 1 i:!: .and lt:r.st.s..s:ei r. ( J 1'.J tU ) d.-Ei• i;; r ibe • mcC>de 1 L~g .apprc.1 . .r.h 
{ha~ i:: ons ~ dti r JO mu;,; C.o!I n:1u• rv;i.11; 5 11.1 h am:I :t ~ [.ii l ord.e I ld.'.IW! I!: [ c r-11:.11:: c L 0:1111 b.(I r;\111!.f! Ii 

:: hr"' r ph-4H ~ . .i1 :.i;1,1111-;iu:s , so U l'.!i .ar.d IK!b i1 a ei r g.a:'f h'. H :1. l h and Liu Cl 'Ml9} h.avli:' 
:0:1:cen~ly dl!!v1dop111d l:O!ie:! • .fl 1111!1dt'l Lhn~ .s.~mul.11t::u1 the mco.,,.t:Ml"l"C ftf 4!1)llold.r; 11nd 
rri11o.u1 h 1 n th!! .sul:-su? fac 11: -LXJlll!;t llod:$ .:: rita t.i1 J ti.)' Lm::o c-:por• ti ni! • c111n.:11:pr u-111 l 
~dlfl] f 0 C" i;.~ !10 ;I i;:!/llM! t:al S le .a.n:s.pa !: l i::tt Ill t.h.e U !!; f.Jl,f.' (I; 11\1 ]E: t lt.Pc:!.1 a ll'll'.fOI UCCI 

-i111Hn:ac:11t 111Gdml .!'fJL'l.'!l'!.r.b t~alhoi;:n. •H -1~ , l'il!ll~; Stlarp·H .. nun •t 111o• . tj'il-Ol 
l!.DYlll:V41T. l:t'.t!\l:'.l",.tr.(I "::'li'i:H c":: L"t1 ,models at co] lold t1rihi111n.<;f;O i; r.anl!li~.:ir\ h11ve not yr:c 
~., F; 4"ve 1 oped Gu;?" ritr.i:: 11C1d.1!1 L $ <iii r11 d4I !' r: t S :p-t l ve , and g.e ne-T .1.l l y r:l.:i not. 
rr:prf:strnc tbli' prvCll'lll1ira '::tl-11t co~itrol c11ol laid hf!i l t [.llrfllli t rttns.pof"J; (Hil l,s nnd 
L.l"' L';;5'tl) ThS 1 lac;,; o! ch,ecn1:t1 I!"'' l 'f· l'!t-11ur:!. ""• L L- .. ·al Ldated .-d•h ~ 1 du.t ti:J 

lhe- .nib s.oe-r.c e of .1v111 I l 11.b} a d_. r .a nn thi!i :i; itr:--: c-:,: 11-tt:s. that. a ff t: c. c <."a l<> L d i:: L"-ll:nspr;i t':. 
in r ~., :JUfl.~u r f 11c... . lfo..-.e ·,er , D!"t • 1.a. L n,g. r • :11-111"<11 r d1 1 ri d1~1i: iu: 11:1-1 1ha-..1 t d pravt de .11. 

~:Ii!" CDllple-tt: UZld.1tT:llC.itll.;ll1.r1g <:>! [bt'lll' prDCo!l.111:1!5. Yhtc.h vi• l .11\ l(l'J rc:>r tt,11: 
d4':Vll'h:1p:iMni:. "i!! bf!l ter 111:'.lde:h 



In 11i&ny igne~~s aQd -~~~rpb1~ r~ck~ ftcv occur• ~rliaarily throug,h f~•cture~ 
in tna r(l'Ck.-1. ~lthougb th1 ~ci .. r_1 p•nMa~1l1~ cf th••• cryac•lllae rccka 
tit.a.)" ilHi 1.'ilU}" law. uc:1:n~d.iriry p•1'1114'•b1l lty r11:l11t•-:I: 'o fra..::tur1nl!i And v11:.1l;'.hitrin15 
CATI b• qu t 11: fl t t i!;rli1 f ~r:&n! . 511:d.1-nc .. :r)' :.--uclcJs , .1=uch .u. sand.Ji t:~Nt, N '! cont.1 i Q 

jlfllht.il, r .. ult.1 a:nd ot~:r 'rai;::CUilf!H .... -1l. nov ::ft f'r•4:tut'ttd l"DCkll NY b111 
sill11.11 at .. d. • 1 i:ht:r tiy •• 1U111lnr,. •n 11:Qui v• 9 • '"~ :fl4}rou1 -cl um and ••• ign.l ng 
:rc:;pritai•nu t 1v111 •1iu1 f11:r prap.1u.,t: h111 i;:o !!'. l'lt1 -di 1111. or b•:tfl'l!i i.\r. th111 hy11:h:-11:uli .:::11 ">f 

!l111'11' in tb• [ndiYl¢i..i.a~ !r&ct~r•• (F'rattz• and Cl-ie~ry. 1~7~}. 

Th" m•jot" !uu..i: in .11Ni•:iizln& Uuld! !lCl'V throup a fuetut'a.dl -.dl1...1..111 I• 
d11:t~n11lning ""h~~hrr ~r ru:it the sy:11tea ~11:n•vt• •• en ttquiw•lttn~ p~~~u5 mmdiua 
lf (I;: doe•, most gro1.1n.:hl~i;:1'" fll)'lol •nd 1.olute t~.an•~'ll-£t -t.G1d11u1 r:hat AHrn.r f"Qr 
h•t•rDlf1~1T~ and mni1otropy cA~ b~ ~*•4. ffoi.inv1r. if th11: hy~ra~l1cs of th~ 
fr .. i:tUl"lt !lo"" CIOllll:ln.tt-t, 41 llHrdel c•pabln Df J1tmul111; ln,g t:hese -praCll:SHll- 41bi;;iuld 
b• $•l•~t-~. ni~ prcc•~s•• thar Q~~UT r.:turir.g g~c-und~~til:~ 'lOt.1 and IDIUClt 
Lr arus;ic rt .::: u1 Iha JI 1 ~ ~ He •:fl.i:l )" d:l ff' e r1tn t L n fi;:-•e r;; 1.1:r•-d i oc k. .as ca11p.11~11:11 i:.-c-
p!!J rou-11 :11.-(l:ltt 

f n 111111.n;:.i c illl•• • _ 1d ! i;:iii: ls JL~I!: 11.1~11: co ~ 1!1-C itr"" ...,,u: r.: e d h pc• a\ f11-~ 111tit11- ovar 
• L111P11rll'l!.abli!:!• Toclir:.s;, :1.uc:t.. •• -Cr)'Jil!:4~ Unit l!Hdrock_ ti'! •Ill •LUnq:it. ta r•J11.:r~c=: 

•i!r.at.fon of' L111:.Ho:h..,i;f' fr"'8 the bot~oi. ~f t:tl>• '•..:. t Uty. lfovav111r. v*r)' (!flw 
roc:li!ii; itrol!I .a.ittuall::r .. 1mp•r-111blfl•. •r1d h11:cr.:ur1u ln. th11 ll.1:dr:('llelo: ••)' provtd.e 
c.;>nd: . .d ts for sub:H..iri t 1 iii I "i:'l7T1t.&111l n.11•.t t r~nspor-; Th-t t I!< .;i ti!' 11111.ny it>:qp lei "'t 
8."f"'Q'-.m4""1.i::a!t i:ont.1.111lruition d:uit cc. l".l~lll)flUl t ... -:!litl1u loc•~•~ Lu rr::ic"k.1 that: 
111era in[t14lly ccnt~d•red 1»p•t'Dleable Keely (l~8~) pQ~nts out ~h11: n•~~~~ir.:y 
fl!t!" e..-.nr~~<;.'l!d r'"searr:h Ln th1 ar111._ l)f t rar.:1.uce t:lill'lll and r:-11i11tpori::. sinca t.h11:rir 
~' • gC't!111t lLk~lLho.:>d ~f f r.;ictuce fll!J'll' .1c slta:1. 1•l~~i::ed fDT wast11: d1•P0•6l 

Vt:ry fev 11£1dlll1.!'i 11:1;~ II~ ,¢Ii' IK'~ tin& fl&!.' MN i.;:vl't.im1n.mnt t.rAn;11porr Ll'"I ff"•ei:ut-edi 
!lfld;l.. ~Cll:':.P r::if r::he codes: fo~ "-~~l . .1t1~n 0£ s1r.1!il111 ·ph.u1: ncii. 4hd .. Dh .. i.t• 
P::I"•»spcri::. or 11uh.~?bmli'111 :n ....... , t..hro1...1g..!.i. un;1111.-;ur.111r•c:I f:r-11.::r::uT.ed IHldl• hav41 ti11111n 
~6¢ b)' .a t.u:l!i" numbu cf ~s11r:11 (V.!Jn .:1-i!r kle Ljda l!:t .d .. l9U). Fc"actu1:11:- fl aw 
&nd ;II D. u t:• C?'"liM:ll~l" r :DOtlti 11 ns h ... s ubJ fi;. t '(j-f ic-.. :cranl r,e saa:rch HO'io'llllV•U'. 
1 ln~i!I fl(I.,,. .100 tr11.n.s;p·ort tn fr-11c,~ured lltl!di.11 can b1: • s~in~ fic-.1mt p•t.hr,r.1y f<rr 
mi f!?;T.1 t: to~ of ¢or• i::.&11 I n.anu: , '!:.h re a made h t h.11!1 f ~ .tfJ s i1m.1t • t:e fr ai;. t-,.:r• fl o.,.. s:re 
u~~ I..& d i fl 'f.11b le ::. • ] : uu. F7IA 1' t liY)'41 k'.r::it'n ltt Iii 1 • l 9.fl 7 ) • IKfl If ( eu .... ar.a:H!n. 
il.911~) .11.nd 'T'JLl..;:'."Jl1:) fT?-111'.rtl-. l96t.}. 11.rr&;.Ufil;I)'. (:•(;•B ll!l iii. (19:9Q) l!"O~y("r.:t!d .I 

l•rg•-;it-1ile hi.v1t.llitif.1ttllon of tJ:".t1Ctus:11 i:lG'll! in Fru~.::.6 Th11ty 'j'.>t"•Hnt 1tcicl'""'i;:;L'I: 
and dbct"ll'lt<t ll(Nj~lt ~r flcv 11.nd cr.H"!J:por~ ~hr<:-uY! h'.1ct:ured !M!(U-111 diAi:: at:a 
v• li ~ l 11d by dolt a f rem: u"' i ,. L ~ f'lil. ~ bd e f 1n . .111111.1ry o ! I"! i:;.t.t1e I mod• 3 1 thu 
.:.an b11: 'l.llUtd. r ~ i; L fkil • tt' 1oIut1t tr iln~q;t4:.'l'"t 1 ri t :' ai: L'..i.I 1:d r cic:i.:.1 • ,11 • r..i:! h1M rJ h-• Y.ln 
"er He-ijd~ et .al. c Ufifl1 

~Q~{ gro~-ndw .. ~ltT flav i1P"!4 ~~~~[~ t1mn;11port !IOd~lE ~~olv• ~~~t .. mlnants th•~ 
~£• mt~ci~\• ~L~9• ~aler. ha~ln1 tran:t(IGT' ~r~~~•~I!'~ dr::i~inat~d ~y •civ~~C11Jon 11.nd 
d:h-1>t1t11-Eau. fo:rvev~T. ln llU.f"l)" ol::ii.lll:IP' iroundw1tt•r cont..1-1111:r-..a-:: ~"i.>TI QC CUTI!; du. t.ra 11. 

p-oH•J.LI.rl [ '= h.111 c h L n:nl 1-r:i ~11 .... 1th ...... T,ill r lM ~ J:rd b li! :Cl ui ds mar b., a L t:h.(I r lllOl .. 

""r ~ ""!1111 .:!•?•~sf! t h.1111 "th• nett vtr !:.~ uunih.:.1 Le r !:.i:s.11 .!11:n1111: t 1 \:I: i:l!l , su~h as 



&•solin• 'nd v~•·~•l~ orga.n~c 1olvant•, Mlil r..._1n In th• ~•p1ll•ry [~lng~ cf 
t~e P•'t~.ally 5•tur•ted ~on~ 4~(! ~••r t~ water t•Dlill in ctwi s•turatad ~Dn.ri 
(van d.er ~.etju 111r •I .. H.ies). Th• t.r,.niq: .. :.n vf iin L11Disclbl111 c~nc.a.airi.ani: 
'Lh.iir =I' lil!'lll• dense th.an tht1 iF"'uni;;tw.ai;;9r h ~•pen1:!l1mt. on h.• ~ t. •• ~ 
1:H.11tt H1ui::.ioJn •nd on d'I• r.:. .. p1L lalfy [oi;:ce-• in th111 fleiv (li.C!Nin {Osbc-rr.111 ;ii.ad 
~y~~s. l~ta} Th~ lllClvemant. of mora dJI~•~ 111111lJclblo11 f~utds. tt1nd.a tg bm 
co11Lc:1:1llt!d by !,!'11:'.'ic:.· (t!.Hh, 548';';1 f~uB1 d1Jn.!11111!T i;h111ri. 1"1111'-U: r,,rilt typlir.1tlly 
:11eove a: lyrm.•g.h 'I: h><!! 3-.I t o.ar.11 i:: e cl th.i c.k."11111U. <.>f d1~ a.~u l !11:r .and .111u·1:ad (!IL•li: ,.t;.¢vll! I!. he 
:,i;ndll"rlybi.g •'llu' tnrd l"Y~u· . .:!1!11' iil!'~jd.I!' •L .. 1 , 19Hl. 

Mult~j)h•.1e lli!J .. dll!'l.1 .ILlll)' him lllP;iil i<:lillble ta 1 Laullltio11 .iof h111oc:t'l•li:- m!l!;'E'&t.fon fr~ 
Suhdch: ~ h~L~li:-h·•· Schanz &nd S•ln.;.i;u (U'.l'IJ) i:-:s:t.i .. t• 1:hac per:::rto'.ll'Jum 
p~lb<r:!w::: i:: a. c.:Nlp C'is.t: one peotc• m;. ll t &Jt• ..,, • .1 ic.1: coJr..t.a lnG it ~ !\ :;:1,1b r:: 1ir: I o11 D h.nd fi 1 h 
11:11d :s.o l v1:nt: 1 ¢!fltlp.r 1111-e 0-"11" t i:. 11110 'Pl! rc•m:.. 11"1 riA.C:<!I n'I: yt•t' .11 , sev .. T• l 
~t'l'l.'111&.'tiga.:r...;is:s M"\'11! fccu.sitd c.n 1;~1!1 p?'~bi.e111 of :11mu1.attn,g. llD\.ltc:iph•1111 !:11n11_ 
Cu.sva (1 lflB) de ,,.it~ ll'JHli('I a. o:n4.'I · d ~!Joe n:1d oJ n111 I . :;.vo - ph.&;1.11 111l!d• l , l:.ha t vas fl'llE.ill~td 
hy f"a1•11: t ( 8 ~ 8. ~) t.tt i nc.l ':.llCr cvo (11111'11 fl l' i r.;im11 11S 111111111 ,u an .11 tr rih.t.:te !or 
111 i.auh.thm af f'].:.w t1~ i;l';.1 •.m.sa.1.ura'l:ed z:on.e lol$'fl :i' (Olibtit'nl! and Sykl':ll, l9.06'l 
h to~•L••r t-;.> Ltlil! IM:lde!. de:'ii'l':].cpitd r..r r:-~usc 4,L?if;~~ but: i!iot:11 ni;.r Lrududti thll! .a~r 
ph.ur;e . Ahr fa 1 a .111 rid I?' i r:d<!I r ~ ) ? 6!-.1 , ~ ~ ll'!'.iCI lia«hJ "'~ C:o r .. pc ioll'g.lu. ( I '!ii B "1 ) ......... ,. 
d.llv11: lt!:q111H1 <:>n~ · •.HlllC n.s ic-n.a l :111ode l :i t•1 a-:: 1 ni.: I u..;!e vo ia t l Hz 1n: i en -"ll'•dl 
v rt! c ip 1 :!:.• t ton /11 Is lio.;,, h,i,t L un . t-. thr~e · d !uw n:1. ~ eir....ll l 1!11.• h H•""'ll'"' •odo11 l hu1 b1J<i n 
d#.,~T~b4~ ~~ GHt1!r1.n.s (!9B~~ an~ r~uiT H~ .al. (19$i) S11:~t:r&l <.>t c~eS• DGdets 
111t11! :s.umuiriz:i!:d Cr. 'f11:bln t •• H~.t'. Hul~t;:iha:u n.adfl• i1.rt &)'plca!ly aWU:ri.::ali. 
s Inc 11 cl-.1: • rtu4 E L r;::l!l i:lttv~ ~ oJ~ d foll'!' rw l c I p~lll<it" fl 1.>"' .fl~ e ruml I rwt&r. a~d ~ •:n.T'IO't 'bil" 
~~l~~d t!~~!ly usl~a anAl~~t=•~ dll!tul!Dn t~cha!qucs (F&U5E' et &l , 1969). 

] Ti fr ~I! ~ '.J.r ofld L illlC 5. :::.;i.r:ll:' . 1rnd i;; (> 41 l e~21t: I ~J; t I! nt in dfJ 1 cim,j C ,;r • rill• di! S&Cl'1 u C iol:'l 

.:>:!' COJ 1:.:; '-'"l"'I' ~~· fhill 111t111t1s.pheri:- .and rh.11 1.1;iri,i:::- :s.i::iil hyl!'r.1., proC!u.::111111 c•.rt:i(ldJ.i:: 

.,..;; ~ iJ t:h11 t i.H no l ve s i:hm r. a T~o!'I l!io\ l P. j L n r:be rc:c I<. Th a c ar1 !;' lf!Ji-1,11':: l n l!'n.h.r ,!.ill d 
t'~aCt'J:!C'IU. l'.'.~l'!lr.:Ll1~1i:. i.:ave;:-nJ. -G! C.oBVl:':S:. l;hollot ~rQ-r;;!1,1(;t1 wl~l.t !JI kr.DV?I .Ill li:.RfAC' 

r ><!! n"i* if'I ( d.e 11.1 ! ;i; il ;·. ! o;.8(, ~ J ~ ll•J DI!' nei: ea s.a.ry t.o dU1.r1111!: ca :r u:+J :subis.ud ai::• 
fl~v .And .:.;;.ni;;.t1.•Lr\llnt C.!ranapttTI:. ln tht:11: C<llfT•:l.r.., llllik" •n 111:.1tt11..1;::11td f•Cil,ll' 

:;ieri:"'nr.: of &~.] .!4:!:fii'U':Si a.re l illl!':Jll;lll:d :Lr. kilt'!I' tt:rra~zi ff1:mi:-L."1'. l!-11t'Jcl!r and SlD•l'WI'. 
19&~; K11r~T r~rr~Ln pre~ents ~lfficu~ttes C~r ch•r111i::terlz.at!cn eif pcir11~i5~1 
I.,~<!' h111 ~ .-. 111 Er" o: l or. Gt"'i;i.1.1:11..Wu 111 r- •"=".,.~ 5 o11 t h i.;th 1 y v• r l •bl ir r .lfl ~es t hr1::1ugh 'k:ar s c 
t.ll!'TrAbl!': . .f"ilp~..11)1' 1;.~:i:o1.1gh !iO!ut.i'!ln· H•.l ar.e:,ed fT•.Pl;11Tll(ll1 u1d co11du' t', ll:rod llQ-:t'11 

J ~ ....... 1y thio,.~h f Er.e fr.11c1ur.:i~ <llM (!'l<.1t'1.1:s:. r.;oe- iT.tll!:T1ctl1C1~ i1100 rul111tlvl! ilcvv 
ratl':s cif ~ .. i;:•r in c~ndu1t.s ~nd secc~ry ~~ro&ltj l~.a.d c~ ~ampl~~ gr~undw~ctr 

n QM &nd S-0] :.Atl: t.T ll.f"::J.j;l(l n b1111 IHi;v ic It •'.?>:;:I!: I :?1111; • ! 9.8411 a) 

ll~e lllC.51:. COlrlllDE": •11:rr.l!ld:lil f;;:ir fltUd,Yinj! flow 11171C .S.Ci]tatot 1:;1'.aa.llpi:.it't ln k.arsl!: 

•1111uH.ar:11 11"1'!.IOI '"'"' lliqs.i.eous gt:oJch~mh:t:ry ~:c Utud.11,g. Dye trace:r.1 h.11v1: b1111eri tJU·d 

i;IJi sr. ... dy ronl!:ol.11~Tll'liC'IC tT.iill~liPi:.irt In ur111t .aquif1:r:11, but: SLIC:-li ;J~!Jd!'l!Ji h•v~ )'t!I: to:"> 

yi,.~J r•hi:: t<>r111,hip:s. th•L c•n ha tr.;1.n:11:!.11rrili(I. fri:;SJ <:l!nli! 11~ud)' :d te t.lll arioi;'.tu;.r 
•: Xti • ly , 1 !tf! i;: J !::rHr c .111!\od. :f.'l!:I rt. ( J "9 8 o) .inc.p ld n tr•c •:r tt\I s>i; nu1uh.s 'IH lnJ!. 
C'llTIC itp ~u.;a] 11£1<!.Di ~ Q I) r 11 r.iw L f1 s 1 nj! le 0 r IWLI. c ~ 1:'lit ~llJ'f'ldu H .I')' 15l1:11111 • 

!..ro 11:p-;i.::-osu: hF.5 hav1t U: 11dit ! o~ 1 l ~ h~ 1:n u.s.11tr:1 p:i. rtop re llllH'1~ (lO'lll i 11 11:.a ~~t 
~-E"~r.s'-n. J} Lhe. CO'TiC:e~1.wil ..-.• i!Ut(jt.U~on .sdH!llllit o:Jf dHf1,,1SoE' mrid i:cllllfuEt-C..ype 



aqutt•r*. •nd 2) • dual•pc.ro•1~. ~i:inV11c:tiv1t-di11pe~a1wi ~~ansp111~~ -.od.m-1 
UJ:r~ Lu. 11111.'ilb}. :n-.w;~•r 11ru:I '1blt• pg71) c••utb• tn111 •111tkoC1 by wtii.:h k.&r.t 
&q•J.tf itu u-. i.': l•H 1 fled. H 1tl t.h11::r .!ltt (u.H ~= c-111nCluH. aq•..i.i hn . :Dr.tu (HI Hb) 
6-t-11.i:.11~ th• l Lbl II c:ani:!ll:p F;Ull 1 ~in.1 c&n be ~nC.11:rp r~ t•d. I rl Ii: 111ru Dr th• dagi:-11u1 I) f 
a!:dn1 th•t .oceli.*:""dl 'll'it.h1r~ lhl!' •"'l.Ll~f•r; in d.U'!!.l.lr9 •qu!hr::•, c~ho •!'~lt'I.& of 
~·~h•~g~ ~lt~ 'C:h~ ~r••z1•t•~' grv~~AL«t ac~ur5, and t~ ~onduit-typ11: •oqulf~~• 
v•r~ ltttlit •i~lng QcCu~•. 

In du~l p~~~~1~)' •Y•teas, ~anc.amtn11~ta ~1ffLU1e !ro. llut 11..1tn fr~c~ur•S in~e 
flM OIJ r:. 0 r •.• c ropor11s llllM .S.4rd- il:nd ! £'.ac:tun:• . S;111v-.1 r• l L nvw •':. ~ptar j; h•vtr U.1ii•11I 

the du.al ;;r<r roil 1 :;:y ..:: i:inc: 11pt: i::.e dm.Ll.a.t:11: c:r.11!'111 pcin 16(10.ling Ir. fuc t1.1n1ra udh. 
t ' th11 l:ndiav Le r er Ii UT:I t m:•rr& ~n e111rn. b111 E"1!-pt:4U 111\I; lti::I by ctr h r::111n~•!I t.. "CNtn oil 

fr.a.!: cure· fla'W .fl'l'd ra&ruporr: ISllOdi!l b..as•d ci~ thm ..::onc:ep'C: ctf • ~1 JIBt"UU:)' 
Md lllllll :tu.ch n 'l'RU'l.AJl ~.H1,1y.akorn 9i;; 111 . , 19 a7) 1111i Vi t. b• .t.i;ip h ei1b le . Re ~11:ntl y. 
an •lt.IP!rnattv11 1111:ii:tiK f<tr rru:udrlnl!i and .r:mqiarlri,a :r•_g11)ruil sr::•l• tt"al:Mllp.;>£'[ h'I 
l:.ant ·~..i.ifit['s 1uu1 :pnHnt•d by D:r111~ 11:11 (198"9tl.) _ Thh aethod il'l""llllY'ltlll l!..h1: 
.avpHca.tl11m a! 11n11ar llE'.Y"l!'..•llilll and t::l.me tMMH:nt: &n..aly.511 tt> 1d.th.11r tra.c11:r o:.•"'r;:" 
a r .::.h.1:11: ~ €:• l fl vet •ia. !:. i:;;.n.51 1 n !rpr ing~ t; 111 de r:: 11 r1111 n11 t rav.a l l im1t tt.1.-i::r ibut. ion11 in 
iii:-111 rin: • qu 1 £«-n 

nr-1! !:'"'12JJh:dt.:y ef th• .&f"{llll:f'ti::f1.14rr::l!l!T !lti'I" ll)'lt.llD iri lo:.&~111i; til-HAln pz:111un~• 
di f! lc:ul t. • 11:1 f 111 r r:-:i.11 d.f!.,;.p l-;i.p11cnt. of IN ;.h.-u",;H:.a 1 llilod11 b th.at adartiMr::dy 
~•~cr1b.P t.he sys~em. ~1$~r~~• ~oil.dull flaw 15 d£fft~~l~ r~ ~~•c•tbe vitb 
CD:'l.t:inu~ ~itlii; fr:;ir: rlD"' through p.1H"t"IU.IL r:iMifSLa ~IF(:.llrU:H· 1::1'.• Ctlj;':t".~l'l:l'l'l;ati V11 
• l•lill•mt• cy V'IJi 1 WU far i:h1t o!':lll!l'lcf.w 1r:: ;Ml~ E"k h undi! fin.(! 4rf'ld U k.dy t.e b~ YU"'f 

lsrge KDdeJ 111 6f fl-c.-r.i in lnd.lvidLJ•l ca~r..rlra. u• CYll'kdl:r not: f•111.:rd~1.;i 

lw.eo111L.LU dlil!• lor::• c ion &nd l•Hll-1; ry i:;i f 'th« candu lt• ...r• r,:i~o~ ( Dt'.itl H, l 9t'9':>) 
W11 do nat k~ov of 11rr.y cu.:C"tll!nt, wiC111:ly··•ccerii::-ti;! MthlfllMt.lc.al lll&d•h i;hac Gould 
b;r 1111,pll11d ta 11 v11:rle~y o-f bu~ ce:rr&E.n 1c:en11.rlo1 

ln -~~y. ill,haugh "k.er•t t•~:ra1~ ~&:ti ~41 idcn~lf11CI t..~TOU,~ !~~logic [i~ld 
~~<.r .. sti!:•l!:ion•, th..ii ~yOT""''"i;:ilo:D' of ur:1t 11.nvir1?1niunu 'l:)'ilic&lly c.an not ')}• 
c:b1uct-rlz1(1 vtH. Slnce t:be pou.~billi:y i;f r:modeHn,s 1u!::JH:rf.a.;:1 fl<n.r 111Zld 

s..,lut~ tm:•naparo:. ~n ~•r$~ r::•rr•ln 1• it.Ill • C9P~C of r11•~ar~b. pr111dt~ts~~• 
111b111ut r.tt+ "'ff tic' of & V1H te d h po i;,aJ taa:: ll l l1 on th.a! sub:su-r fii.e~ ;11:1..rilll t 1>e b-111 itd 
r.;.n 11lb-1p411clf·~ hydn).l!,l!!Ologic -pping and ::!yi11 r::nc:~r Hudiu. 

G.e ache. !i.CJl.1 llOd411 h lm:; h:.d11 pz: ece 11::1:111 II :1u,i::h ~U •qu&Ou• spec L., ti ori . 

.a.d•tir-ptlan/dtl scirptlan, :p rite i i;.1 L-il ICJ a"1d l 1110 luC.-ior.., o;io; 1Ilai:.1i7tlfr1n~u.c ti cin , i cin 

i:nt11:r.u.t:h:tn. hydrii.chrn •nCI ,s.«n11:r.atton of g1111~•11:. C111Jch1:rak•I cBd.tl 11;n 
V-i1\i..i4rbl1t l!:o deO:.flrai.!l.fl r.:11.a~ •lrU.ilnt• .are u:pciet:11:d l!:.1!1 h-9 M>btllfll &t • giv•~ pli 
unrh r oe.i.: I d:l :z:l:ng <:rf" .1;·41!Ji.ii:.;1 Til!!i c omd.1 t.r ons 11i.;:iy il!Ttl •5••nt h l f"9:r t..,.. IK!d41 Hn,a 
o! a.ec:ab 1n lh1: J1ub•urf.1.I!.• {XJin.::-,t.o 1n -.l .• 198.!ib), G•o.ctu1111ikd ceodl::1 .a.u 
Hm L l-2:d In 1:pp 1 t £:.a.E" I t1T'I r:.::i. t'OMlt 14l-n5 f o:r ·;hi .;:h ifn:<: 1.1r • [ 1t th11trm.o.dyrL11..111t c d..11r::1111 
b.u1:1 o111n• l!l'-'i11l11bb. 

'•'• rj f • ..., llC!d~ h :s ii!ll.l l..at.111 th11: ' ' rl•H It ion of I« ac 1-.. t 1t in ~h• L 111rhil.f H 1 , tl:i« 
'::.ru;sper~ af ~l!ll'l•fllll:l.11.lrflt.i; "by .g,:.ciu;r..dw4t111r, illJS vll!i..l •1- th.111 c~lex gitlll<?h111111k<1l 

i:iri:ic•t.1114!d- lr.\l'alv•d. ao1.1.v11:!f" - ,!!. ;&1101!.h«mical 111Gd11• .Cl:rl ...... Hnl<:ird ~a .. t;r•UP•Ht 
ccid.411 ln c.r~r l;t> pr1'.:1Ylda .a acre <:111111fil•r;.111 r•PT'*'!U·!:'!Ca~i1Jr. o~ IJI• .act1.1-i1l :sit11. 



Thl.s is t.h111 1.u.bjl!J!C:t .;:.f ~urunt rHe•rch, t:iu:•pt ffir FIJli."L {1!:P1H, 1'911). c,b•t 
~Onl;:&1IUI 1:11;1~ • 11yd.1:01Gg£..:: !IC.duh: 41!trl -* SitO.;:t.Nl~•l moduli!:. r;'h(I t,ll"a..:t1uudc1.l 
~111ls d1sc:wime:d h11J}<)w ~ r..o~ !s1:mul.at121 flol6 &r:id 10}1,1.r;;li!i i;:r..i.n.sp11rt:. Sa.lui::e 

c~A~l-pci~i;: !Kiel.el• ~hat. in~lud111: .gAIOCt-...•I~i;;ry .,..~. d111cuss111d ln S$~t1Cln ~.J. 

R1 ':ll.;; i1111r;j it i;: 11 l . ~ J 'l.!i!a) ev• lu..u:.111:d ~1111;1 ic;ei::ict..•11-k 11111 cod1111 , .imrl ti-E- lei::: t i!!d r l ·;;121 11if 
them for w;.121 in p !:"Dbl 1t#I r• l.u: 11td C'.o leadu11:111: re l11;.a1.1 it &f'ld 111 l!il'A~ {ar... Th1t f1 v9 
~·l•~re~ ~.:>d~• •t'e •"1IBll•~i~111:d t~ tAbl• h-•. Iha mel11c~ton ~rlt•rla ~n.;:ludea: 
app 11 i::•'!J.1] 1 ty t:.D l-o-.ar::htite uh &H 111nd mlg,T At.iar. pr ab hlfll-. avid h.b l li II:)' , 
cog.pl111:t•n•t• ~t ~g~"WllllntatiDn, pr~c111:•••~ •11W1Jl•~•d by th111: cod111: and ~~~•nt of 
the 11oirach111111~•1 C..i::..a: b .. 111, !="air ~r• lnfonu.'"ltin about th• tndiVidU.11 c:ad111::11;, 
th~ r~mdar ia r•f•rr111:~ co ~lncaid et •l. (l~S4i111,b), 

fl.l l af tba- g-e:odi.ulcal i::c.iCle• s~riud in thl11 l"'-()Qrr;:- Hit dehntin•.i;~i¢. 
d•1,;1hu.Eo i:h111111lc:al sp1td.Atian and :iuita "tt'.a111'1t.f-l!t b' prec.lp:lt:.tthm Cir' 

dlnolutfon. JLnd e:del.J~l-t"e pll. Al 1 -!>f t:hi:t lllia~h 4:X"•IH fCIWl. slmuht• Thfl 

C•~•T4C:L~n i::i( s••~s. ln 1111ddltlo~. ~EDCHDI, KIHTEQ.,1.,1, •nd ?RRt-~E •od.ttl 
adsDI"ptlan. Al• ~f ~* ~uda& 11:u:11:pt PH~F. and f.Ql/E:Q6 r~qui~~ thr 
.. •1..m~cii::i~t 1:1! ei:;uilfad.um. !'1tftf.!Qf. C"<!l'IU1Y'ill: • pHu.dci-ktn11:r;k ¢4~.allbUity ln 
t.h• t. s ta EJ • vt HI r1111.1.;? i:.1.r.ri J>.a1I "::.tis can 'b1- 111:-!>d121 le~, .Ii 1 thll>'Ygh :r: • te c-an11 ll:.•r..t.:11 .a ~11: n.::.~ 

L!:llfl.!i:. E'.Q ~/~6 al.so cal i::ul at:11:.1 hi.:: t"llPM Ht ill~ pr11.;: 112 I tat. E.an/di 1:11 o l••r J ~11 by n. 
lrl!'111cr:!or.: p.al!:h. :n •iJC.1-:::i.<>n, ic: .u,....,. tbe us111:r i!:.r.i i;plll:t:1 f.v rH-e- l.1:1o,; for 
11p11:ctflc T~~ctlvn• (Kincaid el al., ~9B•h) 

'i."hi I .e comp~ n. &<(! !li:'"l'l·ti'ill k& ~ IM!odoe- h a r~ po...., ::::t\1.l TYi>l lfl: ~ D.I 11.r111 i yz.! r. e, r.hfl 
t~oehe•!cal coaditions in .a •~ttl'<f&. the~ sre not vith..m.Jt 1tml~&~1~n:s. Dae 
lh1Etnti:op • 11 oft.ltfl i::h.P d•t& b•s~:1-, vhlch do 1•.11;.i: 1 rii: h.lid'L' al• pos.llibh :1pec;;h1i. 
(II:: r111e.ctlvn:s t.hat might c11:.cur Er. ._ ::1.11i::ur~ l .1.y~~e11>. Cthe-i- prot>1ems i.:•:n be 
rie l &t<e:oi± ca -ch.it ~h.1 ~1,)'1\11..111 ic d11 ta :s:e le c.t~d for a fl &r c 1 c: u l.u 111.l n111:u 1 . ~ 1 ch IJu'y 
FitH: b• a.r:cuJ'• t I! l )' k!Mlllm ~ Yilln (!JtJ." n• 1 j d11 1! t "l . ' 19 Ba.~ . Th.a "'·"*.,... r.; l .,.. Df 
1.t•::ri.1.l L itdWll IUIJ .!lllt.Y Lti.ia-eod•.n:I! ll!rn1ra, mlr..clll i c l• 1•ril lll:lfl!'ly that •ll t••o
''"'~•1¢.alll r~•i::Lio~ ln t!u! sy.at~a vj •~ h~ in ... quili~r[U.111. Only ~h•~ 
IP o'llI"ldW"ll tu· fl oC11o1 is; .11 l 1:.1..r :rit hit L "''!! to th!!' c'!l1u1 k a1 r.i a~~ c L..::11 :t 111c1111 s iJ> t.h1111 
ASlillJ;l:ll)J:il.'!lt'l c-f aquil E.brlum &d•-:i1:1ate [ilea S:ll!ct Lem 4. 3. 1). 

Ji'uaerlc-al ~11:h c.~n b.fl ~,o.,..lli:rh.i.1 t-oob for eY&11.1.11i!: IC1r,. of tHff~rent sroundwll.tlll"t" 
11:111-rii111.g$M1lll ah111rrn1tlve.1. Crour.Jhlar.:ir ~l-0-w -11nd !i:.::>lu~-1! tr&r.:1.po:rt l'llH)Oalll -.r b~ 
c:-oo11b l:rui:d 111 E t:h 1U1.~h11111111a cl r..i. l -e-pt h1l i:• l!i on t1od1.n l quu11 ~ 1' o rV.&:t" t. o de ... 1.lap. and 
ev11. h.Lil.r.• i1,Q1,1if11'1 t' 11•n11s.••1tnl 11-t r 11::.,,,t t:I- Th• amt.htia11r:1 c• l •.cid.11 l:i; .dl11t1111e !.'"1 he l!:"hll' 
$)';Jl:ll'hl b;. ":.ll'nH of An abJ111c:i;;1 .... fi;im:thm 11:nd c1m..11t.ralnt.s l.'fli!I tl)h:fl fhti 
r.csu1 cing 11:qi.uitlo-ris JJSinl!i 011L.E11.hation t•e:hri1<t"ll•8 :!IJJCt •. 1.111 k lnt1aT 1.nd r.~riU:ni:i11u· 
"t"ol!i L" &m1 inl!i <G11r.e l h: k. l i:i'IH : (:Q r'1 l lC'~ ., c al . , l 'i'll , lc:&un-111 and H.dmu , 19-5 !i , 
l.l.11gn121T 1.r.di C:Cl~•I H\;, 1981. Ldlcaff and CcinHcl.!;. 191111}. 

The11u1: typ·U ot IK!drh i::ould L..: wiaful fnr r..~r:!l/Otl"!!c'atl;"ITS; r:of" Subt:tth• .i;i 

racl • ~tl~.s wha havit :11.&d l 11:v•1,. of ll':l'!liitored canitS C"\ilill:~Cj tdli.:'L'll!d thar;e •l lai.rt!:a 
bl!' cha ~lll:llif•iti:'"l'.'1-..·., grGund'l!" .• !:.er prcit:t;i;;.t::l.c:.n 1o1:;:ami.a~d at • po!ne: a{ ei::if111'U-1u·+clf'. 
~n thlf"s:e tir:•t.1111!!.:;.*11 • i:.t.a (l'tllf)illt'/Dp11!1:&tac- au.1!:: hd ["1..fli;ir •n l'll.S:ll1t1H1r1trnt -!>f 
i;;.orro.:;.rt~• &~C1oa Emmedler; th.£1!: •ntur• th~t the ground~at111:r pr~t•~t1vn 
sl•n~11 rd 15 Bil! t • t th.a ~t:i i n:i: 1>f r:omp li 11 nee up an c.oll'P 1•t1 Qi:\ -of th!!! con <e:c ~ l w11: 
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c1111111:1•l'llR r11111J!'n ef 1o11.U;11oi' c••" t t 11L., 1m.t 
""'11 lllllHI. C""" t'• ~ '' tl. , 191"61 ~. 
DliH• llilY IH:H · Yll~ r.-,«i:. lfd.]' PlllllK.C I atll • 
Iii.I liE""~'" ~l~lty, llilllllfEll>d 11'1:1 u~ 
onl'I ~11111 f{llf lll'l'T[il [r,,..,. 111, •I . • 191Jo1.1. 

~' 1111 I 111 Cllll'·bli I IW'le<I illrad;il' ~'I"" c•I CJltt ll"lt 
• Mdtl~t: QIJMt I \1H ill"IJ • .-h1111h;1~ HKIWL• 
I w ctLM 111 ~l'CI -...,~.,.111~ ~-, ii~ 
C"fol"'Cltl•~U~ ,_ ~illlc.'U• ll"tll'll ~~- imKh.,.in 11! 
l~!i: dlllui. or- u111.,. ""'' r En1L 
rt l .. 1 iuwti•fd 11$C- i;:i;tnqni F"t~ ... ..t P11. 
:ff rmdml l'tiM:tl- Ill' Hiwtli;- ctpMllL11t. 
~~ t I r>WIM>kl ,,_., 1n h11 i I ~ut1 
(QID&C I Df1 -!'H l&..111. r.-..,..1 •h•'p i:.oolt:. 

lltidri:I 1111~? 1-, ll'rc>pl" lt:ttrt to!IOlll (!HI'. 
Ila t•l'lll1114.:: t""'4:!141 ~.,. 

----------------------------~-----------··-~-'·'·· 

~'"'...., lllm111~ n~) 
i;;[i;;u:t M 

¥14• h·•-Tt t,...... i;Qll"rri; t I~ er ..,..111m I lftl 
ti.IM.IWICll 1:11 t:,- ..... 'I ll.:-f1 r11 I•, """' ' .. 11 Id 
'!Jt.tr ~c ,_ C"""""'•IW<!'I~. 

l;Mli-,t l '(Jl' al? 

lltl ·"fJ· Ee, 

·-L h111111: ~ !-. NI) , .. ..... ..,......... lp!Kl1ti111'1 
c;i;idlie, l!Q6 ~I 11 -· !tlllfid.d-11' mid .-, . .,;:t I'°" IMl'h 
c*, Inc LiAK :10<! 1<!11 "••uc' -· t.-. 1K>C.-::lit1 
141' Ho Ui """· dilu 1t.r- rha 'l' ... _.. ~ro!:1 udH 
f",....Q;.· ki .... t I c I. 



.a~tlun_ A v111r1.et.y of d111*1Sfl ai:.to1C~i§.:i•!ll for :redad.n& th.I: i:oru::•nt.tilC lon of 

.:ont ... t n.11nt.:11 4 -i:: & ;iolnc 1:.1 f: .:..:.•-pl l.1u~i:11 >t:: ci:.J.111 in.c: l 1Jd.: Pl.I.Iii'! ng. w111'.:e r ~nJ 1111;·t 1<:>t1 
f~~ l~-ground d1luti~~ ~~ • c~lllblnatian .:if ~l.!.llfltng, ~rl!!atin1 •A~ lnj•~tEcn 
(Ceulic:-.: aritll. ~·i:.i.11s, l';tlll.::.) Aquthr 11.11111.1112jir:111Cnt 1111odeb i::..:iul..J. ba uHfu1 fr:i:r 
rJ~VI!' hi:pI ng, I!! E"f"n:c: c hi'll 4'1~'1 f.p l' rellHI d h.t.1 a!l fl tf"&'lagl l!!:S • F.:ir 41'lC.lll.ll:p hi. • llOC!l"' i 
C'CU] Cl ~Jill uod ~ tr di:! .:e L.11111.na we l l h11,:;,1fC ltirui aru:I PW2ll' t 11.f;. l)f d.111.J I! r.:: t11;.n r ~t• ll r ti .. 
gr~~nd~.~~~ quA1£ty ~~n~r~a. 
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SBCTIOll 5.0 

5 . l S.C:ENAk lOS: 

a lmrp mab11n: of fil.:::i:or.. 1anuc:nc.in& ludl•U1 1.11na1J"•t;.lo11 &m'I. 111tgr .. J:l1;1.-. fr• 
~u.'1tt~l• D va•t• di•p<i-~61 fe~!ll~l•• w.r• d!•c~~••d ln S111ct1on. Z.O and 3.~. 
Tb41H lnc.1.u.d•. bu~ Uil ru:ie: ll11:!t.11d I:'~. cll•nic 11ff~:t.11. 'Che b)'dro1imohiglc.al 
ut tt ng, dt• tad. lH:y da •1 p. a,g• 111nd E!p411:r.athin, iUld th. n11tU'f11: rl)f i::lwi. 
-db~Hd vm.11 t.111 , Afl'Y onu o't! l!l1111.11tii f...,;: to:u iu.y tic .... J' '!'leit 1 nfl 'llitfk::• lu.4;1lu.t• 
g.1trut:?' ·~ i OT! and/al' mJ. gr•t i~fl. 't till pi1:t<l!1i::ubr d t111 , .ri.h:'htn.igh ii:. :iM}I' be poa..tb le 
i::·t\ dA!i111~rib111 thit ••v•ng,11!1• i::it' •typfoal• ehil:~acudH:lc.a r:if 1111 $'11ilo-tU:h D 
la:nid!1ll or 11urt.a1'.:111 t.p1nmr:t-11:1;:. h: 11\C1111di b111 d&r1gerou.1 ta, •••....- that thil 
d<t'(rlptlon 11daqu.ac11:ly i:t..•erib..!11 all ~m::h fe~ll1~l••- E.aen •I~ i• Uii.iqu.tt. 

En l'.I rt:!• r '°' dev111 I aip Iii b.ai;;:htte gn1:11?:11t ~.ori &T'ld/cicr a.li,:r•t:iot1 lll!Od.d fei ~ a isl t1111 , 
lt i.• n1111c1:sa1111:ry 'C(I descrU1111 l:hllll '"•(:~d'°• l!o b. t•;-r•euu;1114 b1 th1: ~l. 
't'b~ ch•~~1pt1i:rn of tha •~•Nirlo i:o bill' •1-lll•t•d ~rov!d.111 • ET.BM:llN)ifk tor 
•~lmctlaa and •P1='ly1n,g a .. tbaiw.tic•l liQG.l. A •~•nart~ lJ •••~nit:!•lly • 
d.aa!!ri 'P' 5,(1"1".J of all tEw lmpon.atrc tpf'ci:::111 m:11111 • and ett..u.::: i:.•f'i• l!::ic• ~;f £ par tic.11.laT' 
• l i:.1t - Th• !11tpQ:rt.t:l'l(;fl D [ ... pTOl!H.a "\" e'h:A.l'"C 1!:41 r i. !:.$ C! 1 a Iii htht: C".icn gf' l) ciw 
aad•H:n,g objectlw,. and 2) itN i~'f t:b.it: th.e 111:r01::H1111/l'di&u:c.t:.a1:ht;.i'c bu oti 

1111ch1 n lr..l!i !:1111: mad.al tn:g obj «:'f ! v. -

i'h•rG a~1t •n infi~tt~ U..aber 11£ ~Dlllb1~~(o~• of t1111c~r5 th•t coul~ dillmcrlba • 
1 lti11:, 11H1U{it1t:a. lL h hsponlbh: i::c. d.mcri'b• & "11....:re~• nwmil11:r at 8(:'.itnu:lcn 
.appUcabl .. t:c. fll l di:uac:LDrui;, l\o1.i111wr, it: b paHLbh ~ d.'IHtlop • 
IUl:'!'illlilo}c.>Cf for il1:ta:ndnin11 '>#hii;:;h ch.al:'act11::d 11th:s ilM t"'.l:Ol!Hil&ll &I'll 1*paiotl:Dlt 
for d.1!1c.rib(ng till 8pillc1£1c sit.a. "J."h• fo1lO'Wl~ illtlCt'Ofi dll!l8~flba• flmllll llf th• 
l~IUJJ115 tliat mhi:vuld b1111 e'"'11~•r•d "4\•n d11:v~li;,.pin1 a ac.ana.'t'l.o and *•l•c'flft.S; a 

.i. likl i:.o a~eurn.t•lJ 'l'~pra•l!:tlt t.b_.t IC:lllN1'11 _ 

It .Ls "'1!E"J diffie~lt T~ ~rop.osa ~•L.c:t1~n ~r1~ti• £gr -.t'htula'fla•l llllkhil• 
~"''t 'ii!Lll b111 •pp!i.;u•• ti:! a.ll ,aic.w.al::lans:. Cu,i:T•ru::Iy. e:h11::r111 b no c111.u 
pl dant.e p:rt:iv:l d4d b)' th.u 1] _:I! . Ni:x:. l.H r liUt~l.U:Ot:)" C:omlHiDh O:t th.i ll!Jl'A 
C{llne;'* it'l!lln.g lilhttn t.l!I 1.1•11: .gnd h-0.w r:o :111 bet. u69l8 ( Int::.:rEJ&t.bNl O~iar.•~ 
14.o4aUns. C.ni;u. 198-6: M'•Clorw.l b•o•.m:;e i::ouncu, Hli"Q), th• EP11.• • i;u1~• 
"" £1'1111 u114i of .adtt1 l!il (.an 'bill •ulu!llfhat ci:ni.t:T.t.4leicoey _ IOIN f;\lld:.&1:1C• p:ra'\"ida• • 
r•C:l.oeul SC1er..clt1t (.z-vcirrt: fE:.'[ Hl6<::'1!:1ng i.cdda, while u-tl:i111t pl.it.nu 
ill;:tJl't:llU c.i:i f11Vor u.a.11 in{ :a E"Nld.I rd E.:z.cl ~Ht· ca.1• dlOdll h C 11.at.:i: Dll&] ltJ "~ 
C:"1.1.11C u , l'!I ~o > , H'owe..,..r, r:h• IU'll has recittrid' pr.••nit:tiii:!I i11 111:11111rd frllllNWGJ"k 
for .,.11l1l!:H111g 1!h111 llllO:sC :sppr:oipd~te Mr:h-U.!:!&1 ~l fo:c e~~lllil m 
•:tPQ!llur. H$HUHnt ulaitlll!d u:i 1:rr~~..,t111T cor..!CdlnatiH CloN! At\4 Huang. 



1 ~8B) . ihh l"f'IP""fl! prov!,di11' IOIMI ,tuld.i l lruu for .c hiao• ln..g 111 lliodd b•.n4 r;>n 
i::hr~~ ~s of crat•rI~~ I) the mbja~ttv~5 of ~h• •t'Udy 2) th• •b111cy ar th• 
mod*l ~Q 1tA1.tl&~a ~he ?hys~e11.\ •n~ c~e•1c~1 p~i;:•••a• •t ch• ~ite and l) ~~• 'Ill ... ~ti 1 u ty [] r imp l_..ni:: 1 ns tl1111: mc-ditl ' 

~ !i1Ml~ho4o~o,gy fDr •*l•~~lng • agdial for ~oil •r.d f'.l"(llljndtiiiat•r ~a~tia1111riatl~n 
proM 1t11.1 h -pru itn ~•ti 1 n JI.out._ 11 iu;: .al . {l tH) &nd • l.lB:llLl.!r h:•d lfl Fi irura S . 1 , 
Th:ru ba.11¢ Mi;: hlan'll au r•r;i1,1.i ud 'to)' i:.'h l• -tf:la.d. f':I: u i;; , th• rui l:!H 1 H:y ('!tr -. 
111od.ul m.1.1t ba •~.c•rc•lr.e:d (Fll!>""r• S.2). Noi;; •ll stwdl•• r•qutra i::he us11 Df a 
lllt.hlll!Ulti~&1 lltf!tdeL Thh dac.ldori .iihi;.'li,i.ld b11 .. .:t. 11.t th• Ht;lnnhi..g; cf the 
•E:'l;I")' l!HWW:e ll!Od•li·t.g ir•'Q.'l::ln1& • •ub11urit.ial ~Yl\i:: r:i[ rll:•aurc.11111 •N! !flt tort. 
N-!!!:ll.t. the i., ... .i i;l r rm~11 H ng n1.qut ud hr' Iii •iJec Ifie $!;\lid,,. 1bouhl !:HI 
do1: i;; itralfJtld. Boi.;tw111J at; it. l . (l 981>~ c h:H :Lfy ltl>del1 !Mo LmV'lll l l ( :t i"S' le/ 
mC1.1 l ytl .cA ! J 11.n(t ~ l ( i:::ap lex/n.ulHr 1~111l) illri:lda b _ .It. flov 1:h11•r i:: ~ 1 eb pt"aVidH 
g\IS.:bl'lee for d111:C1tT11::l.rt:i.l}jl; thilll l11+td DE 110d.UT11 nn~\lktd ii ~001111\ tn Hguu 
~.J. F~?U.lly. c~~ !Kid.ill cap•bil~Lt~1 i::h•c 6f• n+c.a~•·~ !Cir r•pr••ent.Jri~ • 
pi..itr~i~vl•r syst~m ah111uJd b• ~Qns1~er•d {Ftau~• 5.~)" 

.tiu:h f4e 111 t)' hi cH..f!111-r111nt _ 'll':l UL 1,;n1que lllDdlll Hnllji na•d$' .111r.d ClO- DNI s•nn h:: 
lk>d<t • wi 11 'b111 App ~cip t: :llll.ti! ln m ll 1.i l:u.ad1D1"1i1 . Thit 11 •lee t la':ll .::. f • tMM.111 l , or 
s.111V11s:-al ai;i<f.4 ts, !ai:' wi111 in t:ha pr•JJki:: ion 111! le•d1At• a:•n•r•it.hm and aig!f"a[.t1:11n 
iri;;i• :>r.ibi:: llllli I) ra:e lltl;tu a.~\ri 'bill!: DHt:d Ctn 41 t"l~r 'llof f.IL[.tl!lr:I. lr.t'!:h:M:Htl& 
the hydrc.r;111e;ilr..r11e •e-tcin,s., 1.!..g.P:I. fir.~11t ~Tu"l'.:HH& acc;.irrh'lr: .11i:: i::M! .Sipedftc. 
1'1Te, 'Cha ag.it a:Kl da!ll~&J'I d tha Iadll t:y_ Arul t~ op-41ratic-n p["C!<.!•dU.t:·U •t th.e 
fac.liity. ~\tirt~nf111'11~~. tha datA •v4tl4bl~ -.nd ~he abj•~~i'o'aj ~r th111 study 
1hio1,11d. 1!1111 canlli.d.Grll!:d. Ii. riWillb,.r of ~cblon.a :i:.q111-in-J 1111b111n 111.ebct~nl ~ !1<>4Ml 
fos: appl (cat I .n.1'1 i;a Ill II pt14!: t (ic •ce oat i o 111 (j) t:1:1111ntt1.d lr.. ·'fa~l 11 S - • . Th h 1 ii t. 
~J n.::.~ •~h~u~,1~. 111nd S.11 INl&nt v~ly tc prov!d.lt gutd.fiir.et_ 

~ l'f£~ nl.lillibsr of .. 1:h111Hc[~•l ~11 •~i•t tt._.t 11:1y b• -~~lJc&b\1111 to ch• 
prab-h:111 111f detill-:lllllf"IU!.& the Hlt1-nt of lH<:h&u nd.1:.a111- .and 11:i,r.-i;;l(jl'-: fro. 
5:ubct1I• Q faelliti11s. ni.~~ r•t"lg• trum m!llfJI• tc hj"'1ly eo.-ple~ and 
lll<}phht!cAt1111c!, an'1 t.llll'i.ll.C.ll!! • vlde v.1~hty l)f :prCili:::uH.ll. Ule:i.1Nuiy, c.M: LJHr 
~~t 4r~ll!!lDp • c111rn:!eptu.t,\ !dtlll ~f c.1'1: 5£1::1111, tnclu'1t:a.g ~patlal •rid t11111111poT•l 
charactut1ufr:J anJ boundary calbdh;i~ru:, a.td dll!'l:.er:11lna 111!\h'n ~ti.eh tiri 11 ao:Sit 
~~~~ra~•l~ ~nd ~C!!ciancly T*PT••r~t the c.and:tLi~~~ ~i:: fhe s$te. TI:i•r~ 11111y be 
~everal l:Q'IWlly i~l~&bl• ar.:id-11~ or ch•r• a.ey ~~ no :.odBl.ll th•t m'14!q1J..11lmly 
£~a'l'Ul•~t the symle•-

All 11<).:ivb .an s&.mpl Ut•d npruettl.11.:loru; oI r••l n11re:aa., no llodel 1111• ll 111vt1rt 
tr?tDdu.::a tl\1" •~~<:t eh&racl111riatl.c11 ~f M lilt_ Tlu:i•fcr1-_ it0del ~e~ulC• 
•~ofll.ld ahH)'ll ba E.ntar-puc.,r:! u U!CLM~ Df &1:.;.i.:i1Ktttmt11~ Uuv .1nd c.ctr1u•tna'1.t 
ti:an.spcrl:. kind •M H'lfiln& ( t9Hl ni;;:Wlllhftd cb.11t 111:1dah b.• "'.u4 for co-;i.ulr"i 
v~r ~ ous c nm 1 c• 11ca n.t c-ios , Iii lnc 111 al 1 c •••• 11ri111 11ub j~~ 'C i:: o th• 11.att: 
11•! l:&t I Of\t •nd JI~ 11 n C.11 t:t: C:J.11 ' F\irtt:..n.o~ 11. mod11: 11 ilTI Ya9 tu l tor 
:Hnsl c.1v5.r:y ar.J1IY••.11, 4-termining th111 111ffe-:::t.111 of \l'lll,ty.ln& 1m11 p.•T411il'l;•::" or:. ~he 
ltild.11:1 r••ulr~. ttodal• ~ould b• ~••d In ttai.11111 vays t~ •••1•< ~1th da1ign ~f 
:ri:~t Ede I) fad l it.lu, E'"i;ir &ll:ample, alr:anuic ~,,.. fa.e-U1t.' duign• r;ciy.111 ti11 
i::-ampare~ till .tp';)ri::r¥"11r;1 E::PA de.Iii gri~ tei d•l::• n ln.t the 1. t" C"e 1 a I: l Viii (Hr:C ~f>:tll.ilrn:.• . Th• 
rt: h,:; L . .,,.. '"t frc l ll a f d:t H • r•r-~ hu r tar' t:M dr:nu H• , Qf 'h)"•ih'• u 11 c E!o.ndUt: Ii. i vl t 1 HI 

im. le•di.a.t• r11lt1111.11• fr-oa. 'ha bDtr:oa {If c:hs .f41.::1I ity could b.• da~1111r11111Md udng 
!1.11.th.a;INl~i~•l IKJQ9ll. 
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• .Sourc11: o.f' r;.on~ul~CL1"n!I' 
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KaodmHn;t: :r1tp1[ l,.:n111 fo:r 1iA!.J.ht.lot'1 cif ~•.cn.i11ic:tt mi1ntEcm u• •hflVTI in Figi.n:• So. :!i. 
Fl .m.1 4f'ld r.: :- 1111a.1rpo:r I; L.n thie sclun.1r ( .fli: • l!:yp 5.c.d I y ..:iccurs thrci.._ih i:l"le 'lm.J4tl.!:r .a.i:: md 
:to~, t'D th"' w.ai:: mr t.•b l -111 •M 1 n:::.1:1 the lililitUi:: •t•d z:anJ111 :Holhlv11:r , l!\ 6C;ilillt 
la-t.,.rt¢t1lli, r.:J.m vat.Ir ubh •11:)' b11t li)l!'•Led Juat b.d<n1 t:tie h~flll. s1:1 th•• 
r:>r1lr Hl:ura1:11d ! 1(21.1 a.nd t.unllf'(ltL •vay fl'M ~hit hndU 11 naed t:n b• 
~on:11i~•r~~. At ll pe.-~mnt af the ~~"1..f'•, ttio11r11: 1~ no s•p&ral:ioR be~~11:n t~• 
h.nd!il ~ed lilU;;:u 11nd ::.hi! 11.ut<:>Ml his.h•..,.atet'. i::11:l:th {'fQJ!b. hrk•r anifl 
Sha.not , I "Jl 1:11!.) • "fttl! llt'l(tlt l 11t ~ ec Ud f 0 t' IS lmuh I: i D!'l 0 r Che :11ys.tt:ll :l=h1>1.1ld 
~c~ur&t111y rapr~~•nr.: ttie m:ota~u.r~ coadi~lci~' f?tts~n~ •t ~~ 11ll11:. 

[l'I !Min)' cau.s, Si;: -..y ba ni11:t:a1Haey ~o Hn'k or coupl• bro DT ..:>r• cQ6et l:n 
ord•• ,,.. ILi: CUE Ii t• l 7 r• pT• 1t1tnf: t:h• i;i:rOAI:: 1111:1=& ll:S at. 1:1?.111 • 11t11. foT •;w:U19l4!. • 
l• .-.~hat I!' g,a ae:T .a•~ on M>d" l l:.111n pn-dllc i:: t.h• qu.wm h::y •11!1!;/o:r QI.WI 11 t:y 1:1:! hfleb.111''11! 
telaased frlfifll r.:h~ bottami ~f • (aclltty, whi~ti ~ould prDVlde th.a •0«rce ~arm •n 
a l••~h•i::it ml15T.a,1a1i 1M:11l11I. l•1:111i:1i::l)'. ••V41~Al 11:'1\l•atipta?:.& h.av• Hr:bf;l 
co~l•~ St:Q¢h•a1ca1 ~r ~iol~gEc&l code8 ~lch ~ranspof~ c~d~I. ~uoh ~i::lple 
•odil:1 •111hction .and l 1nk"f!i"' ••)' 't>11t !;W!c.a:n•ry Yh•~itVC!t" dw sit• ieoricU.t.iana •r• 
fIDC &dll!'qu..aEely ~··CI~h~d ~~. sln,gll! CDda, 

Hlil thenaci CA l •"'M 1 s ut 5.1 h~:• 111: I ctuu an&lyc ~ C':il 1. 1H11:1•111[1..ll l:yq; h: •I il'r nunari(' 111 l 
ID & LI c t 0~1• h.~h Df th•£• s111 l ut. !I.on i;:•e h:fll11JUtl .. h.u •d:v•1:1 L• l!illHI •rui 
fl.iii •~\1'11-a I: 1111.• s:. Ah• iyt ic& l :11t:i.11:1c 1·1)1:1rlll .. rl! c Dlt1K!''C&tlcinal ly BCiTit • tUci« rit ~~n. 
r.uall!'t·t~.i111~ iLLlv.i.h;tions 11.l'ld llil'« aor-11 C:O:Dih1civ111 r:.a maii;;hHMlitlcm.1 or fH'DeCier· 
t,.,11111 d ·.me.I! C"t..li j ni; :t .jlil'l.1 lys. h ( • . •. Koa le Cul r:. i;:•i:h:ni quu ) t'yJi :I.~• ll 7, hip~..: 
d.11 l:.a for u.n L )'tic & l imeir.Ur h •.t11 1-i-s>'h .J.fld fl'H:}' da r.iot ntqui te dauU •(!. 
f.-.iJ111ar1t~ wlt~ •he cQda 111r •~c•ri•1Y• mod•ltl\& •~fMirl•nct:. ""'-&ly,1c•l 
1o~ui::ion; eT111 t)"?lc•llT ~h~ 11ost 1:fft~~·~~ &l~ai:n.ativ• lll'btn d•ta n«i~••~•ry £or 
c~9 ch•r•ct~Tiiaci~n of th• •y$te• ·~• mpar•a (J•va~l et •l., lil~). Th• 
U:mEted d..ilrfl •'irlllih.blt: i!\ •l;:l•l Held 1 H.1,1.,uliocn!I- IU)' fiOt j~t.1£7 th• u.i;• it>f • 
de c: .J. 1 lti d •:•,r:me d c • l t1ode l , in :llCJHI ea•• s , r1tsul ti (l·Qm; 1-i11pl 111 .&'!\ti lyi: le 1t l: llOd.t: h 
mar be } Ll~H II.I' llll!'llnl Cl&fU l fHLJ)'&k:o rn 1111 t • • • u B 6) . HflVlln'• r. ..t1• ly I: k• 1 lk:lilirl5 
T•G,..il.'111! 1 imp.1 I fy L n& l*s•ump ti 1M\.I •b-1.>Ut th11: •T• t•• i::blli'C ar• na.t: Mr::• 1 •• ry Io r 
nll.IH! rL c::.111 l!Wdf! ~ 5 . Thc:H a lll'p l1(.[c•I:1 c.NI ruu l t: 1 n .t, 9'1Xk l r..he t l nc l u~ilJI 1 

rttl•ti..,~ly ~"'"' ;;ir(lll!'11n1u and .a. l111lced DUllbH· of p•l:1UU1l:-1rs. C1ti::•n T1tqulr•'1 ~.ei 
be .:: aitlll a1:1~ ln sp.ac 111 .111 r;i:t i:: E IN' C van du: H1111 l da 11:00 bl J li:i., l ~.e e.) . 

ln sitd · •~lycic.a~ :11ei~ b11, compl11x a~lyi;i<!•l 11olut.1o~u 1U'• •ppr111:11.[JL11i;:•i:!I b'.f 
n:.111tt~~c&l tech~t~Y•~ (v&a daT ~•5j~ and !Mtljin, ltSi}. Sa•l-.an•ly~lcal: 
111:1:~c-~"' 1111a l<>V r111r mor• .r:-ei1111>lu: 1 Lt111 conlllL10C1.B t.h&n i:h(l:lllt cba't l:.111~ 'b• 
ti l 111J.l lli L11d 1,1 f ch -!} riu ~ti l r 111a• l yt lit 11 l I 1:1lut lar... S"41:11 l- l&C11B il.yt. I C.J.l iuluc 1 t'Cl -th414• 
can ~~n•1~~r lllulttpJc »uu~co111 ar ~•c::h•T&1nt aad dl•~h•T&1~! 'lftllla. H~v•r. 
i::t. .. t)' 1:::.' U T•q1,1~ t'e 20impHfr,11:g •HumptlGn• eb¢i.i;; th.G dl-nml111-Ml1t)' and 
i:iomeit;.~'f':• I ty o ( t.he :I.)' 111 U•. F'urth41 J'1M1 I'll!: , II mmi-11111.11.l Jct Cifl ~ D>dti h; ,g.ttrit: r111 l l)' 1fo 
mill '-nclude "L;.." ... !h.;ts af .:lhpmr,1i1:1n 1111nd di ffo•lloh {Ja'¥&ndt:l •~ .aL, 198"") 

ti:i..aJMrt.c .. l mo4111!:llil 111t'o11 .mble l:D "14ndh ll'lr~ c.oapJ.ut; •1'1:11 cond:l.t.lflr..11 i;;!IH:n Git.h«r 
anal yt ~i;;:..i l Qr s.e• L- • 1:1.11 l yi ~cal 1110d1111 ls ~WM r lr.::• l mod• h f.l'r~'\t'L da ttie u.s;a r 1111 

hirg .... IUl.'lllunt 1l-f fh'.1:1M.lit:r. dnc1111 1t'r111gul.&r hciu1"!dartu H -11 H •P•lllil and 

tl!11paral ""'rh,l.;i1u1 tn t:~ .dlj!l-to11• c•n b41 tlllllll•t•d. 111 ICIM C-••1!11, 11:h111 
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.. r..alycic-;iil sah.:idori tl1•C: la •v.ai hbh folE' a probln h •a cimpl•Ji; i::h•C irhe 
awe r ic • l 'l:!.t klih i:: Ian cf Eta v-11 b.ae:m r1or:;iul :u1.111 fu: mun1 • f I a r~ th.an !:ha d:;L r•..:: i:: 
uJe of a C11J111mrioal aad•l (de ~ .. r,tly, l98~). Mc¥11V*!. ~ri~•l •oilk-1• 
~mguirm 1{g.r.,~fie-11n~l) aoni: d.l.ti chmn .ruilytlc•1 lll!Od&l•, &nd &re c,tpic•lly lll(lr• 
cimriu~•i::1rma.l 1:ii Ent:e-1ui.,..•. U11· af • ~r-1ei11l aad.nl oft:•n :reiqulr:11:1: -"Tl 
•~r"ri~ac~d 1111J1d.elmT, •nd ~&n S'l'l"'~lv• • l•rs11:+ &itOIHLC Df t:i .. ~b&~ 8!.ul•t:1olYI 
u1t~i an •m11lytlcml o+ ••~1-~~&lyl:i,•l •~~ha~-

ln Hle.::?r.lng .a JK1dll:l, th11" d..IUbai-B a-,.tb.blt111 for -paro11.1111:t:.r1u11::hm af ttl.• aicMlt:l 
i:if i::h" sy11:t:u1 1ho>Jilil b111 c1m:11id•T•d. 1f dat.• &n 1:nitu1f1cbmE:., • hl,ghly 
m.ophht1-Cil:Uill and ci:mplu ..:i.dtl .8licruld E\lllt b• l!On.idd*riiid:. 11\ Ill-ti- •U:1,1.1.t:IQ1d, 
h 111.111 tu1 be:m1fkl4l i::o sc11:r1: "'Ith 1n ac"lalytln.I ar- n•i-1.n..alyt.ii;;!.al aodel H .111 

"!I or1um1 nJJ, l11J1v• l" mod111 l tQ 1111 ll{Jtol a. us• r to ob"?..~l n an u.m:l4 rt.ti111n.4ll'I& Df 1tnfl 

JY~~t111•. Tlimn C1'1'\I: ~&t'I foll,.,,, wi~h • l'W.IMrlc•l mod11:l if ~h..r11: I• sufflci•nt 
r::1 .. 1:.a .. ~ Ne11H!:Ly to ]u.t~ fy d:.• UH Gf • MU -C:DBple:a: llOdt:l _ 

Ot1 th* o:::h• :-- h.e nd , a !Ii E ;Ehl 't c: oia;p 1 H hyd.ro1B10l1;11i(C'5 cd •y.11: 11:11 11;an not. ba 
aocuraT.•1y repr~sent•d Ylr;:~ a s1mp1* &n.11\y~l~•t lllHHl:11:). vb•~••• n11l1:ro,•!IHl~u• 
~r anlsal:rcpt~ &~ulfmr prvp*r~!•J, 111.1.l~lple ·~uiford and ~cspli~•~•~ bDund•ry 
c.::i.rid • ;;: i orui i:.an tie .s i:mul •'!:""' iJ Ii 1 no!. IBQ:s 1: ml.llV r lit.i 1 11C1dal 11 . In .a.dd S r: i Dn, $1ClllH' 

lll"1.>F"ldaE:.Ic.1.r:11:d fl~·lllll•T1tal aodeh i:.•n 111-lmulmte prac•11:J•I, $ucb .1::11 f1011 ln 
fr•r:rur•• 4nd chealc•l re:1111.;::r;:li;:in11, that .i::ari ~'<'1111 & 11:lpifl¢ill'll':: o11Cf111:E!E:. an '1'.·h• 
O:l!'lit.c en r: r 11ot i 1>n <>f ~ ori c&al 1111nl: 111 • c 1111 • 1 tlll . :Sin~• e ~i;;.h .di 1i:: 11 h uni i(U" , H wu.s t 
b1: l.:tf 1; c r;i t:he acda lu: co. et• i:: •rmi n1: 'h'h l-e:tii C:Ofll'H t 1'1tns •nd P'fO~ t:S.•e 1- fl :r1111 

Ulp~t~a~t at: a tp•~1f1c- .1it111:, find ~o ~•lect a s:utt.able 1110d111l. 

The Hlitction c-f: a ~:rkd -.od1111I fo:r ~ppHc:•tion to ii. :tpti<: tlic dt• 'lo':I. • l b11: 
bu;l!d on a •1o11rill!IC'.f af f•eton.. '?h11111!: fai::tDr1 lr:.cludci 1th11: 'P~oi;;.0,111-1111.s 111lmu!•t:-1111d 
hy ~ hto mode 1 , 1111odilll ava 11.ti :I. H t:y .aru:li dC'l(:utkitiC 11tiori, th41 f-11.E u it.)' of E:h• 
u1u:r 1o1Ht: l;lJ.(11 riwrlel •nd .1. v•!l""i•i:y o( Dt.h.er con;1.Edtiratl111na: dhr.u~1i!:d ia f:h• 
!~ll(l'l,'in.g se~ti-ons. ~n~th•t facl:~~ ch~~ ••r hlf larpDr~•~i lt th~ 1olu~tQ~~ 
l1!.::.hni11W1 l.J;Hd iby c!hm •od111l l;{l. 11rall"I!! l:.]311 fli;nr •nd Ct'aa:sport -eqlWCi'On..s. In 
uny c1111ou, t:h1111 111cilu:chm t.11:dmiqwi ... lo)'o11d 111Ul Jl.Ot 111:E.,gn1fic•nt:ly dhc:r 
re1u•t•. no"'1!wer, each sal~Ti~n l:•~n~tqu• hA9 adw•r.l:&l*s a~d cl111:a,C..,•n~•1•• 
11md a rel•t:h1al'll tt:ii:perhnced llO,j•l-o: i;:ih1m vUl h• 11:i..1. ~o d1tt«:t111lM i:h111:. a 
p.a n:. t !!'!LL\ u 14:01 ut i .on r: 1tc~n E qu• h be• t fof r~ PT• lll;tint in& • p-11-n ii;;;ul11 c sy.s c 11:11:. 
Ll'i••• techni~u..t$ 4rn brlefly dt.11~u•1"'d :tJ.elow. 

K~at llWM!rical 111r11:l~la uae 11l!:h•r f•n1tm-dl!!e1mnco11 ~T flnl~e-1tle111111nt aQlutian 
1:echr.iliu•;1- Tho11 IN.in Nr.hitaatlt:al d1stlr.c:rh:i.-. DlllCWll1ta th.,•• ~11/GI -thads LIJI 
ch.t £1nit1t d.ifhrer1c:111 u11 so\vt111-ll by "'orltin,g. i:Unul:ri vitb t:h11 1,ov.i·nl~ 
d tfffl r• nt. hi l 1tqW1.'Cians , WM n.a1 • f! ntt:111: - • h1M1t1i:: f111 nau I .at ~Ell"! h de It' E vad by 
uaing v11ria~~GT\4ll ~•lc:ulu•. 

Anoi:he:r Cl!,;;;;.tfk:~hrn bl!!tVtU!:n ~h•t• f'llio ;at hods I hill- liri. i::h"' 111p11t~•.l 

Cli.sc:r~ch11tl1m o! chi111 T111J,Eon. T11111: fttii tei-d.Ut"ren~* -.:"1Q(I: 1Pllll1 
.: l!'t'. tan!ul ar l 'f · sh~Pfl d 111o.t11Fhl!"s wb1u-•,u1 i:: tlti ( l n! t 11: - • ~ ·~ri r;: aode l 1 all l)W" { o.i:: 
irr•.&ul•rl)'- 1h•"Pmd. m1111;t.111111. Tin' 'LHl!I a.f irf11,s....,l1rly-1-h•pad 111uhll!l:e 11ravh:!Ju far 
JI l;,., u: •r r1tp r1t;11-e n~&t ion of comp lGY bll):l1nd• :hs . and. th• fruab11 r 111! ni:id4:J C .and 
ha l"ICf: !:l"i411 1li.im1JlllE" of 1:qu.m C ~ 1'11!'\I ~ti be .ID h-td) C:-*:l'I r;ifttra tie 111 I ~t :fl C:-11''C l::f "fa.dur;:-e~ 



rr:cm th11: mm.h.!lr r" 11\l :I. nd hr ... f 1r.:i t1111 d:if f"• r:•M~ g:r 1 d (Fn• H .11nd Qi.<(! rr'.)', 
pnr;i) . H~•'¥• r. c.h11: more s: I t1d dill~u t !:t• t 11m r•qui rlld f.a:- f = :ni h di ff en nr:::u 
ha~ •n 111dv•nt•&• ovtr irTa&~l&rly-shllp•~ 1111111he• tn t~&t ~c &1ta~~ for 
ttft~l•n~ ln:Jd.il •rul c•ll-wl~• ~rdart~, ~f th.a. ••~ oE ttql.l<tltl9~~. Tbi• allows 
!1:11:: mH1de:nt BUL:crh: Jtl)h.1~:1.cn i:::aiehniquu. d111pl• &rlod de-alp ll:D.d aas~111r- U•u' 
of d:au (vaif'. i:s. r HdJ de 11:!: al. .• 1981} • In 11en111::-al, fin{~* .:I. tth l"411t'IC:H •~1111 
•11.1;hr l!a- und11:r1~111nd o1:fld ICO 1.11:11;1111 lfl • aadelJn& •~uay tn.JITI f!zi.i~e t:l<ii!-f'l.1;11, 

Iri •did1t.11n1, c.bc: 11etitocha.f -eh1u·-11ei::e-rinl.~1 hu 'b111111:'1: wtd411y i,Qed .u'Ldl 1.~pl bd i::ci 

bath fini CAii d.i fl• riHl..1::4 • and £i nlta iri ltlfill t..a. thb 1Ht.bnd, wb h:h i::air. be 
reollilllp~~~&t 5.o:n• lly :a lov r11< l• t:t Vt: 11;;0 Y'°.h'l!I t: - thods • i. ttVGl "*" (lee i:iwp 11 TI,!. th• 
•d:v11<ct1ve and d1&:?'flr•1~• -p,a~L• Df thr tT•~•PBTr e~tiQn and :aolving them 
:111.1.C '"'a 11:1: ..,11!1 ly. Tho!! 1H11par.id 1m c it:ra r;-111ri th ii!: I\ b11. kandl•d by {>1~!11! i:i l tw 1Utho.i!s ~ 
pacl1cla ln ~•lls G~ ~~ d1~er4!~• parc4!l ~.-nd~ ~4..lk. £onlkov •r..d 8r•d&hCM!!ft. 
(lq7~. 1'~8. 19S~) ~i:11cu~:11 th• F•rt1~lll!I 1a call• 11111:thad 1 •~ h•ve ust:d it c~ 
di!!:V'I! 1 op a gr-cu:idw• l;-t: fl i:>w .aniJ a 111 uta tr .1.rur;pa r-c i::(hlj111, _ l!'S.CS-11.0i'. Th• dh cr111 c e 
~o1:~tii;:.h urMkim YisU. DllHl h dascrl""'r:!I by J't'iclo:11:tt et .al ( l'981), m.nd vu 
~~lld to drv11lDp th11 11.AN1113!!: ~~l,K ~~d~. 

Ji. h l'!(lugl'I & dci C"a Had d.h.cuu. I o"A of th11111 s111 l ut lci.:n - chBd• and t:~fl 1 r .. d-.·.ant.1.g4:.111 
illnd di 1111dv1U"•t•,•• u br:l'tintJ th!! .scope a f c~ L ~ T.t~f i: • nuae Z-DLl:ll d.11!';1.C; r 1 pi:: l.;.iTUll ti r 
i;;l\4':111111 1 u h.1 t il:m1 lM' thod.s c.a~ he fl"1~ir.di ~ ;n i::hci 1 H.e r-atu.r~ . tiof'e:t"• l pr11u!n:::ill ti 111ri.:S 
o! t.hc: fhd c11.c.1 f~are::iw::• and finir:c··•;elfl1U1i: 111"°r;:huds a:rl!: ~ncludll!!d. ll'I li!./llllli:On t:!"t: 

.11 l ( l 1j"'.' l ) , lJar.g .a..."!ld And11:p;ori i 19:!: ~ ~ •ndi de: ~ .. r.s i l! ~ 192.li) . .lH r:che: ll and '..'.t;._ i; 
n.;i17). f'[rHWT 4nd <rr•:Y (lj 17) 11.nd h.tt1'k. (1Qll4) ii:n ..... 161! ducdptiC'l"l;&. A Ch,(' 
!~r-.:lt.e- 11111-n't 111etl:u11L 

Al~h~~., (l.C;'tl.J.ll.l h.a.dU H.1 11nd l!jT!llU1'11£b.r.u.111-r '1'1'1'.:-1!111111 .lllE'e: r:hra•·d.lMn~htm11~. it. h 
o fi:: 111.:n. lka l r•b 111 ta T111duf:111 •ht nl.#lbitr cf d illH'rud on.1 i; L 1t1.;l.a;:: l!llJ 5 n 11 111.11 c:h1:111:..1t. I ~.fl 1 
llK)~11! c.o on• Qr cY¢ T'W\:I and th.ra•·d1••~1Qn..l aodels •re 11:~,~~1, •orci 
¢ClllfP l•U 11nd c.;:;mpui:: at ton.all )l' lf!l~r n,d "4! ch11::i. 001: · .:!. t-'1o:tl t r:iria 1 llodt- ls . o1nd 
th• rc:f.,:i.:-e t: *'tu,1f11 IKlrll! dolt.a.. Tn .llCIN' 1 r.111- UM 11• , .. ape;• d ~.at r"l:J I on.&! ..id11: I DY.lf 
•di! qu.1 te ly rep r..i•itne; tt\• 11:t:st4!•. Fur the n1e1 r•. dw o1v&i l•b la d.1 ca -..r 'f!tl!I'!: 

WJi~r·~ r th~ IJ!ilol! ti r "' ...... 1 t: idt.ai•":'Mi .L Oflal llDlll' 1 . H'lVIYfll'L I ..,i:t.11 ng .. ~ru 1 y 't:hrll"t -

dt~nsion~l $~5~•~ ~~t~;.g • l~c-dimensiar..al ~d•l ••y ?Z-~duc4! ln•c~~tit9 
r11::1·"' \ ic,,., nu: me - d l.-rut1 ! oru. l 111 f fer. u .,;r,.. of'f:t:T. .,,,.,ry "~.g.1't1 f E.¢•11':. In dii:sc rib I r.g 
prcc-1! 1<:114! 1 111w:h .a .. • 1!!01'1'1;.Jl.lli1 f'l4rlli~ pl 1111t11 •[ g.r 1t. lci:r... Thi! cl\vic 11 of t.1;11 111.m..b•~ ('If 
d • -~• • ~:J l Tl t:~ Ilia.di' l ~houl d bt- Lid* fo!I: • 1p!!!d f [ c :Iii i u. w 111-illd Of1 t:h4! 
¢~n.diclon1 ~t•••nt ~t tai..,: •1~e. ?!'LI! lnfor:-..c[o~ ~·•lt'ed r~alll ~h~ :mcrd•l 
out~ut ahv~•~ •lio b4I consfdar111d., 

i'twnf hnd.ft n illo~h H:llWH ~n«:•o:i1MM.li:Jn.al, vertic.al. Uln~.!li'l'.Wl'-ll~lld flo:,r 
ct.rough th.it lMidh l l . Tilll! •.nUlll!§I ti.or.. of fl ciw _,,n I)' 1 n the Y•T de 1111 dl1rui::1 on 
N 'I IH• "'• l 1d fo:i: l aruif [ l J • cif ~ll!ll\lil .n 1•1:1-:try re:ce t"' I rt& -..111 l!a r• .uu.l 
r4!cho1rg11: 'nlls Jt~~~Son ••y not b* v••1~ Ln 11U1dfills wha+• tu~f.Jl~P •~11~ 
(~av11H·• or d•U1 b.ad:fl} l) or -.1.rr~&i::-11 .llope1 r4!1ult :l.'n .Jiil 11'1C~•U1se: cf :ni:i:off 
tr. ~~t'!!:ain 1.:ru.11 of Lh. lun:.'IH1 l .and pond~~ of tr•dp-1 t11tlori h'< othA!in 
UC i :-ld:"i.&a 11 l 11 l . , 1 HE.) . koi'!I• J • "tti.11.!J: 11 i;F.Jl• ~11< :1a~u"t"• I:,~ 11wnd!1• IC:•t fl D111 aBd 
i::111n'L-ino1rit t::r.an:11poH U'lil! cn;lc•lly lh«IT OT th:r·tt1~i::U.11111rui:icr..al, :1inc* i:.h• 
* f'f4u~ C.11 cif lau r .. t ot Vll'T t: ic. ! d I·~ u iilin 11111.y dgn I fl C111'11:l)'" •f re~ It C.h.i! ..:.de 1 



r111un11lt:•, Ii. wo-i:lllllflit'Ulilhm.al areal imdal .aiu11.J1H11: .a-ri ,..,11:r&J,11: 9f t,h!ll v111lut1s in 
th11 v11r ~le.al d!-1:1:11 !i!oll, 

l'k-d• b c.afi to imu1.ate Iii t.hu· •t111,ar:!r~ !Jtflt• cit' i:: rar..shinc. .flo11 c,i;..ndl tlarui. :!ii 1M11111 
,st 11\Uldw•ta [' flaw .1y•t.11•111 .11 re l n iilll\ ••pp iro:id ..... t• 111 t•.&111)' ~I tiill t•. • in vh i !!:h ch• 
w.at:l!:r 1111nt111rhig ~h• flC>W sy.1uua is b.alaic.4d t;.y th.ti 1itAt1tr h.avln.g th• :11y11:u11. 
llwi~• 111: n0 m!gril'i~•nt t••FDTiilll ¥•r1a!.lon in tha :11y.1t~~. The asauapt.lan Df 
s:te.ad1~111t.e.. fl'"' ~!tl1ma ln a 11111dal. 1•Mrfl:llY 11:5.mpUf:f.u !.N ll.llitftflllHICkml 
•qu.u. l!i'.ln.• • .. L.111d. te di! •c:r tb• p roeu •H , 1111'1.d r11dw:.11:i1 ttlC!. .ao1lfil; of. Input dat~ , 
.1.lru:-11: no 1ei.honNl.i:.E.(ln i11;b(tU!C Ce•poJl:'•l v._rl&blHty 1• ni!c:..eli.1.•ry. 

•Eav•~ 1r. H8'1111Lln,g a:t4H1.dy- st• ta c1J11~t Uon:11 :l l'I o11 llf}'J; c.n t:h• c. ":Khtbi t:111 tr.arni.lenll: 
tt.h111\>ilill' may pradi.Lc11 tri.c-l!~t'lll~ n~lc•. Fo:t ·~h. 1':.1:1.Mt!c v•l'iabl.u ~u.ch 
.as pr1111~lpt~111tiDn v~l'Y itt ~i.INI .1.nd .._, ~it:V• 1trC10! 111&a111an11l cempD""'ni;;1_ In 
tv.i::h area•. tho •~!rl.lll'F-tto~ Df ~~nst,nt ~mch&rg11 oC th• -~~uni:.tva~•r 111ys!C111.1B la 
ln.: DTTflC. t, [r,. lllllDCI r al , 'th:L Ill iU llUJlill C.f en 'If ll 1 C!4UH: l..mde~ lt:C C £ ... t:I; en 0 f 
c:c:"r..tu1nanr; ¢(Inc mni:: k'.';a c: i1'tl.!I in th• 11ulii11,Jt;;fi11;ce, s incm • t:111 .. d)' • 1.o;;i111 t. oodd • C&l1 

MC: al11112l.IC.a th.11: 11:ff1:c:i;:1 ~f il'ld1vJdwi.l. :11t1n:'GI l:.ff' ... .:t:s, idi.kh c•n IJTO"ll., "' 
•ub•t•~~i~l drlv:Lng fore~ ~or cG~~*lli~a~r; tr.aa~p~r~- St~dy·•t•~e ..::id61m .at• 
111hQ. truipp~opr l.at.11: wt..11:n the • iauh.t. hm lnc.luda.I. ch.-l<!d P ch.aic 11orb <.ox: 
t:rantfO'tlll ilil1gri1f1~111t1tl1 (Hu:Lkmy ec. .111,, 3'89),. Tho i::l.'liolc<1 .:if dQ'!Ul&!i::1n!; 
u:udy·•C.a:te er tr111n1h~t C!~n.<UtlCflS .11;t.oulfl be d•tttnaltied bu111d on 1::b11 d4igu4 
Gf tllll9pDTA1 Y~tiabll1,,. ln th~ •y•t••· 

Thi!. m;a l uttari l}f l;M •:H !hl'enic l• l 1:q,U1:t 1il:m111 due rib U1.g t:h11: £li:iv •rui tu.n11port 
pt~•H•a: r•r.;iuiru t.h.ar: lnithl arid °bl)undal'}' c.e:nditlan:11 b11 •p11;dfitid. lh4ll 
Jnit{,.l c.ondtttDn ~••c~1b11.1 lh11 ccndl~lDn~ fr••ll;~f 5.~ the sy&t11m i111t tA. 
bo.giri..'\12~!; of du!: isimuliltfon. l=l Ull'IY lll'if'ltJnl/l!tlll!Cll!'t" fl.a'h' •r.id .illilYC,il C:r1m.1rport. 
mcdc!la, ~h~.a• c~n41tton.a Sn!! r~l•1C11:d ~o th~ 1nitl•l kydraulic he.1.d 
dl•cribu~lan In tb1: •~u1f•r. &~d [bm inlt.1•1 ie.anc~~t~•flOTi di•icribu~ig~ of 
~D~t-111~nanca. Ra1a.nd&ry cond.ic.iol\~ define d'I~ condl,laD• p~•••nt D~ th• 
bol'd.H• o-f th11: .11yst111111, The:H MY ib111 .1t:udy•sl;;.at:o o-r tH1pcnll:r-v•d.abla, The: 
inEdAl U!id ~.1::11.~Mill!'}' coaditto:ina clleHI\ -.:o n~relli11mr: a 1padflc. fhld. •5.ruJll!ho 
can .signifk.antly .,fhc:c the n~ults 1:1f trui d111Uhi:;h111, H'P•e11111ly Zlim::111 it:h•y 
,.ffieet: :rt:pU.HnC: .. tl1m o! thl! copt.-..lri.ani:;. IO'l.Ul!-!I (dhoC-1.l.::;Hd b11:lo111), 1'11..llkay Ill 

.Ill . ( 19'89} p?'ov Id.! •n. aridy~ II of! !1<1•1111 d{ fh:rit!!it 'bo1.tnd.IT}' t: tn\di tlGTl.11 on 
d..:>\m';r1,~hnic ,grour11dW.u:.e-r cGncene:r.ation• p;rad:h:.c"LI by MlfLTUCED (S•U!illltt:"a et 
ill . , l 11'!.l'O: sh .. rp • M:arisen et al. , 1990) .. nd 11.TDU l O'•h, 1991} . 

Er~ol'~• should b11 ---~~ ~Q uc11lt~ .. c~u~l hy~~o&•ol~gi~ l•&tuf113 pl'1111•1:n~ ln ch• 
41"JIJ.ihl" when d.ei::1111ra:in~ng bo14nd ... i;y c:ondlt1ona {F't',anlui .at •l . 1917). s~barui 
m.nd Smlbotr.11: ( 1990) SWllMll.CU~ tlt1: •va.U.abhi dato1 •bt:iu.r th4. pa:ri::ent .. e;1: of 
hezardoua: ~ait.e 11:1 Subti~l• n lo1~~fSll11:. ~ne d•~•i~J of t.t..• ha~•£~ ~&ste 
11nd th!!: .dl!:p th a i lit!Mf' 4 U . These p.11~.1..341 t• N llH)' 1:-• l.Ulilfl.lll ln iJll Clnh11!1 t'h1: 
l~-~~~~• eo!:N:9ncr .. ~1G~ :1101.1:rc• term (~£ lllQ~mllng Suibtltl• n l;ancfillP. 

~n• of i:;htli b(ru1:1da:r1 condition. fo~ • •olu~a ETan•p<io~t model ~o.-only 1nvvlve• 
chm int.rodu.c:tiDn ~i th~ ~on~•Mi~aft~!I: int~ ~he ~ysto111, A •~ur~~ ~f g~~l.llblhrat•r 



ctt11tami n.a c i cir1 1l'!flu.1 r! b. ~"ii: r H10~ h·, t.,, nu o(;-{ ~ ::. qat.i•.l . r:Z..... I e4! 1 . •:nd 
;illy~ E i:?.11. l ~!:\,n'41c Cott ht I cs. .11.rici :l c:! CtUlll)r;) t' Al bti!h•villlr s;p.u: • • lly, • aourc• U)' 
be ~t•s1lfied as a paE"t •0~~~111. line sour~e. • 4{~tribYCe~ •ou~c• vf liml~ed 
"t'ti<ll l (Ir d1:-•t .. ill Lii.in• Eon.al !l!lltt.ll!~C ' i:!I r ._" It l'l(lr.pi::i int SOU~(;olll ... r unl l11::!. :::.ad flll I: I" r 
f..,411• ::kit' H11!:1Jd11 11t •l .. 19alJ T)"plr: .. Uy, temporal d4!1it~rlpl lcrui cif ~1111: •~ri:e 
:t.ll:'t'll: boW" . .d.uy C:fl'r..:U r i c:ir:tJ: f Of mode h ...-i th .ar"' • )' t t c-111 iu:1 ! ut l111n:11 .11-r• c-.:,1',l!l!~•ri c , 
~i:!lnsc4n{ pt.1l~•. •nd/~~ ll!~por.e~tE•l ~•~aJ (~l~y 11:c 1:l., l95t) ~WNrl~~l 
models tY?lc•lty ha~dl• • a:uch. ~id.i!r r.11.nc~ of •~~re& bG't..:ndary 'o!W1L1111iJS, 
d l Ca'ol'i !'lg &11 lnflni t111 p 111:s.s i:b i I t c V t1 ! l!'Oa~ im,i;-,a:n t l oa~ l tll.il . 

~h>a "';.: C4il ll:; 111.r Lhl' .spat: 1.ll l """' ?' L 1:~ 1 L ~ t' i:d ~hoe- pro;:wi n; :l.ofr;m. ot uch. &quif e-r vU 1 
sl,gnlfl~&ntly aff11:~r rhe ~~lec~ian cf a: ~th•a.tl~•I model. M•ny ~l• 
a:s.s·.1111111 uni;f~nii .i1~1,1d'.er IJl"C.?erl!:.Le.1:. i.it"t1<:1'.1 abzpllfle1 'CM C.lllV4!rf'ling "qua:tlflnll 
and 1•pt'¢-Vill-" :: till;j:'~t• ti on• l t" ~I Li:: h111~ y . h:u: 11J:a..:11p l •, (IM v,.1 u1 a f hydi-1111.iH (: 
:e-i:-nd~-:.5vit:i1 !fl")' 'l;:.a ~li~l.l.DH!d .111. mvery pdric lF'I r:'!u -111!';,ulfer :lto.iit'\F9:t'. thE.s 
.1.:1111.L11111)";~1C;11' E.;11wres t.b.e he;:111ra1.ar1•~ ~)' h!i ~be t1•t·..i.ro1:] '1t)'dri:;.~et1lo15k 1,y.11~e!m. 1u 
'off:! H u I.!!". tb.e 1.1.a.11c11":11 . S<!f"lt! -111nd li·.,D-ni ~ L 9 U) pr 11111en~ 1.1t d111: U na:11: f.,r 
die 11: itrmt n h1 !: .. ~If tier t:bt: .& s; 1a111;:i i;; 1 e;.ri <d i..;;n [I a C'.11 •qui f' fl r p r-.cp•r r; hs h j .... u; 1 ft •d 
·IH iii p"8.t:.ii:..:Ol.11!: <;:ii;;.i n1ry slo11tl!' t.b+. Lhllli lllll"~Clf !llS11"1'C l•o:1td ¥::.th 1,U1111g &11 

av1tTa.g(l o...•ill l <.:tll' v 1!"! ?:'J.!!: a sp• t h1 I -:11 ls r rt 'but i :;.!'I h .id t• .. i; i:-t:i;:; 1f l c &n:!I t::JE 11:.rellifl J v 
d~t!!cult t.c dfltitTm1~r 

\lh.pr, :II:;_ t.f: • SP't= C ~ ( ii:. 4~ di .a I e 1 l.JI 5. t.f: U. i It :i Ii L"<ll!\!dll0111 i:! 0 .a I :1-WN ho.:to B,111 r111101D •nd. 
~ 10 tr .::.p •.:: •q·.& L f,. z: i" r~I!' rt 1 e:i; , arui i::.13 d.11o•.·11;1] <:1-p • '"ll'O !ill: t' • ~••• • :! c•n.a:i: lo fcir 
¢ Cl:"l~-111111!..::1.:mt ml I!: rac I fl'!'L l !I rl':• • i.:ib:ai'J.rf ,u: 1t l!ri!o1.1f1v1u·. 11121 A"'11t"b.11 .. c.h (1 lf!.li' 1i>Q I 11H11 

irut. :::.1111: JL!:s:u.apr.~ran <>f hcmcr,.PrntoY.s itn.<! Lt;vUi.:.plt: aqu[f-1:?":11 a(;::(l!n 111U n11ot. 
p rfl\I ~ 41o .. • wo r 1 f i: .. "oe- • sc:e nar t 11. F111r eillJllll l I' 11 c.fl':li:C ~oooY~ z 11o11fl oe.f ti i 8,b• :i: 
~yi:::t'.11u l k c 1:1~1..:11,::. t ~ v ~ C')' E.11 t b11t 'II l rec t hm ei C g,:-t'Jvf' • .;i.:• t<'I r flow <:.ari t'ti a1.1l c: 1 n m.Leh 
l·d j.ht"!;' !l'.'1Ut1s ti! ccmt.a.min•ni:: s.:rv-t!lll!::P.t th..a.n "4'l"1.i°Ld b• ?!f111;1.lct.11d in a .C:llll!pbt.11&)" 

l1•Mit1i!!j.em: [.1UJ5 .tqu [ f I: r n.111 t'e fi;:.'t'.p ' h! c.rdfl II" t<:t illi' ... 11 L ti;? II t l"Uli ·v~r:I. i; .. ~· .... " 
see n.s:r ~ ,r. ~tt<!h! l , ~ 1:1.t'or11.111 :': t a:r.. i;;ori t tur p:: G11:!ia'b I 111 l•I!! t.ie rc.ii:•'!".e i r: :f itnd ,an• s-::>I!: roriy 111::;; 

the !Ii !!:ti :11ot:01.. id: tut i; I}~ h c L11:di. Th ls h; :tmy:.ei rt MC: !'i.:o r It l l fl OW a 1-il l Z: 11rui:pa r~ 
1110..:... Ls tba [. art: ll.3.il!di .. Ii! I\ T!!l'!l-f'it'"'f:t.11i:1. OE'I of tht' .;9f'1i:1::.C J; a:?Ul I. t .:II s pitc 'L n.::- t 11[ IJ .• 

fh111 l':i.mbit::: o:!: aq ... L fe-::-i;. :tri "1;t1e t1)'d::rn~eob:i.r..tc11:~ :11'.fH.{l:ti: ..,l ~ ~ 1.ffe:ct thfJ :1eh11r.::i:1i:;.a 
i;.f .a .111atnt: 1111i;;h111 l 11..,tl,e I Salllll! sy.11 U:fll.11 ~nit: l •Jd.4!• only " 11 t :i.gh 1.11tr::a-nl 111e I!! at' 
;;.i:-r:l°inl!'d aquifer, hrd.r.:i.ul 1 i"c..,l l'.f ~ s,...h1ted f'ro111 th• &u:t't'Vl.m.dir:g l•)'•T:1. :.il!!llM 
::nathe11U.~~~•I ~od~l~. &nd in (IAr~•~~••r thQsl' Yilh an•~yr.le~l ti::ilu~5i::i~1. c.&n 
111dll\lh'=:I!! <:nky ll ~n.glit hy•:-111:. 1n athll!r t'A;HI.. d?1111: o..Lfl)t't' 111q•.J:if1T Ir.JI.). , .. 

hydt"11ultc~lly ~i;;irua~~ted t.c "111v111ral orher u~~rlyln.g. aqu1f•ra. 

Thi' re.,.i21.on:t1 r;:l':I S-:lf:.t:ii::lr D of' KCt.Q. iei;;i1111c.Lf)' '1:.l1.11t l'ICL.s n.ot be 411'.l!'IDf'~lltd &': a: 
5'11!11 r.i: ., { COEj;' l i arice- .... i;:h I I\ !;; h... !ippe :!:?110:5 c. aqu i r fl r. lk;.1.:1111'1,:'0 l'. thl' up-p.itTllO':I t 
.1.q~!ft:!:' •ri~Lu.;ks '1:0t only t.ha: ~~if111r t~t 1~ IM."arrs~ t~~ l"lll~ura~ ~~~I.Ind 
:i;.~: r':f' ., _, , bu.~ • l SO .11.l l l CNlll I' 1(11':;•11 f !;!'•!I : b II I!: ,U I: n-y-d!r -llol.,d Ji IW&ll J' CGll.lll!C t a:d ta i:: bit 
Ypper11r:11:. 11q1d ~H 11ithirl t:l'le f'.ac i ~I :;;y rir.:;.li'i't:t,J ti.lll'W:lda.ry {U $ E:f'A. l~9l). 
,.,.,! :ll i::!'I."{ ln~ i::Lo!!!. cf iin Yi)j:.-1111r s~wi!l!'t ls, >l!:lll.'ll!:~c111d i;:..;i ulse U'>'t:c•l •a•u•-5 
:;:.,, h 11:.11: d ':: o '4.a:t"11Hlili!.1:1l n11; t.he llie-j!;rt:a o t hl"~!:' l!li•i:. ! ..: ca rmec i;; tori 1:.111 C""'*t1n .a'liu 5. ra u . 
~od.1!1 Sll!:lei::.ticiE'I ~~·) 4l~~ ~e &tr~o:t.lf:~ sane.* & ~~(I: sophlst.t~ac~d 111D4#: ~111 be 
nmce Uilll rii '!; t1 • l.nn..1 • C:t! 11'..Llt.1 ~ h "'~"I f-11 :r Ii}' sU1:u 



Th ir wall te 11 Ir.. t.ha d S.sposi.a 1 f'ai:: II i c i •• ~y l:i(I j u:S.1: .i 1 her: 1ra g11:E1eou.11 11u11 thu 
rui t.uu l hyd-ra r;111 i:i l<">lt I<- a)' !Iii::"°'. 51Jh L ~ lti D laoof H I :11 ha!'ldh: 4 V'fJ "::'f "'"id" vu h! l:y 
t~t wur:u, ~~1ii:h lll"J !!>1t dtipo.dted in thu l•14fil L. :i.~ sit"-'1!·r•l !.11 . .1l1hm:s. H.5'111.F".11 
llC-!:l!pt 'h'll:ll:ll: f~C-1111 ll ..... ~~.ei;;y Ct( l!t0!J1""4::1!!1:J. 111c:h.1di11g hawi11:l;al~, C0-61.'"C'•olll 

it•Cd-1:.i~ 18h.flff!nt5, .... e1e)· 1111..ml.l i:;w1:r::t I t.j' l!;llMtl!r&top1 aof M.lll'~ILT~llll WillSS:i!'lt, .1:11.d 
prall.1.1cer:1 .of a cher l ml.u11t:r i .1. J ve:s:i: •, ei::inn 1'1.Jc I! i<m/de1110 H ti on w.m:1t:.11::1, i11~i!! 

t11111JW.1Jgf1 ttl1Jd,ge <n·~L"• 8.111?lc:11r ,and .!il,oa:r1c:, 19a8). •\J+th"'ntQU, .a ••)'l!I' o! .11111El 
Ls t~pi~a!ly ad.d1td to t:.h11: top af ~•f14fLlls ~•~h dil.y ~o con~ral dlsm.a.11n 

VC:-C: C :n;-;11 . £ 1. rlil:SJ , Od{>:;:"lll. bl a·• r ng 1.[ :tc.ar •nd 11 :::n11:ngi ng (t'. ~ !'.JI.ti.. l IJo'il 1) . 
Obvi'O"IJ.mly, thl!! chal:'.acterlz .. t:.ian c,f ch1111111111 Vl18Tlillt .Jl1'11'1 i::M d.ete-na!n.al!.[on af '!:h~ 
hydr.auHc pr111;:uuc.(t11il of ~hit 'ill6ilS::o$._. 1!1 a c<!"llp~e,; l!a:s-111:. lnfore...tt:ion !Q<O 
.-iydu~l tc pro~lfll:'l!.lu of w .. i;tes b not rud.Uy .,. ... ..,11 .. bJ". 5i.:tir11H11de1.r et. .ml. 
{l 9S.::d p I:' Hfl'!lt v.d uu Ci f vn i; 1. i;;..d h)'dt: 11.ul h: c ondw:: th l ty, ]l'Ora.11i ty, f le~ d 
f'.tl.J)11(: 1 C.)' a.rid ..,. U t irig p1J S r.l f:or .m t.TI1 I c~. L .::?oalf.'llLC 1:ed •ul'l ~ !! t plll L s<:>l ld. V.i s::.m . {It 

t"t!....-illlV 0 ~ -.:hci l • c ll:T• n1;r1> !lt•Y ft"('l'll 1 ... i!I ,S."JI l d.llN. I!! on ~ .. J)g~.11 of p1U.11!1'111!: t.;.~ V4' ~IJ.. II' 
i:'l~Uf'Vtd in tl\1!- ~hld . 

• "10.11 r ii r<:>•J;f!.¢w-lll i:: ~r m<>d"" la .m t'e dti r; 1tr111i n L :11 t. i c f ~ tb11t. a ';.lint. 1'11.l!F U11>C1111 l fe' , 1 t I• 
ge-IN!r111tecl fi:or rra.ch gh11n :uiit lllf ~ri~-..~ \l.ah:nJ:. A! L. tir t.~.e lr..put variabh .. s J1.!l"111 
111:11.suamd. ico ~4:"'<i ill f 1)11111 :.I 11At h'i!'lldlt Lc:.a l re lal ioru:hi p "":i. ti-. eo.:i ct. a i: hll!:~. ,.,.-.., i c::n 
:,;.i:ii;;'Pl 11!1 Le ly lie f! Till! t. ~eo i;ys l:el:I. l~oi.r!lllV41 T. l T'l'."oll:ll I:' 1 g..11rl!IT111 IU•\11!' Tto.e 'llil:'I I;: 1 )' foc·.1s ed 
in.::?r.11a!:in1.ly o:i llCC~!!hai;i; l.f" ac.i:l,Pli!L S:~ilt cor.11-ldet' i::'!l.it iutr~m; ~-= r.1:ndo11:ri11::11i; fl~ 

~n~~r~~ifttics il~~l:'cnt Ln tb1 ~y~t,,1111. ~t~cha't~~ ao~•l• •L~~.,,. f~r ap~Ll1l .and 
c: t':g;JOra l ...... rt 11b 'L L I r;,y ~ ~ 1C'h111 l!.;.;.::w,., .... i;: ll'I II')' i.t ll!la. Thl!!se :mode l.s 11.:11.SWIG d1.ac d'H1 

p.~1,;1(;G1u1n in 'the J.)'l;;l!!m 11:re s'!..ach;u;tic ~n n.1.1C1JTlll! and r.hA~ 1:"1"111• Y'-''t'14bltis llAV 1>11 

~scribed 1,dcli prr.ob.a11-Ll1qr d:L111:t't'ihu~:i.-1:>r.s (...r.,,n det :ll!1tij.:t1t ot:S:: .sil., l';:EiH) 
Si:rie-hiu.1'."1..:! aM>d•l 1rii!i !!:1r:hnL'il•.it11- 11r[o".,l'd"' A qu.int.~t.ati;o.•1t ~ll'thir;·i.1 for -d.!!t:"E"~.alnlr1.s 
thll!o ci ff fl.:! t o :f' ur.-;;: ti~- t:..i 1. ni;; , la •i:.idi! 1 I n:j.'1.rl 011 i.hll! rli:l'.d.I! I I:'!! sul ts. 

Thl!!rll 11.r11: aa;r.y .11a1:0r.:-e II. f'I f U!Ll? ltf c-111 t f't '.!" I., t ~"' pr•<" ... !. L Q'?'• Cl r l ito'!!-:ha C.t! 

~n1111i:-11!;: ~or.., rf'lll-1111!11!" .tifto:'I ml gr.tit Lo:!l l n t.••l! .i,;•Jtsurf•ct1. Ur:c111:rt.tL'?l~:;.' tri .i 

11:.11 thema 'I: I ca. I 111od4!: 1 C:.1111!! ~ r~Ullt l f lill f ~ t' 1.:'(; t.J11!! (]cg::: H i:i ! i: onH denc !!! 1 n t.he re-s 1.11: 1..1i; 

l.!;i.<.:l!'t taLntl•:s 1111:11y be !11.11!! to 1M&suce11Ut!Lt 11:rror Ln parA.11flr11:;r:11 ch.1111;: i:ti:i11-e-ribiti -::he 
physical and ch111:mt~al pra,~rrte• of ~h~ a~'~e~. thti pr~~e~c~ of ~pat,al ·~~ 
T 11::.;::-n r .fl l "11.:r :i..ab L 1i l )" ~ n ti~• p"' ! lklH! t d n . .:-:r 1 nc c«p ~"" c i:1 ~ y 11l)dt\: ::- :II i:.c•<:uJ p.ru,.; •111n11 
a :!.m;io111t11d "!:.)· thr ll':ilt~-:;::111:r111r;t1;:_.l llt<'•1.h:1! There IN)' 11h'I.' l::.ol' 1i;r.:ime 1J:t.cl!rt.115ncy 
•:11111~; i;; 5 .a II. ""d .... ~ Lh e:ii; lra'P'i:ol.m t 1 rig ..!at.a fr om i:one 1111 ir o ~ :-:-ndi d c11::11 1:'6 ar.dllt h'!' '!" 

Thes:l!:!"lllrll!:. Lt l!lll";i' b12 lllH'l-TllO arrir.-:.p·r1.fl':il t-1:> li!':W:l't"t!!ll!I Uu:!ll!l rp11:!111illll•.'llHS in tc!"11.IO i:of 
& fl':' obilb i. ::.11!.)' il.1.11ct'U:.>·..i.~L1Jn r.11 tJ:~r th11in rt ~ h1..gh cit: t-c :-u ~ !f'.h:r; h; ·.·.i1l1.1i11 ot1id t•J UJ.ll! 

u1 unc.fl rt.a~ 1)1:)' PT" P'"'l!:'* i;; L Qi\ #i;i-:.MI l t'I.' 11:s3llt' !111 lltt1 e I!~-;:: t of •• h-e .,,,. dab i t ~ t.y ar. 
~odeL ouLpul (511Lh~tra ~t. 11.! , 19BBl. 

llfl-::4.'rc.aint)" 11'1-lll)·.iih/r.!r.opag.i:tiGn t4':cbn:i.q111:c:-:11.. !rnc.b o111s thfl 1.1;.:.iri,r;;i'!' c.&r~q. mei::tiod, 
provi .:!fl .i 111111 •:\.I o ~ 1:1 ;!lo i;; t:IUI i;; l ng u.nc-111cr;:11 In' :J I 11 '-:!i.11 L esu l t.1 111! a :ao-de 1 L f thll! 
1..1m:111rt.min1:y :::if lh11 Lnput. v11.rL11hl.·s ~'" ~:!Ii.Olm oD!" i!&n ba ll"J:11:"t11.jllr.1H1 :t"{>::'" .ueh :i.f 
;:he llnl!':11n:.11tn ".la:rhih-1•:!1, .If! ('•~l.a.t i"if rit-.;b..,'"U i!!:r diHd.01.0t i<111 11:Ust l'll' 
~e L"!' n ~ nl:! d . TI11: t•kmt.o: · C,11:1:' le- t. .. c hn ! ~u,• fr:vo ho"' s r1..1r::-.t n;t 11 111och l a ~" ~ ~ot r1i.:J:tib.e f 
.of r;;1:30lj; W3th •:Ht~-t~ent '.·ah.i!!.11' f11r t'!;," l1!]."UL pa.Illdll!!!Lers o!ete-l:'m[E'll!~ fro111 the 
p:r-:.ib 11.b i 11 ty d 5 .~ r. r H:rut I ans ."loo:t1!t :II c!b.i T. i nr. ~ ud.1: ~ .. m I Ii t..11 r I 1:1 ~· ililJjll u r f11Jl:l)4.!H .!!! 

r.-•r.11:111111 r.,. :r 11-:0 l •<:' i:: L nfi D)' r .. ~;~ ! ':! i: h11'-' 11 L "6 "iili ~ :.Jt! !I !i:-r ~·" • h 111?:od' l run 



.Ah:~u,gt. t:h..i! l'lont:111: ·(;•d~ •lhlild c..1m Iba .1 ~"•fi.il i:ool fi.:it• qu.1nt:Lt.n:l'L"lllr 
11:v.11'..::illt~ni -.rnc~rttainty ln .a modal eM for underai:.•nding 1y1ict1:111 dyililm!i:?11, :li:11 

:I.DJ! h111at:1\t Ill; t'. hm h: r.ac wt r.Ml!l\lllf ~ r.o'b ~ il!ll:a. FD:r 111::qap l• • IOU IBJGtt.. i !'1(:111-rt:'t) r4t'il! 

"'°ntt!·C.1rlo i:?•~ahElii5•~ b•ted an th~ ~-5~C:loq th•l tbli ln~u~ ~-r~~~l~• v•r}' 
!l.nti:pancleT'!:t; l v frM e&cti .oth11: z:. Elo'Wit\11lir, •- 'll'il!t ia.b hi• •ict. ~l:i it cov•riatlo11 
4111'\.d c-11r.n,,I!: b~ c.ans1c!4iud. :l'CT1ct~y indti!pe:rui.am: (\l $. :ti'"A. l!IS!=b). !vito. 'i'htin 1. 

11adilf'~, ;11.1,,1.c~ u l:JS?lC (Dt!ari et. •I , Hl.89'. d tlAl'I= cDn:ddeu~Jon c! co· 
v•rl•sK•. it !.1 aft111:r. noc lncl~•d ln unc.•rt.1intr al}&~Y~•• du• ta a l•~~ ~1 
d.Ji~a. AnDt:hlllT dlU'kuLICt h rdatotd to dtn: .. rmlnlng '::.he t'UlllJllltlVlil' pt'oba.M:Uty 
~=$~rlbut~on (or a l~V41n p&~Alllilll!~•r. ~a!Llltruct!n1 th,..s• dl•~:ibutio11.11 ~·~~1r~1 
a l.iit·~e AlKl'i!nt <)f .:i:.c:.a that. .-, TID'C b.111 •v•thblt1. A.ssuaing .111 pilllT...,Ctu 
Frob&bi~l1t~ ~latrl~utlon i.rha~ ~tMI 6CCu.l distributto~ Im wtikno'llfa da111:.1 na~ h•!p 
t:11dw::11 um:err:a~nC"r. •.J t'I'.• c1trtaint.)' oil'f thro r;111.1tf!ut b 'then a funC'!t1ein c-f t!HI 
o1.i;swud >!"!1t:rt.Urn:y o~ the [npu~ p.u~t-ar (t'. S:. EPA, UHb) F11.:.rdwnaor"'· 1fl 
(I C'~fl t' { 0 -!1-b'l::a i TI 4 Yol lt (I ttH~ 11M.te -of thJt uru?.ll S"'l:•l ~r;:f l::t ttJe DU tpll'!: , ~h'lll :l!Wd.G 1 
11'..L.5 t bit n.liTI ~ t: u1.1• ::..lme s ( 1:.yp I f!.1 l l J u lir u' sn:vG"rill huridrlli!d i:: IJlie 1 ~ w E ~h 
r.;;.ar. be C"om;puto1t.lon1.!Jy •rr•rai..,I!'. Tht:se d:111>'il:•t. •hi:n.ild he- c~nsid1tr11ull ber-orl!I! 
util[z~n~ ~h• ~~~t•·C...ra~ ~e-chn1que. 

In rec~r.c ye..11r1. $~~~T•l 1~v1tstis1.tor• h•v• t~~U111td (tn l:11au•1 r•l4t•d 'o 1110del 
d...'.! '.'e hl)1W M • "'?f lL c 1 t Lon. Vil: !l:" L fi <:.n Ion arui va Hd.at: E 1:1n .-i h.hough r:ht: c 1tnui 

"""" r i ~ 1i::•tl1:n. 11;id va] 1. .,_.;;: :1.r:is! ili'f 1M1d1t ls are i;-t ~ -:1- ~' et't i ntll!: r.i:'ho1!11,at:•ti l)'. tl11t 
.!.• noe: r 11 l .::c n.1.• r13W: ~"' t.h.1 l t.he y a r11 r• l-4 m: •r:j ~IP d H ft! renl!: ~ n lJt":ll . Th11 i'ilali: r I 11:.1m 
S...x:.lac, ror T111t!ng and ~1.~~rta~s provid1ts th1t fl!ll\~1.1!~~ dll:fi~il:.{~na l!lf ~nel9 
te nss { A!:'l'!'t. l ti!.:.' 

1 . .. 

:l) 

l'todotl '•ne;r I Hc•tlon 1::1:.111111~.at;ic.n ti.1f 'h.P TJ111Mdi::.o11l :c.•c:hnJque· ln 
C.h1: c imp1.n:1111 r e:odlili 1'. (t liall-i:-e E't:a:] n th.11 t it t t:"Y l ~ ~•pres rmt 1. tha 
cont'"•pf~4~ gK..del and th•t ~h•re ar~ no !nn11:r111n~ r..wu.r~~~1 ~r 

1.Qf twart- • :?"e- J At d:d. PT(ll! l 11u v [ t.h obU int l\l 1. •~ l nt ii:il"I. 

Ka di:' l va li d.1 ti cr11 e(llllilt!-lflrf j li:"n a f mod.!: l :re &;'l;oL t :ii ,,. Hh. nWR r Ir.Al 
.:Lac .i. ~ T'!dlli't""irn~ n~ ly d• d vitr:l !r-olll: u;p11 I:' l.ill:'n t.:11 or .cbs1111 r.t-. r;: j. ein• of I!~ 
• t:." L \'("I r-..ent 

M<.>.:1111 l l.'f t" 1 :I: !cat.! OTI 11 dd.r:11 :I !11111011 If l'iit ! 21 lli'Ut! Dr" th1 &iC-:!~:f"ol!{;)" Q f Lhll J'nZIMI r ~!:!.a\ 
111-:j"-'• t 1 on.1 [ 11 !; hlfl ~ Oll:P"j°tt: r c.od.i: • vht !¢ Viii~ hi.at li;;in 1 s re.l • t•11i ti:i m:hill 
•'(l';}f(J;trL.1111i::er;eu of th• •PPl 5.i:&t.hm a! a. p.1rt:.lc.1Jhrr ~~1 r:-o • .1rp1:cifSc 
~c~nar1~ -::li~•• ~~tlnit.iDTl!I i-rily ~h•~ '-'trifi~ati.on ~. ty-?l~illllly 11.lllted tG 
tb11 d11 r.rl! loJpl!K!r.I:. of r.od•• , 'Wh1u e:as va Udall:. 9 ID'!l iJhoi.ilil b.., p•t' c. o! t:h11 dav1111l<)pMfil! 
11rui 1.p11l tt'".iJt 1(11'1 of iche 1101hl ~ tionlgllll:11 &nd ho, 1981!:) 

rhe p:rlamT~ ~~j11~tlw11:11 a( the cBd• verlfit•C.ion prG.ce5~ a:r~ 1) cu de~or.~trat~ 
ii: hat ~.h..i! c1:1mpu l:.i t I a.ri.a 1 .Ji l yr l l!ms c 1 n .ac c u:r• i;;~ 1 :t ;11.;:d ""~ Lh11 ,gi!l"'ll'1: rn{~ t't',li.J...t d Ctt!I 

11.nd } ) i;:l'!i • tt$ •J t"ol! C.1~111: f. t hi?- C D11p1;.1r:;; tT (: G'dit 1 s r"ul lj' D~ r-1 I: i<!'~.t l ~ t;l.111!: 1OM1 
Ru.::vurc.e Ca~1n.:;.~ l. l~_,.C}. It iii; c.ritli=.al Ul•i: v11>:r~t~ i:-.ation t•:at.11 bt: dil""otlDped. 
for •~.:jab. 11.hmc. 11111....,.. fDr t11:1.t.1ir.!!! r;'lf m:n• n•n.si!!:i">"Hy of i;.hie: "1:11ode Lei a. T••h·:r.;o 
ol !nput ~-]Ull:.I. °""' ... ~h<!>d !or .... ~~ifl.c•~lon or rbe ·~.;:ur~cy of. INl~l ~~d~ 
~:I CCI e<l"'*fi(lt'o!' ttMt i.&dlZ'l Til::ll"!lllt11 11;0 CMj.• O'bt.tned rnm .:u:.hl(l:1'' 1n0.pendenr: 
c<::odH . ~lnfo:it"t.uN. t e J 'f .. .a.r1a l.)'O:: Led m;.;il'Jt ~111:ns 111irl!I <:-nl;.r 11.·.,. .. ~ la:b le for daph flow 



IL 

o~ •~lute tralUiJl~~T ~robl•m.JI, which ...,k•• ~•~1!!catlllln eif •OIM •sp•ct.$ 9{ 
c'll'llpl~x m.m111:rt~~l CK10ttl111 ~~fficult In tb115e c•.aea. hir1:iol!h~tica1 p~~blt!ms 
mi e;ht: bl(ll •~l!lll!'d ~c t:.1:s t t.P1!'~ :l. i11 l (:"(1118p'U t.1 t:.I c:?"L&l f-k,..![:IJ C l!ts .suc.h &t. l:H·gular 
bg..mdo1cie111 eor h111:i::er.;;i,geam:::ius o1.quif1111C" pr-Ql,!ll(l~fl111.i1 (N•t:.to~l llleu:iun:e t:a\ll"IC'll, 
l9~u). It i• ~rlLic.•l that r~ ~cri.iccur111: and ~C!ld!ttg a! a lllOl!.t:~ lLtt ~tboro~ly 
~mrlfEmd befcT• !T 1~ r~l••~•d for u•o. •• ~mll as any ~i•• llOdlfi,a~ton• o1rw 
aadci ta i:; hil!I ~.:ide. 

Th~t:• Ls no ~niv•r~ally accepted 91(11t~od !Dr v•li¢a~lc:n:. ~f •odela. Sorwi 
b<ttll~V• ~ha~ ~h111: ~alid5~y (If & ll!Odel l• •PPl1~•Llc:m illpac.tfi~. and canaat ~· 
caasl~rmd v1 i::hr:iw.~ d h cwa 11- In& t.l:lil!I ~ ri Cflflded •ti Fl I c.ac. l(I!!', '°f 1!h11 aodt 1 {iil••WI r 11t 
.ml , . l H.9) . Th1: -qua~ t t)' 'l)f Ch.I!' 1110!Sml 1C"H1Jl u <' &t1 dep•nd l:o • l• 1t,g11 i11xt11~t: Df'I 

ct11111 11:1.,jH! r ~en'-• t.ri4 ) "'4gw111u:1t. a f thl ~ 1ci r: , "'nd ar. ~he qua l [ l:F a f tlw 6.a C• 

und ti;J '3toVw1~;it .llDd.1 iT!iJUC. h h ct"\J:C loll ;:l;la,i; dl of t:he 'L~C!lt'UO~ 

pr..:irc11m:Ha ln the ill)"P:t•ll b• r1pc'eser.t111=d by th11 1110d1:l, • ~ 1!'.hlllll t:ond.:1.c1an i.• 
gatiillf I•~. Ch• llO~C CD~~!daBC• .:4;~ Cyplc•lly be ~~~ in tt...11 raJ~l~a {ram 1l.11p1111 
...,.deli ~hat 1iaul•t• (!Inly s•turatad gl"~~·~~r flo~ 111:r c~snsp~~t of a '1nglt, 
conseroal:!v• i::.otH:mdinst'll:. ln ~r• C'Olll:;i11cal:•d :lll)'U-llhln in"Vtilvlri.,g p+ir"l•l 
$et~r•tl~n. 1D:.1lt~pl111: phfl•~•. ceompl~x cha~1&•l im•ctEa::u or fr•ti:ur111: flow, IM!lny 
guea1.:lcms e"ll:{H ebour i:.he 11dt:q\hliil:Y or v•li1:H t:y cf cl'.• uttd!!!c'lyln,g p:ro..:l'Jss 
sa-:t.~~ (N~t1onal ~~~auf¢• ~l)uncil, 1990) 

~·~~ u~ ~h« aodels used hy ~he model!~ co111t1.1~1cy hav~ ::1.01 b~•n v~l!d•ted ta & 
11 l.s111:l I icant 11:;,i: C'=fl'" , bu i: r• th~T h.11.~1111 b11i1t1 Le 1 L"cl feor Bn ~ )' a. limt c.ed ll"•r-1.• r ~ 
l!:.he: !: eontt 111: I il'ltl~ for w'h le!\ th.<li 11(!'!1~1 via dnv111: 1 tipA..'j. ( N• 1! 1 ORJI l l:l!e.s l)i.Jl'C:G Ci::ir.mc n . 
l ~90; . '.ii ncci ~• :::r 11 ft h confidtl nt:111 i:-rflir:. boto place..- ~" na111 L ts f!: oa a !Ulil!.~ 1 
t~at ~4$ l~l)t bml!!n suffE~t•n~ly e~a•ua~1:d •nd ~~sted by QUAlLfi•~ 
l 11V111:11t1 !i• l:eor ill , it"l)hfl 11:111 !I hou lei be g1 v<11t) t: 111 th11 d111v1: 1 o!'lpilll!.rll:: of techn ic • • 1,Y and 
sc ht11: if! c.a 11 :ii ..... 11 d mod.4111 t. 4ii par c: 111f meod.111: 1 r.111111111 opm t'l t , & P•~ ed.ur"' (41 r 
f MCI p•::'4d•nc ~v&l u.ac.:i.o:r.. C!I~ t.1'1111 nliab I U 'C}' 11!.f i::h~ modd 1 ho.-.tl d be ind ud11d. t n 
order tc. .., .. l t44i::m lli1llill t~1u1s af 1:1(141(111:!1, a.or~ fh!'!;:d .&fld h,bElr&lory i!aca, WI ll 'b~ 

ri111:~•:&11H:."Y til' r;;r'°"'lu ~n11.E,g.tl.r o;'li t:h<!! .1ipp,;o;i~ht.t-11111iu eof i:.h111: 11:..ul'le1t11rkd 
~ll!praser.t~ti~n of th' i•port&nt pr~~*••s in the syG,em 

Jl',e v•b ~dilt;r ci( th111 nsoult:11 eof ill gT<Yl•nd..-a!.er £1(1'11 illlfl.d i11:al~le tnmSJl4l'f'I: ae.d•! 
d.-.pt-0011 C~ • h:rg~ -tll!['fl'1.t oa ll:he prop1tT .ai;.pl1ca!t11:'t'1 ar 'Cn.1 M41!!1. The 
•;F'P I i.i:a.id o l'I fl f (II m<:ode 1 I: 111 a l 1H(;bi. ti!! l!i"n.e r• t. i.ori o!\ ~ l*-i gi:'A ti ;:i.n ;i rob l tlD flllqui rrs 
HVf'T • l J: C·e ps . ft :r11 i;; , th!! IKI del 1 n1 n.atd" i.M -:: he obj e-c t l vu o [ tile su.1.dy 
11Ftiou~d 'bill= <h1tehb7il!'d. N.e:x11:. • ..:l.tu 1.thoutd b111 co11•<o~ll'd :for chmT.3!-!!t:.lll!Tiz:.111chin DI 
'::hill h)'dl ological • g;l!l:iil l4glc 111 • , c hemi(;.,111 ilM bi<ll' 1D!,i.ca1 ir.Ofld li:: L 011J: pr .. u t'l I: h~ 
t.he s1:11 i;•a . ni..se .d111 tA. .i;houlei 111:11111 ~t: in t:.h1: dtlv111: lL:>-p1111r.t i::i i 1111 i:::onc~p cu. l IH'd1tl 
~{ th~ .1yst•111. ft:• ~guc~ptu•l 11:t:1del •f~ di.ta 1heould b• ~sed ~o :1111\11ct:. a 
mathll:llM!cli=:al aod~l t.h.ml: .l:i?-l:Uf-'P.:lfl~ r1:pr~:1um~• tbo) cVT1c11p~wil 111cH'l1111l. Th~ l'll!Kkll 
61rh1ct.ed shauhl. l':llllv~ bel!'n -11 tit;tt<11d .imd evmlWLt.lld h7 q••alifl~d 
inT111st1..;g,.i1fOfll, .and 1hould -11~quat.11ly simu1i11Clll 1:h111! J:ig,nU'ic.1ir.t p:roc:f11U:a1 
fl l"ll!:ser.t in thirr .I!<: tt-1,1.11 l .11ys t.•11:. l ~ i;h<)l.J l-:11 be cons ht:.-1~!; .,..it h the C'Ol2J'I I 11111 t r:r i::i t 
l:hci .i; i;; 1.11~)' a:i:ea, a:aciunt: .a.f av& L l ttb ~ ~ 1b l:JI., .l!lf:id ti~ j ri:- I: 1...-12:s of i;l:i.11 :ti n~"Y 

Th11 ri r .n.i: • u o ! "ll p ~ ~d nee i;;1'ir 11M;ode 1 lY'f d..e: H 1"11111.fL'!'. • <i i::hrt: r d• l:.fl dir f i <; litn:cl m 1 th•t 
ll•Y te'i)i:; i rt1 .111d.lf Er;: 1 l)rua L dat • col I 111 r. ~ i<'.11'1. B1111<11d or. t.h• iJ1111t• •rud l!:.hl!: j ud ii:.111114 nt 
o( t.hit< 1111•11i~lll!r, parmmet.11tr"f :tEIJ~h •·• hyGraul ~e; -ccM:.Kc.lvit.y i;bouJO. 1'• (:ho sen, 
-~ [lolt.ur.ml ba•.md..ii:-y .eoridi' ~a:r,• tl.11:i1r1&11ncid. Th1: &~tct '-Pifleinl!i 11nd t1•• 1t:8pi:!i 



:s!ia~l4 br4I $ll!ll~ct•d t..o b~ eon1l•~llTI' v1ch thtii pT~Jmlob required, •nd ~~ li•lt 
rn.ulllll~lc.al dJ.(flcul~1•1- fh• 11c11:1el ~·•~lta 1h1:1....Id ba ~•libr~t•d to obt.ai~ th• 
ba:at !!t ~o t>b•~~~d d.at•. firi.ally. t~• accuracy ~f d'i• 'l"fl~ltA ~~t ££• 
11.\bnlMd frc1111 t.h& Nthuuc,lcal mcdl!lll •hmlld. ti.• v.alidat:•d. 

5•v•r .111 l :t"ll!c 1mt rmpcr-c-11 pt u illll:'I r: dmt.a1 h:d -1U lllC:\l.U 10fis 1:1 r th• blrWll I a:urroundlna 
ll!!ldml Hllil:cdei:\, c-•l lbt'it!'!lon. v'lhJ.a~1~n'L, •ad .appU.e•ti-1.'TL :i)(l:ttlghn •Rd :Rao 
( • tljl 1\1!.) .A.ddros• a ach of ;bu 11r i.U11t:• • •nd prH•iu; HV•i'il 1 c.1m.:11 dn·.ai; S.cns for 
de..,.al o:;:ii'r1' .a 1•n1:ra ll:t'l!d lr ... ror11.-)I: far IK>del v.aU d.-r:.t1;1n. l'be lL :S. EPA 
b;polll.ll'll!I AH11s.-ac Croup M .. ;i~1!111d •a- •UU·HICllHI dat1t1ltl0T1• ~ pl-!Knc:e 
vn lllodel ~•lii!.llcto~ (V•rs&r Inc:_. l'l7). A r6~•DC n1pat't by ~ti.I: !ila'l11111al 
hsaUTi!.• ((:i~ 1l {l. 9'9C l dlbe":IH thm hmma ral.ac.t:d. M 11);1161 V•lldat1on and 
~,pI1e4~loTI and prDV1~~1 r~~°'81U!Ni.s~ians tor ~h• ~ro:p.e:r 1.1$e of 1£0u.:r.i&.l&tmr 
~•1•. ~-6v•r et al. t1~19) d{$eua111 c0'0.dllld.e~•ti1>U11 for •ml4c~ian &nd fi~ld 
Y• l 'd&t11m c;..f .. th..uu t; i e-e l !DOd.e ll _ 

Cl!IM tm Cl'<'ll!!t: 'C:htt po;;i II' I bh 111!:1.sl,Ula Dr m.athaal:!t lca.l tMMI• 1.s h11.:ii II r<)m,i:.•d. c.h11 !PA 
S:d.en.::• ,l\dvb(.lry l'l<:!&rd (U.S. !'.P.r.., 19&.!1') r:o preHnt a £N01Yt:lvn l!ln th.a ~· ot 
N t.h.fAlll [ 1 ~al lm!M l.i; f l!IT ::'.'•pl"t:Cll:~')" HI Hill at l"lt and d1IH: hl«m --..k:l:TIC,, The 
:r11:to l ut: lan UlphU t 1111 iJ th« 11.111•~ fol' i11p£0Yedi d.ll c:.a c:o 1l1111i=:t ~on. lner11111111s11d 
axp~T~1~ft illk\TI! Ch~ .itn5l1Pt11•I' •tl.d ~cl11ntl•~• •pplyln.g di~ llllOd~l•, Vit£lf11!•C:lon 
.ilnd v~Ud . .1.!Hon .:if ~•b. In •dd1t.fon, Bn,-.gotng wrk lb)' t!M UA 1iH1k 
r\J: !II HJl•itri t n:• fUa nH b••m foc11ii:o{i1 <>n de'Yrl~illS 'ri llU'A fg U i;..1 on mod.I: l 
"".&l1d,U: J: IUI. lil.e s.u1 t.11 fl'H th lG ltl.,dt l :it&lidf t i.pn [[2' IC k w.H l hu: 11,.1.(La U..::!7.11 lc.a l 
guidaEU:.n r111r r•:'fe-~lr..g modal vallrd.£~ii:in for irp•drte ~YPH 1)f pud11=.ttw.1 
•~:l){'s~re ••1~111.smantJ (L. Kul~11y, p11r.1.on.11 e"(lllllVM.lc•tion, l98ll 

Ah:~gn .t1:7111pU!er 11aot1:h ~An blll uud t.o -.b PT~ict:10tu .about h.aduit-1111 
&•ne~atlan ~r..d •1il•tlon, 1the11a pr•di~t1ona mr'I! highly d.9Jl"*'ftiltlnc CJ1J th• 
q_'LU::i,t i ~ and ~ li t.y 111£ c:r.• .. v .. l l.a'b l111 data . 1JnfiQ-r'CUftat11:ly. cmw of ch• -.,,1: r.: 
H 11'6:re ll•i u t fo=u 'Ca !DO.:MI Ult.I; ls i t:IJIU.ff h:: hi ht. d.aLa. Uru:11:T t:.a E ru;y 1 n liitOda I 
pr11:dl~rtei~J ?'etulc~ fr0111 o~r 1nablllt.y to ~h&r•~~rlEe ~ ~1~e Ir.. t11:.-.. ~f ~h.e 
bo<md•t'.)' r:ond1t'iol:'.t or tlwi i:11y -pa:ruq,ten d411~rlbi1115 tm lapl>n..lllht tlow and 
::r.1.lUl~(lrt' pror:!l!Hl!a. {Ml.ar.•oml k·Hou!tc.11 Cc1.m.dl. 'J:99-0). n. • .a:ppltc•tior. of a 
.. tt.EJL1ti~al llll'l4~l ~o & sit.a- typlG.1.ll1 ~eqlJl~es • l•,g• llllOU~~ ot d.atJii. 
I ""':ifPt:T' !41 l:lce d mocti: h TS M'.)' ,U. L11;mpt t.a appl )' .. iaod~ l 'Vhen t.h111 bGt '1 f I; l t:4!! -

irpeci ftc d411;_. i;;;.a~11u th.a llm!lde 1 T• 11111.,1 l n. co. bm h 1&J:ily :II p•rG'llh't l ..,tt - It :mtJillt bt: 
.. ~h.-1.~i~ed tlu:t faT m•~-•p~eltlc appl!.::•tio:u & .,.thmsatf~al 1m1:1041 •houlc 
1:12!Vlll I" b6 U;S!iB{i ti II Iii! WI tJ.tu,t I fOI' d&c.&. 

In ardar to 'fll.~a1n ~f11nmible a.od'Al re•~1C5, tt: is ••••~cl.al co l!lbt:aln i!.llt.A. 
tba:oi;; •r.. •'P11c if I c to ic.h• pl?' r: 1 eul.1.r .s ~ t:11: H ili'll Mole h1.d. K.flid•ls th4.t lm:J IJ.d.a 
g1!'Tl11Ti-I! p.a:"iilllll'N!IC'f!Tt. ba111!d .:..11 .t:v•r&g.11 V•lwe• foT" •ii:alh,r ,1:1,411. -t:.•n b111 ~•d ~i::i 
"M"" I de- i.s:id t: I .111 ~ f'lloi d.MlCll! .and 111111111 r.a l 1 nhraat E.o:n. -.bout tb1111 ""•bav hH' ot • 
111ystc:a. 1 b"'-:. Lt lll 'l'•TY i::Lang•T'll)'I'" i::a. ap~ly 1•:r.jlll:r1c. p1na111t11u to a. •IMl't::~fl;: 
b11'.l.ir.,1ei::ola;&ir a.7111cq. ,\ g;r111:ac fleal of 11-cmu.t~ra a;ii:br:• trl 'llhte!h d..ilu 
c:allu:tiA~ "''"1d p11u·..uu:ce:r ttitlaa<;t(IU are ditscd'b•dl, ,i,n 1t:itc111ll•11t 11~:cy ;:if 
s:h• "* r.:.a th.at .1.:-11!1 nl:t;:ll!I '*-• ry Lti acdtl l th.ti Jitor,,c4'1•• 11 of 1111't:u.T•llt.td .&~lei. 
u::i,:H¢:UT .u;;*(l f l"1'V, aur .fa.c.• v•t111 r- flll)lllll. ,g,o111,ochami:s:tcy •nd 11-1)11,1,Cll! t:T.ll.Tillport hi 
prull'Tit:ll!il ln .!4J!:r~11:r .i:1; 4.l. { 198-l). Thh Ui'on. pcl:Nid.as i:!.efh'llticiri. lll:l.d 



-po1111d.blm ran,a;•• a.f vd"'"'.1 for ~'Jon p&T"""'ttu., &i::iutc• t.11:r1u, U'(MnOtm'C 
v,arlahh•, 'oci11M1d.1rey icondltioru; and. lnlt:1•1 ~'md1dom•- '11ut 111tat1t-(l.f-tho·•rt 
a'Od problns a111acbt111d lllltb aia-hl:tl,!; .1 par,...t•f" hl1nn:ifleu.icr.., cir- •trwt-uo11, • 
p~11ibl111• to ~bt.t.1n -pu-t11~ Hti-t1u an -110dr111u1111d. by Y6J:l (1986) and Ft:•:J'b•rli 
~lHiJ. 

\{10 
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l:.1U1aurca11 hllu;iri.. 2:4(1, :49·5.~. 

~!11117'1'1, R.T_, R .~. Cl"&mo1•ll, R.1- J..utz, ~.I, febu•. and ~.5. lil1oid. 19ii. 
Risli! llethocktl-cigy for C.ologLe Dh~ul of bdiaoll>f;!.t:iv• 'Wuu.~ TIMI SJLDdla 
V'as C:e ho-bt1on Fl.ov .md TrlilMport { S\IJ Ir, llKPd• l . Sand 71-12'1 r.rr.:ru:r.
Ci • Otll.~J... S.11u1d:l:ll nai:::lo~l Labo:i;.a~ri11:;11. 1Llb~W11rqU11t, N- .Hil11;lc.!)_ 

'Domerilrco. l",i!;,, Uld V_'I/. r.lc.11UUbs. 1'S.l. Alurnst:~v11i ~dil["hl. 1;"i !l:i;iH.d. 
liiu u !bn.a,g...m: _ C:ra.und li~n:r, 2:0 ( l) : 301· ll l., 

~nieo, P_A,, and C.~. kobbi.r:is_ 1~8~. A M•v ""'~to~ COfttU1inan!I: PlWM 
4n.-lJ8iJ. Grg\llld llata•, 23(~}=~'4-AI~. 

Dori!gi.llll, A,$ , , 4m4 (I.. JI:_ JU ckne:U. UH... Eti'l'l ~~nt.t Pa!l:111: -of ~l\U&l fumC.1 
h-011 5 ludg111 Disposal Al tnnAti v1u1 L" Oc.ani ~ l~: 1.&Tidf U l R111?D:r: c. 
f'~•p.as;111:d. fDt" 'U. :5i • lnvi:r1t1111umr::.al Prot.ll!Ct; ie:n qeM,., ls•t•g.l=•'i:•d 
!aw1.:rcmMtit.al x.na,__,,t tilvhfon, '1.1Hh1ngtot1, tJIC, Aqua l'e-ri::.tt 
Cousult•~t~. Mo1,.1111~ll\ Vt•v. C•l1fat"n1A. 

l)(ini l!,;hn., A • S. • and lo_ I.. llrckn!!:l l . 1 !HElb . !..'1'11'1 rCiNMnt:Al fat:111: of Cori CdlMnl.31 

fl(ll;A S lud&• IJ.l~Qil i\l U?'R1n:l 'WU to Clc!111ai;i E!>imp lr-..g: l..attd Appl kat: t 1m 
lt•pa:rt . PTt1tpa c-11d. for ~. S - !:riv1 t"~:tn:al i't"EJ i:..u::tion Ae,•fll!)', lnugr£t:ed 
l!rtVi ronu:l\t.111tl Ma~n.~ i:; l vidun. 11...:i, I '1-,ll:it.r:in. tic . Aqu& 1'ci ru 
C.::uuul t&rit.a, Xitutltafo vi-. ie.. l S f{llml.&. 

Drantgta~, A.9 .• ar..d ~.s_c, ltll~. 19SI. 5al•c~1o:a. 11.ppll~~ion, .nd V&lldattOl'.l 
of Err\rl J"O~'Dt.11. KQGi!llll . lu.: Proc 1:1111:U l'lg:I 11<f l:tl.ii. lfL~l'n.I t:t on.al S)'llP"H l• 
oi;i i.:a~T QU.allfl)'" M.cdlalfns: of Agr~.i:'th:urd Nan·!"oi11t s~u: .... I D.G_ 
D.Clnu:'HY ( 111d,) , AlS • 11 , tt _ :9 . E:Hi;par~nt .g,f A&f"i~u.l tui'11 lt11.11e:•:rch 
.l5•rv!.c11" . 

Dt'tti H • S; - J . aH. Ra r;lonal s~.a le Tururp(l? r ll\ .. l!:.at:"•t. .A.4;11'. f• r. 1 . C:i:Nlp0n11nc 
~-~llllraLlc:m a( ~pTt~g r\.o~ H1~?ogr.apl,s. ~-t~:r tt.101.U"c•& IJ!saarch, 
:2 s. 0 ) ; 1 ., - 12.5 . 
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DT•i••. S.J. 191~- •~gi~n.111 Sc•l~ Tr•Nllpott in• K.arM~ .ibtulE•r, 2. ti~~ 
S:}'•t:,aa51 •nd TlM l'kNUri.t. Jm.alyd:11. 11.atu· l!.•:11111urc•Jl hH411~, 2'.!i(l): 
lHi-1'.JJo. 

!.C, Jord.an Cg. l~B~. iuu.l7ttJ ~f ln,gine•r•d Cotlt~9lt of Siu:b~1~1• c 
F.acllitl•a for Land D1s~ot•l r..ei.t~icti9rlil Dt:t•it11lnatlallJI, ~repared foe 
U.~. En~!ronmttTitAl l"rot•ction Agel"b(<y. Ya:11h~"11C.~. :DC. 4S pp. 

!AN•nlti. A.L. 1,69. I'll.UMP: ~ Cow;>u,~r P~oge ... EGr Tr&ru11i•fti And. St•.ad}'·St•~~ 
Tm.p.ar.at.uu, tHu:rib\idcns l:n H.u.l~idi .. na:lDM l S)'U:•iu. 11.aJ!t , l:J'QL
l47~~. Ril=v. 2. Llli'lfl:"•n<?• Lt"Ytt:raor• ~~t1on.1 l..11.bcrataT)l', tlve:r:aorw, 
CellfornJ.•. 

l!dw.arda , A. L. 19 "J l. 'l'KllMP ~ ~ Coaq.IQice'C f:c°',gru fci:r tuna 1tft~ li:hd 5l c ..... dy~ S:t• I;• 
~•mp•r-•tlj.LTlll: ;l)itl;ribut':ti:IM In. Mult1d1Mu1oul S}'•t-.s. tln~v1n:a:l:ty -1>f' 
C. li:!G m !6 llt.adi.aC ion. Uiboratc:iry ( ual.) -14 7 54 • l4'9, 3,. 

tl•c~r1~ Polin!!z lUtse.ar~n ln4~t~Yt•. l'Sl. ~JU•tuc~t~d ~rc:nn•u!,.-•t11r Flow l'tt;l~l 
fUM'S~Tl~) ~t•r Cede ~.arn.1•1. C$~14l,-CCK. ~•le ~lto, C-llifGrul•. 

!lo11c.trk ~il!r 1teu11u:cb l1Utlt.ut11. HllJ.9, F~TC1Hlt:: A Uyd~1•c.ic:he11icillll i!lod.eL 
il.P:Z•8 :>- 2 . !:!Ill I Jou~• , Pa lo il..l 1J:<0. c.i i fo:rtlh., 

~lttld, C .C: •• .and G. A•ng,tm:saiii, 19819, .K.a~fr;i.rthculBr 1'un.11JJO'rl: of 
Hydra;f>bobi c: Cont.J.1r!nanu in iL'll;U•Crwi: 2.nvl nH'llHl!"lii; Ill . rCTound lj.i'11ter, 

?~(l) ;6-'ii· HI_ 

lnf 1 lllil. C, r; , . Ill. r _ cuul. s. t. Col:wl!I, t. Ph&ri. .and D . .!'L 'I.hi, l!;u~ . ltlU . 
App~ n: 1111&t i ng !'111 l l\llt.anr;; Tr.im.pa ft to C?"Olll;l.d:rt.11ote1". t'. S. Env1 roMtrit• l 
~rot•ct1Qn AgencJ, !llvirc~t~l tea•at"(:h l..lbor.aco:ry, ~d.&, O>klahfllllll. 

F.n.rt111ht, C _(;_ , D .M. 1,1'.al tan. J ,1, 'oillhG-ri, •M M. D. P:hmnl . 19U. hh.av!cr oI 
Org•ni~ ~cillut•n~s l>&U"lng R.apld-ITifiltr•~to~ ~f Wast~~•t•lt \n~o S~il; 
11 • .K.t.~h~ii.llt.ic:•l Dtl•~~l~tton ~t l'rafta~orc •nd T:r.an•foTIUitlu~. H.a:z:~rdlHB 
li.L5til!: mn.d Hu:ndotH: 11.&Uithh, .) (l): H · 1', 

l!.rda,&ttn.. .1:1. , •l\dl 5L D. fi'll:w.h ld. 19.!I l . Hai!.ai H Tll, t.Ai111eh11.u 1 •1: t .. 1u1tdfL 1l 
~~urid.8~111•. JDulrT!.lll of '..nvlrOl'IJMft~•l ETI!1n~~~1n5, 109C~}:lll1-ll94. 

!.YJttl-1 I ~ • JI,. • J :r . . J . :K. Jey.ap1t l 11u1 I J . S:d . IL 5J:i l ve l'. .and n. c . And.fl Uo'fl. 1915 . 
The Reil• of larpo"'8dlMll~t Slz• ln Cl:ln~~a111ng £nv1ronm.nt.al Ill~~ ~t 
Haz&:rli'lcn.;s ii'H t. Surfait:• i~.ndatirtc a. ltl l..a.nd l>hpo;11 el {lof ~Hdc:i1J...1 
~a•t••· fll'A/iQ(i/~-S~-~ll. U.S. !nvi~o~nt•l P~o~11ct!cn A1•P~V, 
.C:Ln.:::1nMtl, Ohio. 

F•u.at. C.R .. .and J.D. ~uaibau.s.fi.. l'es. S~ANFLO'W: Siai,all;jli8'1\!!Nm Wa[•~. Air • .and 
Mon.11quRa~s "1l•~e Fl{lllil. Verm1Gn 1.0 Dco~YllJIQtat1~n. GeoTr•n5. NR~. 
Virghd.ill. 
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Faus~. C.R .• J.H. CW.v~. and J.~. ilk~~er. 1919. S~l,![10n ~E Tbra•• 
Dtaflt1.dond Flov cif ?-=h~lbl41 Fl·.dd.s: 'llllthiri &:ad :B.alc111 t.n. tlMaNHCttd 

ZaCYI . IJ.u:er it. toiJ?Cttl" h.1:H:r<:b. ':H u} : :!U!ll • 24'111 . 

r.....,.. A. a. ' D' (;; ! rvifl' ;t&\d I!: .A. J1mn.11:' l '" . IUJl?r;Q: It,, Caaplolt•t" Pro.ff• 
fo~ C&l~ula~!~15 11.qu•o~ ~~oeha•ic•l !Quillbri11. U.8. E:nvt~On!IM~~-1 
PTo~e~lto~ ~&•n~~- A~hens, C•or&i•. 

:Far.a. D.G,, :t.L Har11e'.r • .and T.V. r.c•&r•. lUS. Uu of tft.e V.at.1:r .hl&llle• 
~•thvd f~r Prmdictln& la.tch•~• Gener•tiDn f~OM 5ol1~ Vast• nl•p.l;!l••l 
Sl~ll!•. EPA/~l~/~-1,8. V.S. !rTll'i£~nll!llOtal fr~t1:cticin ~nc-1. 
Ci1:1J.':!t~r'41~1. O'hla. ~opp. 

fl 111111 tchll!r, Pl • W, •~4 R.. L. H_,.. u . l i:i:n , t:rO\tt'ldv.alE:ll!r Tl:.a<: ;[.n.g 1t'l K.mr:1 t ':•T'".d" 
1J11 :L n15 F'h•&• 't-4. 11.b•tu.eu of thl!! Ai\rlu.al Mtie.!1:1ifli. i:if t.h1: -..i?":t c:e111. 
S:cd l!ity Bf If lC:l' i)b i.O.loi15.Y 14 f S 2, • 

rr~nkll!, -0.l •. t.t. Rn1lly, and G.n. ~•!l't!!\ll:c~. 19!7. O..ft~lt:L~n ~f lound.t'fY 
Uil li'llli.ml CDrul:ill:la~ l~ ~li(I lmalyakill ot: S•~..u:.iu:;ll!d -Cro:n.mihf•:l;:t1?" nl)W 
Syatem.s ·A~ tn~l."tl4\Jc~11PT1. lo T•~kmi~W!• a1 M•t111r 11.aa~~rc•~ 
~nYU i;: iga ~1 r;rn1 a E t.h111 'lJcr~ cw ii S ca.u.11 C:ma l~:tl<?.a l S1JrvBY, Boolit l. Cbt:pu r 
B.!i. 

PTntfl, R.A., and j ./!., cti.rry. 1979. r.:ro~d 'Ji'.11.t111.r. "Pr111ndi:.•-~illll, En.g,lewcad 
i:1 ~ fh . ~ .... J • r11:1 ~Q.!. PP · 

r~ayb~rg, ~.~. 1981. An !Ji:1:rc~~~ tn ~¥~ater ~IPO.el ~llbr•~ie>n .and 
P':r111d.l ctloc. Cr111A1ri~ li'1r:• r, 26 ( l) : 3 ~D • lW. 

E"ull'l:r. ~-H. ll.9"T7. "OViHliillftll: o1 Sdec-tmd :!'i111:t:.1,]. Aabastr;r.11;, •nd Cyuili:Ui in 
S~il: Applii;...t~lofi to W.astm nt~po-•l Prt1bl~1a.1. !~~·,00/2-11-0lC, U.S 
tr..vlr~:ilml!nt~l Prct:..~t'cn ~,•~e1. Clnc.J11A11tl. Qhl~. 2~7 FP· 

1!'11.lltiT, v.~. 197S. Inv•atlg.&~1an D! Landf~l1 IA•~hate Pcllu~ant ~~t~rRl.l!ltlcn 
lh>· SP• 11. .EPA- &cia12 -1aT15is, u. s. En.vircr..mt!rit:.a.l PT.::it1111HiD:n ADI~. ms 
ff~. P8·2B&9~5 211 'PP-

;lilr.µirt1 l.L • A. ,,_. , a8'1 ~. L. S,.111 llH'r. 1':ii1Y. Invu r.: i&• t:fop 111f S4nli;.a:r)' LandCU 1 
l41:1\av1or, Vcl. l. E."PIL·ir00/2- 1'-0~l•. U.:!ii, !nvi:rOlf!M;l'lt.al Prmte.:::th:in 
i\;gancy, Cit"ll?!~~i. Ohio. 131 pp. 

C:::•i:i ?n n:t , I n.;: • 19! 5 , S!i.i\i\b!FLDIL S lm.ill::an4u~1U1 'Y""'~ r. Air .and ~l'L- Aquew11 ftt.u-111 
now. \!'4JU1Dn 1. Cl-Cacle ?klt::IJllU:rlt.tchm. IC•~ri. \l'lrg:Itih. 97 pp. 

Ceaa.ann. r .. K.S. Sail!b. An.::! c.v. TbQ-..U.. 1~87. ~tri. ... clc v.v. A.p~:ro~taatlufi 
l!o c:b1: TraNipor!; of E.sckarichla ri:Dl ~ il'I i:lk• VadaH ~nil-, \lai;;•:r 
l4! •CtUre:ra a. Ruma E c-h, 2 J ( "1) ~ 1:281- l 2 ll 7. 

Ch•n11U11i, Ii .. f.. Orav!o:rd. 11od IC. lial"c. HIH. •Ao11.eh11re Colh:.::ti(llt ~d. C:.u 
M.11:;atlo" 1100 Ea.iamlOTI fa:cbl...._ .fli:'. i.IN5fllh: a.nd S\lld:.a..::*' lapi;io:mdmmn.t..a. 
!P'V600t2-lll6/0U, U.S, !nvirOft!MhC•l l";-i:it..i:.!1;101'.:I A&ll!ncy, Cini:::ii~tE. 
ot..1i:;._ irrn Mo rH6-162lG4. 191 pip. 



~,au.-.rii;;. K.c. l'97e. 'illTI11$ .and ~ci::.ai-!.• Jl:l!:IMl-val frolll "W.a1t11v•tmr· by t.ar.dl 
Tr~•t!M:nc ~p~li~d ~rull Envira1119•nt•l K1~rcblcl. l2: ]Jl-),8. 

C~~11lick. j.~. t99l~ A Rwvlev cf ClBLr\bu~•d P•r.auH!~~r Grc~~1ter 

liil.rhllt•••nt liod8ling Mmt~aO•. 11•t&r R•saurc•• ~·•~•r~h. 1~{2j:30\·l19. 

Ca-nil~~~. S.K .• 8. Ev•ns, •nd 3, KeaRgn. 1~al. lc:U!ntlfylng 5ourc~s cf 
Groundwat111r F~11~~1on: An Optia[z•LEcn ~ppr~ach. ~~te~ ~·~ourc.~ 
R•;~•rc,.~. 19()): 1~~-79u. 

G1m1! 1 i ck, S.. 1'1 . , -111r.d (: . 1 • 'Vl!l:u . 191.!ii , i'iq~l t:111 r Rec l.__tian C.. 11:tgn ~ Thi!! 1· !I.Ill of 

4;l)ni;:1.aln..n~ Transport 51aul•tlcn Combln111d Vi~h ~~nlin•a~ Pro1•.aaaiing. 
~~~111r ~e•o~~o~• R•S•&~c~. 10(4) :4\~-627. 

<:t"l!nney, 1.1.J .• c:;, L. Caupp. -.nd JI:. :SilJll.:lll, l91H. A Math.e.aliti1?.11l tlo.dd fcit' t.h111 
ta i:: e <it H•z.111rd.ou:1 $\lb.a Ull.C H 1 n Soil; Heda\ 0."c: C"iL' c i tin 1.nd 
Ell:p!!"~~~·~t•l ~•~wlta. MazaTdau~ W4sre and ~ .. ~ardGus ~t•rl•l~. 
'•( )} : 223 -139. 

Crlff1P. ~.A., ~nd N.F. Shtmp. 1919. A~L~cw.ation of Poll~~-lllT'IC• in Muni~i~.al 
laridH U t.auh_. r;; ill tit C l.ay H.i nu11.l:I . E:ftll- 600/2 · i' a· H 1 • l-. :S . 
E.l'l'>i' S t: t'>Fllk'l:nC.al P rot.me I: lon Ag_•n~)' , C ttK 1 nn..t. E • 01-i i-!>. liT IS r.lc . PR:! U 140 . 
1'46 pp. 

i:; rQ,,.I! , D. l!i. , arid. .II: ..-.; . S .:.(I• h l'llin!I ii: k. 
Cf{l-1!ri.J.,..1111-::" r Q-.La.l l r.y Ka~• I B • 

nu . C!.11at r ... l ,11.(1-11(: t lons. .s i:muhte (! by 
"1.ater- ll:O~ut'cM J!.ul11111:fo, :?H-6.): fi.01-IH5. 

Cupc.11, S; ~ • C.11:. Coh, C l' _ Xln<!-"2.d:, 11100 LE. ~1z:111ta. 19.B2, bHcr=.~i:.1on 

«.nd li.pplic.•tion111 of thllll f"E.)OOll 11nd CFt..ST 'ihT••·dlMT'llll:l(lnal Flntu 
Ill 111:1111) rit: ff(:11J111 b , Sm c: l d la 11.aoe if ie NU 1..11.b{IU[G-!r l1111 , IU ch l llr!d., i.r.a11h lr..5t1:m. 

Cu:ptm, ~ ~-, L..T. ~Lncald, P. KDy~~. C. ~e~b~ll, .and C.&. ~cle, 1982. 
H·.al c icl.1-'!'ls. tc.n111 l f hd till E:hllMrn t Cr:;,&! foT Lh11 .i\N l '.f:&: i II' ti f Co'IIJ' l&d 
~rgy ••Ld 5olut11 TrAnsport. Pril.-42~0 • .S..ttell• rac1fl~ fiW' 
l.ahar .. ~oT~••. ~l~hl•t>d, ~61hingto~-

CriST: 
Flu:Ld, 

Guught11n, iii.II. .• [L:S. li.U:d, n.ad Jl:_\I. Cle1111.ry. ~"980_ A 'FinU:• E.h:11>11nt Hodd 
for -::.tie :!tl,snt~ Dn ~f l..a•eft-liu tro1111 • Sa.11H•~j' t..nd:fU 1 111. E.i:mg hlimnd, 
~irr.r YoTl1 - !:'in t ~ Th-1f>ry. W'a:t.r RH{l'"ll!l"(:lll II& 11.ul le r; in, Hi ( S.) : ~CJ.- !1'06 . 

Gui.,.. , J . H . l';l"i5 . .r..p ~. ii: st lvn m f Hult I "PhilllH Th•Qry at: Ii Chltll.icd ':.lu t.11-
1..d.nd! 1 l l, ~im&•r• ~a\l•, l't't . .ln Pro~medin~1 er th~ Se¢ot'ld ln[arr..at{ar..al 
O:carerirnl!!-t on G1'.t11'l.m.:h!•t111r Q<\el1ty fl•a.•.u:-c,h. N.u:ion.al Canl:ar f.o:r 
Gr ~ur.itw• te r Rase arch, O.l:.l..1:~1<icim .5 C:• ~e Uni vmr Jd ty , St i l lw4r:-e1' , O'kl•hom.a . 
PP'· lOB-11 L 

~1.1v.11.n11:1en, 'J, l IJll!ot. . ;:)e ._..II! lop111ent: o-f A. f l~i te .El 1!1111111! nt. Codi!! uu:I. I t.11 i\p:p-l k-R-t E or.. 
to G't1o!I c lenc.ll!r :Jl•.11it1 lllt'tZ:~, P:co~ ~1nH niss 17th 1n€'Dnwi.i;:1 l'lr.. ilttoll! ~ !n,g a f t.h-11: 
t~u.;? h··U: i\19 l .,.,_..s ta .H•nage11l!:nl: J°TC!jl" .Jlllll, i"i te>tll lit Energy Df C'.a.N1d111, l.ird . 
T1111chalc.11.E ~~a~d T.li.·l~~ pp. !~,-~6i. 
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H.ag.tirr;;;:.i I IJ.J .• J. L. r~1 • .af'.rd 1 . .f. HHr. Jr. 1'7"4. .Sc.HI!. 1.1ui::1111 "'-:i.a.£ii'lllllflU . 
..... n til,;i atr •'l'J t:-e-1 nha ld r:::alll'F"l:fl)', ~11v Yoirll:, Raw Yl(!l:r!tc. 

lii,a,jt -Dj111f".11.!;:".L S, l~;JI). l!.111r'11 M .. a;n.....,1 GE:Cln..a.f G:r,;i\J.nd111.at111::1.• Flow •r.d l'tl..H 
1utui pi::. H Coarpu.t:..11 !!:" :Pr-o-gr.u. D • 4901 onl&. l'l:: C.i!lbur;t..., l'11111nt'111y h.an!.& 

H.uuarn. .M. J. , .a.nd B.roc.;i:., JI; & . ;. i;is.r. . !i ;::{"~ p IJ.4.111'1 iil4I c:h.as: i• !;O J:tv: 111:1111.d ll.11 z:.•r 
J.11bl1111. l~!f~.,a,l of ~h1: Hydrault~ :f::A!.gint.tring btv1•1o~. ASCE. 110(~)~~16· 
40:.~. 

H.ant;w;h, M:, S •96ii. G~i:n.:th 111.nd Diro;;•y "Df Crl!:n.1:nd1141~r-liot.i::id~ in ll!ui:ions1: t:D 
l.'nlfor:m F1:rcoht1\ll'I i.11.1[.er Jl.HDUl"'~•• llUM't'..:h. 3: 22] .;!:)..;.. 

ff1111T•:l.:I.. II.. C:. , and .f. l. P.uey . L 91 :i! • S r."'llt IS:":: ~g.H .L i:m.s t nt.ci ~·Ht k .i..1: f~• 
l....i!.a!!:ha i;:6 At !ftim.Jo•t lan !.n th111: l-'fm• t.ur• tad ::?.cina ~ t Tr h1:1=J1 k S.(l.nda t .. "M!;ll. 

tn: E!Cec:ts of W•t.~e Disposal Gn Cr~~•t•~ and Su~f•c~ ~at1:r. R 
terry (~d .. ). lr.t1:rn.ll.ttcr&.1l A~to.t:Latioin D! Jtyorol~gic•l ~~t~nc~a. 
~l!c .. tion Ho ]1~ ~~- 1-!."l-~5!'1. 

HaJ:G, H E .,9:i!. e:ff1:~i:.:1- ~n. Ll..ru!r -~.li:C-11:1!"1.L~J: .i:>f u:mg·'f•lnlt ~pO:lil!Utl ln \1.11.JIC:lill 
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Section 7.0 

APPENDIX 

This appendix is taken from an Engineer's Thesis by Douglas Burman (1983) at 
Stanford University. The thesis represents an attempt to estimate the 
probability that waste will escape from a landfill. It contains a fault tree 
that graphically represents the combination of events that can lead to the 
event "Waste Material from Landfill Migrates Uncontrolled." The fault tree 
is shown in figures 7.1 through 7.8. 

The fault tree can be used to predict the probability of a specific event if 
the probabilities of the basic events (events "below" the "specific" event) 
are known. For example, as shown in figure 7.1, the probability that waste 
material from the landfill migrates uncontrolled can be determined if the 
probabilities of the following events are known: 1) the waste material 
breaches the engineering boundary of the landfill and 2) the migration is 
not controlled. In this example, the events are related by an "and" 
function, indicating that both basic events must occur in order for leachate 
to migrate uncontrolled from the landfill. Basic events related by an "or" 
function indicate that if any one of the events occurs, the higher event 
will occur. 

Burman concluded that is it not currently possible to accurately estimate 
the probability of uncontrolled leachate migration. This is because the 
probability estimates cannot be assigned to many of the significant basic 
events that can result in the failure of the control methods in a landfill. 
For example, there is very limited data available related to the probability 
of failure of leachate control system or the loss of cap integrity. However, 
the fault tree is useful for delineating the data that should be collected 
in order to accurately eliminate the probability of occurrence of basic 
events. As the available data increases, it may be possible to successfully 
apply the fault tree analysis to obtain probability estimates of failure of 
landfill control designs. 

Although an accurate estimate of the probability of uncontrolled leachate 
migration could not be determined, the fault tree analysis is still useful. 
The fault tree provides a concise description of the interaction of events 
that can lead to the uncontrolled migration of wastes. The diagram may 
provide insight into the effects of engineering or policy decisions on 
landfill performance (Burman 1983) . 
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