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ha s  been a pproved a s  a n EPA docu m ent.  M ention of tra de na m es  or com m ercia l produ cts
does  not cons titu te endors em ent or recom m enda tion for u s e by the U.S. Environm enta l
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FOREW ORD

As  environm enta l controls  becom e m ore cos tly to im plem ent a nd the pena lties  of ju dg em ent
errors  becom e m ore s evere, environm enta l qu a lity m a na g em ent requ ires  m ore efficient
a na lytica l tools  ba s ed on g rea ter k now ledg e of the environm enta l phenom ena  to be m a na g ed. 
As  pa rt of this  La bora tory's  res ea rch on the occu rrence, m ovem ent, tra ns form a tion, im pa ct,
a nd control of environm enta l conta m ina nts , the As s es s m ent Bra nch is  developing
m a na g em ent or eng ineering  tools  tha t ca n be u s ed by Sta tes  to protect pu blic drink ing  w a ter
w ells  from  pos s ible conta m ina tion.

The 1986 Am endm ents  to the Sa fe Drink ing  W a ter Act requ ire ea ch Sta te to develop a nd
s u bm it to the U.S. EPA a  w ellhea d protection prog ra m .   As  pa rt of the prog ra m , Sta tes  m u s t
es ta blis h procedu res  for delinea ting  w ellhea d protection a rea s  a rou nd ea ch w a ter w ell or w ell
field w hich s u pplies  a  pu blic w a ter s ys tem .  In order to delinea te w ellhea d protection a rea s  in
a g ricu ltu ra l reg ions  u s ing  the a s s im ila tive ca pa city criterion, the 3DFEM W ATER/3DLEW ASTE
m odel ha s  been developed.  Thes e finite elem ent nu m erica l codes  s im u la te 1) flow  a nd
tra ns port in three-dim ens iona l va ria bly-s a tu ra ted porou s  m edia  u nder tra ns ient conditions , 2)
m u ltiple dis tribu ted a nd point s ou rces /s ink s , a nd 3) proces s es  w hich reta rd the tra ns port of
conta m ina nts .

                                          Ros em a rie C. Ru s s o, Ph.D.
                                          Director
                                          Environm enta l Res ea rch La bora tory
                                          Athens , G eorg ia
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ABSTRACT

The 1986 Am endm ents  to the Sa fe Drink ing  W a ter Act requ ire ea ch Sta te to develop a nd
s u bm it to the U.S. EPA a  w ellhea d protection prog ra m .  As  pa rt of the prog ra m , Sta tes  m u s t
es ta blis h procedu res  for delinea ting  w ellhea d protection a rea s  a rou nd ea ch w a ter w ell or w ell
field w hich s u pplies  a  pu blic w a ter s ys tem .  Of the five criteria  tha t ha ve been s u g g es ted by the
U.S. EPA for delinea ting  w ellhea d protection a rea s , the a s s im ila tive ca pa city criterion is
potentia lly the m os t a ccu ra te.  It ta k es  into a ccou nt the redu ction in concentra tion of
conta m ina nts  being  tra ns ported tow a rd a  w ell ca u s ed by chem ica l a nd environm enta l
proces s es  a t the la nd s u rfa ce a nd in the va dos e a nd s a tu ra ted zones .  

Na tionw ide, a g ricu ltu ra l a rea s  a re loca ted in m a ny divers e hydrog eolog ic environm ents . 
Recha rg e a nd pu m ping  ra tes  ca n va ry w idely w ithin a n a rea  beca u s e of irrig a tion pra ctices
a nd/or clim a te.  In a ddition, conta m ina tion s cena rios  m u s t cons ider m u ltiple point a nd nonpoint
s ou rce loa ding s  of pes ticides  w hich va ry both s pa tia lly a nd tem pora lly.  In order to delinea te
w ellhea d protection a rea s  in a g ricu ltu ra l reg ions  u s ing  the a s s im ila tive ca pa city criterion, the
u s e of a  nu m erica l m odel w hich a ccou nts  for 1) flow  a nd tra ns port in three-dim ens iona l
va ria bly-s a tu ra ted porou s  m edia  u nder tra ns ient conditions , 2) m u ltiple dis tribu ted a nd point
s ou rces /s ink s , a nd 3) proces s es  w hich reta rd the tra ns port of conta m ina nts , is  needed.  

This  docu m ent des cribes  tw o rela ted nu m erica l codes , 3DFEM W ATER a nd 3DLEW ASTE,
w hich ca n be u s ed to delinea te w ellhea d protection a rea s  in a g ricu ltu ra l reg ions  u s ing  the
a s s im ila tive ca pa city criterion.  3DFEM W ATER (A Three-dim ens iona l Finite Elem ent M odel of
W ATER Flow  throu g h Sa tu ra ted-Uns a tu ra ted M edia ) s im u la tes   s u bs u rfa ce flow s , w herea s
3DLEW ASTE (A Hybrid Three-Dim ens iona l La g ra ng ia n-Eu leria n Finite Elem ent M odel of
W ASTE Tra ns port throu g h Sa tu ra ted-Uns a tu ra ted M edia ) m odels  conta m ina nt tra ns port.  Both
codes  1) trea t heterog eneou s  a nd a nis otropic m edia  cons is ting  of a s  m a ny g eolog ic form a tions
a s  des ired, 2) cons ider both dis tribu ted a nd point s ou rces /s ink s  tha t a re s pa tia lly a nd
tem pora lly dependent, a nd 3) a ccept fou r types  of bou nda ry conditions  (i.e., Dirichlet (fixed-
hea d or concentra tion), s pecified-flu x, Neu m a nn (s pecified-pres s u re-hea d g ra dient or
s pecified-dis pers ive flu x), a nd va ria ble).  The va ria ble bou nda ry condition in 3DFEM W ATER
s im u la tes  eva pora tion/infiltra tion/ s eepa g e on the s oil-a ir interfa ce a nd in 3DLEW ASTE,
s im u la tes  m a s s  infiltra tion into or a dvection ou t of the s ys tem .  3DLEW ASTE conta ins  options
to m odel a ds orption u s ing  a  linea r, Freu ndlich, or La ng m u ir is otherm , dis pers ion, a nd firs t-
order deca y.
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This  report w a s  s u bm itted in pa rtia l fu lfillm ent of W ork  As s ig nm ent Nu m ber 1, Contra ct Nu m ber
68-CO-0 0 19 by AQUA TERRA Cons u lta nts , u nder the s pons ors hip of the U.S. Environm enta l
Protection Ag ency.  This  report covers  the period M a y 1991 to J u ly 1992, a nd w ork  w a s
com pleted a s  of Au g u s t 1992.
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SECTION 1

INTRODUCTION

This  docu m ent des cribes  tw o rela ted nu m erica l codes , 3DFEM W ATER a nd 3DLEW ASTE. 
Tog ether thes e codes  ca n m odel flow  a nd tra ns port in three-dim ens iona l va ria bly-s a tu ra ted
porou s  m edia  u nder tra ns ient conditions , w ith m u ltiple dis tribu ted a nd point s ou rces /s ink s , a nd
cons idering  proces s es  w hich reta rd the tra ns port of conta m ina nts  (i.e., dis pers ion, deca y a nd
a ds orption).  Thu s , they ca n be u s ed to a pply the a s s im ila tive ca pa city criterion to the
developm ent of w ellhea d protection a rea s .  Ba ck g rou nd inform a tion a bou t w ellhea d protection
a rea  delinea tion criteria  a nd m ethods  is  provided in Section 1.1.  The fea tu res  a nd
im plem enta tion of the 3DFEM W ATER/3DLEW ASTE codes  a re dis cu s s ed in Section 1.2 a nd
the contents  of this  docu m ent a re s u m m a rized in Section 1.3. 

It is  im porta nt to note tha t the vers ion of 3DFEM W ATER/3DLEW ASTE docu m ented in this
u s er's  m a nu a l ha s  s u bs ta ntia l CPU tim e requ irem ents .  A fa s ter vers ion of the m odel is
cu rrently being  developed.

1.1  W ELLHEAD PROTECTION AREA DELINEATION

The 1986 Am endm ents  to the Sa fe Drink ing  W a ter Act requ ire ea ch Sta te to develop a nd
s u bm it to the U.S. EPA a  w ellhea d protection prog ra m .  As  pa rt of the prog ra m , Sta tes  m u s t
es ta blis h procedu res  for delinea ting  w ellhea d protection a rea s  a rou nd ea ch w a ter w ell or w ell
field w hich s u pplies  a  pu blic w a ter s ys tem .  A w ellhea d protection a rea  (W HPA) is  defined a s
the s u rfa ce a nd s u bs u rfa ce a rea  s u rrou nding  a  w a ter w ell or w ell field throu g h w hich
conta m ina nts  a re lik ely to be tra ns ported a nd rea ch the w ell or w ellfield.  W ithin the W HPA,
conta m ina nt s ou rces  need to be a s s es s ed a nd m a na g ed to prevent pollu tion of pu blic drink ing
w a ter s u pplies .  Exis ting  W HP prog ra m s  a re g enera lly a im ed a t one of the follow ing  overa ll
protection g oa ls :

! Provide a  rem edia l a ction zone to protect w ells  from  u nexpected conta m ina nt
relea s es .

! Provide a n a ttenu a tion zone to bring  concentra tions  of s pecific conta m ina nts  to
des ired levels  a t the tim e they rea ch the w ellhea d.

! Provide a  w ell-field m a na g em ent zone in a ll or pa rt of a  w ell's  pres ent or fu tu re
recha rg e a rea .
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Five criteria  ha ve been s u g g es ted by the U.S. EPA (U.S. EPA, 1987) for delinea ting  w ellhea d
protection a rea s  tha t w ill a dequ a tely protect pu blic w a ter s u pplies .  The criteria  a re:

! Dis ta nce, w hich cons iders  a  ra dia l dis ta nce from  the pu m ping  w ell.

! Dra w dow n, w hich cons iders  a n a rea  w ithin w hich a n a qu ifer's  potentiom etric
s u rfa ce ha s  been low ered by pu m ping .

! Tim e of tra vel, w hich cons iders  the tim e requ ired for a  conta m ina nt to m ove
throu g h the s u bs u rfa ce to a  w ell (often only cons idering  a dvection).

! Flow  s ys tem  bou nda ries , w hich cons ider the g eog ra phic or hydrolog ic fea tu res
tha t control g rou ndw a ter flow .

! As s im ila tive ca pa city, w hich cons iders  environm enta l fa ctors  w hich redu ce the
concentra tion of conta m ina nts  tra ns ported to a  w ell.

One or m ore of the criteria  m a y be u s ed.  The m os t technica lly dem a nding , bu t a ls o potentia lly
the m os t a ccu ra te, is  the a s s im ila tive ca pa city criterion.  The a s s im ila tive ca pa city criterion
ta k es  into a ccou nt the redu ction in concentra tion of conta m ina nts  being  tra ns ported tow a rd a
w ell ca u s ed by chem ica l a nd environm enta l proces s es  a t the la nd s u rfa ce a nd in the va dos e
a nd s a tu ra ted zones .  

The U.S. EPA ha s  des cribed s ix m ethods  for a pplying  the criteria  to the delinea tion of W HPAs . 
Lis ted in order of difficu lty, the m ethods  a re:

! Arbitra ry fixed ra diu s , w hich involves  dra w ing  a  circle a rou nd a  w ell.  The ra diu s  of
the circle ca n be ba s ed on profes s iona l ju dg em ent or a n es ta blis hed dis ta nce
criterion.

! Ca lcu la ted fixed ra diu s , in w hich the ra diu s  of a  circle a rou nd the w ell is
determ ined from  a n equ a tion w hich cons iders  the volu m e of w a ter pu m ped from  a
w ell over a  s pecified tim e.

! Sim plified va ria ble s ha pes , w hich m a k es  u s e of "s ta nda rdized form s "
repres enting  va riou s  hydrog eolog ic a nd pu m ping  conditions .  The s et of
s ta nda rdized form s  a re initia lly prepa red u s ing  a n a na lytica l m odel.  Su bs equ ent
a pplica tion involves  s electing  the m os t a ppropria te s ha pe for a  g iven w ell.

! Ana lytica l m ethods , w hich involve the a pplica tion of a na lytica l g rou ndw a ter flow
a nd tra ns port m odels .

! Hydrog eolog ic m a pping , w hich m a k es  u s e of g eolog ic, g eophys ica l, a nd dye
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tra cing  techniqu es  to m a p a  W HPA.

! Nu m erica l m odels , w hich involve the a pplica tion of nu m erica l m odels  of flow  a nd
s olu te tra ns port in the s u bs u rfa ce.

Applica tion of the firs t three m ethods  is  s u ita ble for only a  very lim ited nu m ber of s ites , s u ch a s
extens ive, hom og eneou s , s ing le a qu ifers  w ith a  rela tively fla t potentiom etric s u rfa ce.  W hile
a na lytica l m ethods  a re u s u a lly m ore technica lly a ccu ra te tha n the firs t three m ethods , their
a pplica tion is  s till res tricted to rela tively s im ple hydrog eolog ic environm ents .  Hydrog eolog ic
m a pping  m a y be the only rea s ona ble m ethod u nder s om e hydrog eolog ic conditions , s u ch a s
k a rs t or fra ctu red a qu ifers .  How ever, it w ill a ls o be neces s a ry for s om e hydrog eolog ic m a pping
to be perform ed for a pplica tion of either a na lytica l or nu m erica l m odels . 
Nu m erica l m odels  provide the g rea tes t flexibility a nd a ccu ra cy in repres enting  com plex
environm ents  a nd ca n be a pplied to nea rly a ll types  of hydrog eolog ic s etting s .  The m odels
ca n a ls o be u s ed to predict the dyna m ic a s pects  of the W HPA, s u ch a s  cha ng es  in the s ize of
the W HPA res u lting  from  na tu ra l or m a n-m a de effects .  Dis a dva nta g es  for this  m ethod inclu de
cos ts  tha t a re hig h rela tive to other m ethods  a nd the need for cons idera ble technica l expertis e
in hydrog eolog y a nd m odeling .  The cos t m a y be w a rra nted in a rea s  w here a  hig h deg ree of
a ccu ra cy is  des ired, how ever.  Als o, du e to lim ita tions  on m odel g rid s pa cing  a nd dens ity,
nu m erica l m odels  a re s om etim es  les s  s u ita ble tha n a na lytica l m ethods  for a s s es s ing
dra w dow ns  clos e to pu m ping  w ells .    

The m ore rig orou s  the m ethod u s ed for W HPA delinea tion, the s m a ller the W HPA ca n be
w ithou t ris k ing  u nderprotection a nd the a s s ocia ted potentia l for w a ter qu a lity deg ra da tion. 
W hen a  s m a ller W HPA ca n be defined w ithou t g enera ting  u na ccepta ble ris k , la nd u s e
res trictions  ca n be k ept to a  m inim u m  a long  w ith the potentia l econom ic ha rds hips  a s s ocia ted
w ith la nd u s e res trictions .  The choice of W HPA delinea tion m ethodolog y becom es  a  decis ion
ba s ed on g enera ting  a n a ccepta ble m a rg in of s a fety, w hile ba la ncing  the econom ic ha rds hips
to a ffected pa rties  w ith the technica l a nd econom ic fea s ibility of m inim izing  the W HPA.

1.1.1  Is s u es  Rela ted to Ag ricu ltu ra l Reg ions

Na tionw ide, a g ricu ltu ra l a rea s  a re loca ted in m a ny divers e hydrog eolog ic environm ents  (e.g .,
m u ltiple a qu ifer s ys tem s , fra ctu red a nd/or k a rs t s ys tem s , a nd s ys tem s  w ith w ide va ria tions  in
depth to the w a ter ta ble).  In a ddition, recha rg e ca n va ry w idely beca u s e of irrig a tion pra ctices
a nd/or clim a te.  Als o, dom es tic a nd irrig a tion w ells , w hich pu m p a t different a nd va rying  ra tes ,
a re com m only loca ted throu g hou t a g ricu ltu ra l reg ions .  Therefore, the a bility to m odel tra ns ient
flow  conditions  (i.e., tra ns ient recha rg e, a  flu ctu a ting  w a ter ta ble, a nd tra ns ient pu m ping  from  a
va riety of points  in x,y,z s pa ce) for a  w ide va riety of hydrog eolog ic conditions  is  im porta nt.

Conta m ina tion s cena rios  in a g ricu ltu ra l reg ions  m u s t cons ider m u ltiple point a nd nonpoint
s ou rce loa ding s  w hich va ry both s pa tia lly a nd tem pora lly.  For exa m ple, s pills , lea k s , or the
direct introdu ction of chem ica ls  into w ell ca s ing s  ca n res u lt in point s ou rces  of conta m ina tion,
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w herea s  chem ica l a pplica tion to fields  ca n res u lt in nonpoint s ou rces  of conta m ina tion.  

Pes ticide loa ding s  to the s u bs u rfa ce a re a ffected by s u rfa ce proces s es  a nd a g ricu ltu ra l
m a na g em ent pra ctices .  Exa m ples  inclu de ru noff, eros ion, chem ica l vola tiliza tion,
eva potra ns pira tion, tilla g e pra ctices , a nd the m ethod, a m ou nt, a nd tim ing  of pes ticide
a pplica tion.  M os t of thes e proces s es  requ ire deta iled m odeling  of the s u rfa ce environm ent
a nd a re not a ddres s ed in m odels  of s u bs u rfa ce flow  a nd tra ns port.  Therefore, it is  s u g g es ted
tha t text or m a trix ra nk ing  or the s epa ra te a pplica tion of a n exis ting  m odel be u s ed to es tim a te
recha rg e a nd s olu te loa ding  to the s u bs u rfa ce (e.g ., PRZM -2, s ee M u llins  et a l., 1992).

The conta m ina nts  of concern in a g ricu ltu ra l reg ions  a re predom ina ntly org a nic pes ticides  a nd
nitra tes .  Pes ticides  a re typica lly pres ent in the s u bs u rfa ce in dilu te concentra tions .  Beca u s e
interes t in a g ricu ltu ra l a rea s  is  lik ely to focu s  on dilu te org a nic pes ticides , is s u es  s u ch a s  the
tra ns port of m eta ls , the intera ctions  of com plex m ixtu res , or im m is cible flow  a re not a ddres s ed
by this  m odel.  Als o, beca u s e of the com plexity of the proces s es  a s s ocia ted w ith the tra ns port
of nitra tes , nitra te conta m ina tion ca n not be m odeled u s ing  3DFEM W ATER/3DLEW ASTE.

1.2  THE 3DFEM W ATER/3DLEW ASTE W HPA M ODEL

3DFEM W ATER (A Three-dim ens iona l Finite Elem ent M odel of W ATER Flow  throu g h
Sa tu ra ted-Uns a tu ra ted M edia ) ca n be u s ed to inves tig a te s u bs u rfa ce flow s  a s  a  s ta nd-a lone
m odel or it ca n be u s ed to provide the hydrolog ic flow  va ria bles  requ ired by 3DLEW ASTE. 
The s pecia l fea tu res  of 3DFEM W ATER a re its  flexibility a nd vers a tility in m odeling  a  w ide
ra ng e of rea l-w orld problem s .  The m odel is  des ig ned to: 

! Trea t heterog eneou s  a nd a nis otropic m edia  cons is ting  of a s  m a ny g eolog ic
form a tions  a s  des ired.

! Cons ider both dis tribu ted a nd point s ou rces /s ink s  tha t a re s pa tia lly a nd tem pora lly
dependent.

! Accept pres cribed initia l conditions  or obta in them  by s im u la ting  a  s tea dy-s ta te
vers ion of the s ys tem  u nder cons idera tion.

! Dea l w ith a  tra ns ient hea d va ria tion over a  fixed-hea d (Dirichlet) bou nda ry.

! Ha ndle tim e-dependent flu xes  du e to a  va rying  pres s u re g ra dient a long  a  s pecified-
pres s u re-hea d g ra dient (Neu m a nn) bou nda ry.

! Trea t tim e-dependent tota l flu xes  dis tribu ted over a  s pecified-flu x (Ca u chy)
bou nda ry.

! Au tom a tica lly determ ine va ria ble bou nda ry conditions  of eva pora tion, infiltra tion, or
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s eepa g e on the s oil-a ir interfa ce.

! Inclu de the off-dia g ona l hydra u lic condu ctivity com ponents  in the m odified Richa rd's
equ a tion in order to dea l w ith ca s es  w hen the coordina te s ys tem  does  not coincide
w ith the principa l directions  of the hydra u lic condu ctivity tens or.

! Provide three options  (exa ct, u nder-, a nd over-rela xa tion) for es tim a ting  the
nonlinea r m a trix.

! Inclu de tw o options  (s u cces s ive s u breg ion block  itera tions  a nd s u cces s ive point
itera tions ) for s olving  the linea rized m a trix equ a tions .

! Au tom a tica lly res et the tim e-s tep s ize w hen bou nda ry conditions  or s ou rces /s ink s
cha ng e a bru ptly.

3DLEW ASTE (A Hybrid Three-Dim ens iona l La g ra ng ia n-Eu leria n Finite Elem ent M odel of
W ASTE Tra ns port throu g h Sa tu ra ted-Uns a tu ra ted M edia ) u s es  a  hybrid La g ra ng ia n-Eu leria n
a pproa ch.  In com pa ris on to conventiona l finite elem ent (inclu ding  both G a lerk in a nd u ps trea m
finite elem ent) or finite difference (inclu ding  both centra l a nd u pw ind finite difference) m odels ,
3DLEW ASTE offers  s evera l a dva nta g es .  Firs t, it com pletely elim ina tes  nu m erica l os cilla tion
du e to a dvection term s .  Second, it ca n be a pplied to m es h Peclet nu m bers  ra ng ing  from  zero
to infinity, w hile conventiona l finite elem ent or finite difference m odels  typica lly im pos e s evere
res trictions  on the m es h Peclet nu m ber.  Third, it ca n u s e very la rg e tim e-s tep s izes  to g rea tly
redu ce nu m erica l dis pers ion.  In fa ct, the la rg er the tim e s tep, the better is  the s olu tion w ith
res pect to a dvective tra ns port.  The tim e-s tep s ize is  only lim ited by the a ccu ra cy requ irem ent
w ith res pect to diffu s ive/dis pers ive tra ns port, w hich is  norm a lly not a  very s evere res triction. 
Fina lly, the hybrid La g ra ng ia n-Eu leria n finite elem ent a pproa ch is  a lw a ys  s u perior to a nd w ill
never be w ors e tha n its  corres ponding  u ps trea m  finite elem ent m ethod. 

The 3DLEW ASTE m odel is  des ig ned to: 

! Trea t heterog eneou s  a nd a nis otropic m edia .

! Cons ider s pa tia lly a nd tem pora lly dis tribu ted, a s  w ell a s  point s ou rces /s ink s .

! Accept pres cribed initia l conditions  or obta in them  by s im u la ting  a  s tea dy-s ta te
vers ion of the s ys tem  u nder cons idera tion.

! Dea l w ith tra ns ient concentra tions  dis tribu ted over pres cribed-concentra tion
(Dirichlet) bou nda ries .

! Ha ndle tim e-dependent flu xes  over va ria ble bou nda ries .
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! Dea l w ith tim e-dependent tota l flu xes  over s pecified-flu x (Ca u chy) bou nda ries .

! Ha ndle tim e-dependent flu xes  over s pecified-dis pers ive-flu x (Neu m a nn)
bou nda ries . 

! Inclu de the off-dia g ona l dis pers ion coefficient tens or com ponents  in the g overning
equ a tion for dea ling  w ith ca s es  w hen the coordina te s ys tem  does  not coincide w ith
the principa l directions  of the dis pers ion coefficient tens or.

! Provide tw o options  of trea ting  the m a s s  m a trix--cons is tent a nd lu m ping .

! Provide three options  (exa ct, u nder- a nd over-rela xa tion) for es tim a ting  the
nonlinea r m a trix.

! Inclu de a  block  itera tion m ethod to s olve the linea rized m a trix equ a tions  to elim ina te
the exces s ive s tora g e dem a nds  of a  direct ba nd m a trix s olu tion.

! Au tom a tica lly res et the tim e-s tep s ize w hen bou nda ry conditions  or s ou rces /s ink s
cha ng e a bru ptly.

! Sim u la te firs t-order conta m ina nt deca y.

! Inclu de three a ds orption m odels --a  linea r is otherm , nonlinea r Freu ndlich, or
La ng m u ir is otherm .

1.2.1  Experience Requ ired to Apply 3DFEM W ATER/3DLEW ASTE

The com plexity a nd s ophis tica tion of the 3DFEM W ATER/3DLEW ASTE nu m erica l codes  lim its
the nu m ber of people w ho ca n s u cces s fu lly u s e the codes  to a pply the a s s im ila tive ca pa city
criterion in w ellhea d protection a rea  delinea tion.  The u s er com m u nity is  expected to be Sta te
pers onnel, a s  w ell a s  pers onnel a t the U.S. EPA hea dqu a rters  a nd reg iona l offices , w ho a re
experienced nu m erica l m odelers  w ith a  s trong  ba ck g rou nd in hydrog eolog y.

1.2.2  Im plem enting  a  3DFEM W ATER/3DLEW ASTE M odeling  Stu dy

Im plem enta tion of a  3DFEM W ATER/3DLEW ASTE m odeling  s tu dy repres ents  a  hig hly rig orou s
eva lu a tion of a  w ellhea d s ite.  The s tu dy is  g enera lly a im ed a t delinea ting  the W HPA w ith a
hig h deg ree of certa inty.  The project tea m  ca n ta k e into cons idera tion the s pecific na tu re of
pres ent a nd fu tu re w ellfields , the phys ica l a nd chem ica l na tu re of potentia l conta m ina nt
s ou rces , the effect of hu m a n a ctivities , a s  w ell a s  the com plexity of the g rou ndw a ter flow
s ys tem  throu g h w hich the conta m ina nts  tra vel.

Althou g h 3DFM EW ATER/3DLEW ASTE s tu dies  ca n provide flexibility in defining  the
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hydrog eolog ic environm ent a nd conta m ina nt s ou rces , they a re lim ited by the qu a ntity a nd
qu a lity of phys ica l a nd chem ica l da ta  a va ila ble to define the s ys tem .  W hen s eek ing  to define
the zone of contribu tion in a  W HPA u s ing  a  3DFEM W ATER/3DLEW ASTE a na lys is , there is  a
la w  of dim inis hing  retu rns .  The econom ic benefits  g a ined from  being  a ble to m inim ize la nd u s e
res trictions  m u s t be w eig hed a g a ins t the cos ts  of g enera ting  the neces s a ry da ta  a nd a pplying
the m odel.

W ellfield g eom etry a nd the s pa tia l dis tribu tion of w ells  w ithin a  field ca n s trong ly a ffect
s u bs u rfa ce flow  a t reg iona l a nd loca l s ca les .  U s ing  the 3DFEM W ATER/3DLEW ASTE m odel,
a n inves tig a tor ca n cons ider the influ ence of a  w ellfield on the reg iona l flow  s ys tem .  On the
loca l s ca le, the effects  of pa rtia l penetra tion a s s ocia ted w ith w ell s creening  interva ls  ca n a ls o
be cons idered.  Loca lized flow  pa tterns , w hich res u lt from  pertu rba tions  to the flow  field a nd
the heterog eneou s  na tu re of the g eolog ic m ediu m , influ ence the m ovem ent of dis s olved
conta m ina nts  a nd determ ine 1) the a m ou nt of tim e requ ired for a  dis s olved s pecies  to rea ch
the w ellfield a nd 2) the deg ree of a ttenu a tion of the s pecies  a s  it a pproa ches  the field.  

The 3DFEM W ATER/3DLEW ASTE m odel a ls o a llow s  the u s er to exa m ine the influ ence of
tem pora l cha ng es  in w ell produ ction on conta m ina nt m obility.  The influ ence of s ea s ona l
va ria tions  in w ell produ ction a nd other periodic va ria tions  (i.e., drou g ht conditions ,
u ns ea s ona bly w a rm  s u m m ers , etc.), ca n s trong ly a ffect the potentia l for a  conta m ina nt to
rea ch a  w ellfield a t u na ccepta ble levels  or in a n u na ccepta ble a m ou nt of tim e.  The tem pora l
va ria tions  in w ell produ ction ca n be cons idered in conju nction w ith a s s ocia ted tem pora l
cha ng es  in recha rg e a nd eva potra ns pira tion ra tes . 

As  inferred a bove, the 3DFEM W ATER/3DLEW ASTE m odel is  not lim ited to dis cretiza tion of
the flow  field into reg u la rly s ha ped pris m a tic block s  (i.e. tria ng u la r a nd recta ng u la r pris m s ). 
Therefore cons idera tion of the heterog eneou s  na tu re of a  m odeled s ys tem  is  m a inly lim ited by
either the a va ila bility of da ta  or the com pu ta tiona l pow er of the com pu ter u tilized.  There is  a
pra ctica l lim ita tion on the deg ree of heterog eneity w hich ca n be s im u la ted, ba s ed on the
conflict betw een the g rid block -s ize res trictions  needed to circu m vent converg ence problem s
a nd the nu m ber of block s  tha t a  com pu ter ca n ha ndle in a  tim e-efficient m a nner.  W ithin thes e
res trictions , it is  the m odel u s er's  g oa l to m a xim ize the extent to w hich the influ ence of s oil a nd
rock -type heterog eneities  a ffect the flow  s ys tem .  

In na tu re, heterog eneities  g enera te a  s trong  control on the loca l pa thw a ys  tha t the dis s olved
chem ica ls  w ill follow .  The tendency for w a ter to flow  throu g h low  res is ta nce (hig h condu ctivity)
pa thw a ys  provides  a  s hort circu iting  effect tha t ca n a ccelera te the m ovem ent of chem ica ls  to a
w ellfield.  In contra s t, occu rrences  of hig h res is ta nce (low  condu ctivity) m edia  betw een the
s ou rce a nd the s creened interva ls  of w ells  ca n inhibit the conta m ina nt from  rea ching  the w a ter
s u pply or a ttenu a te the conta m ina nt to s a fe concentra tion levels  before it rea ches  the w a ter
s u pply.  The u ncerta inty a s s ocia ted w ith a  W HPA a na lys is  is  directly rela ted to the pres ence of
heterog eneity in the a qu ifer properties .  As  the deg ree of heterog eneity decrea s es , the
pos s ibility of u nderes tim a ting  or overes tim a ting  the chem ica l m ig ra tion is  redu ced.  On the
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other ha nd, the potentia l for conta m ina tion is  m os t u ncerta in w hen u s ing  bu lk  properties  or
u s ing  a d hoc va ria nces  in the va lu es  of effective poros ity, dis pers ivity a nd hydra u lic
condu ctivities . 

Since the flow  portion of 3DFEM W ATER/3DLEW ASTE s im u la tes  va ria bly-s a tu ra ted conditions ,
a  m ore a ccu ra te m odel of w a ter s tora g e in u nconfined or pa rtia lly confined s ys tem s  ca n be
g enera ted.  The u s er ca n cons ider dra ining  (a nd filling ) of pore s pa ces  a bove the w a ter ta ble,
w hich ca n da m p the effect of tim e-va ria nt cha ng es  in w ell produ ction, recha rg e a nd
eva potra ns pira tion on the flow  s ys tem .  Rig orou s  repres enta tion of the u ns a tu ra ted zone a ls o
perm its  exa m ina tion of the influ ence of va ria ble s a tu ra tion on the m obility of conta m ina nts . 
Vertica l infiltra tion throu g h the u ns a tu ra ted zone a nd the a s s ocia ted la tera l s prea ding  of
conta m ina nts , du e to the occu rrence of s edim ent lens es  of va riou s  g ra in s izes , ca n be
cons idered.  Explicit s im u la tion of the u ns a tu ra ted zone a ls o a llow s  for direct cons idera tion of
the conta m ina nt s tora g e ca pa city of the u ns a tu ra ted zone.  This  m ore a ccu ra tely depicts  the
role of the u ns a tu ra ted zone a s  a  s ou rce of conta m ina nt infiltra tion into the s a tu ra ted zone. 
The a va ila bility of different a ds orption m odels  (linea r, Freu ndlich a nd La ng m u ir) a llow s  the u s er
to choos e a  conta m ina nt s tora g e ca pa city a ppropria te for the w a s te being  m odeled.  

The 3DFEM W ATER/3DLEW ASTE m odel inclu des  a  rela tively rig orou s  repres enta tion of
conta m ina nt s ou rces  by u s ing  a  va riety of tim e-dependent bou nda ry conditions  types . 
Conta m ina nt s ou rces  m a y be repres ented not only a s  point s ou rces  or s ou rces  of s im ple
g eom etry, a s  a s s u m ed in a na lytica l s olu tions , bu t a ls o a s  s ou rces  of va ria ble g eom etry. 
W here a pplica ble, conta m ina nts  a lrea dy pres ent in the s u bs u rfa ce w a ter a nd s olid m a trix a t
the s ta rt of a  m odeling  s tu dy ca n a ls o be s im u la ted.  The u s e of infiltra tion or recha rg e options
a va ila ble in the 3DFEM W ATER/3DLEW ASTE m odel provides  a  g ood m ethod of s im u la ting
conta m ina nt s ou rces  s u ch a s  s pa tia lly- a nd tem pora lly-va ria nt pes ticide or fertilizer a pplica tions
to a g ricu ltu ra l a rea s . 

The intera ction of the reg iona l flow  field a nd loca l w ellfield pertu rba tions  ca n be ha ndled in tw o
w a ys  u s ing  3DFEM W ATER/3DLEW ASTE.  The loca lized flow  field m a y be im plem ented a s  a
finely dis cretized portion of the la rg er s ys tem  w here the bou nda ry conditions  a re g enera lly
a s s ocia ted w ith the reg iona l flow  field.  The problem  ca n a ls o be brok en u p into tw o problem s
of different s ca les , w here the reg iona l flow  s ys tem  is  m odeled for flow  only a nd the loca l
s ys tem  is  m odeled for flow  a nd tra ns port w ith the bou nda ry conditions  g enera ted from  the
reg iona l flow  m odel.  The deg ree of intera ction betw een the tw o m odels  is  dicta ted by the
deg ree of a ccu ra cy des ired, a nd the pla cem ent of loca l s ys tem  bou nda ries .

1.3  ORG ANIZATION OF THE DOCUM ENT

This  docu m enta tion conta ins  the inform a tion needed to u nders ta nd a nd a pply the
3DFEM W ATER/3DLEW ASTE codes  to w ellhea d protection a rea  delinea tion problem s . 
Section 2 conta ins  inform a tion on m odel dis tribu tion a nd s u pport.  In Section 3, ba ck g rou nd
rela ted to the m odel equ a tions , fea tu res , a nd nu m erica l a pproxim a tion techniqu es  is
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pres ented.  Section 4 is  a  g u ide to the cons tru ction of inpu t da ta  s ets  for the code.  As s is ta nce
in expla ining  a nd es tim a ting  s om e of the inpu t pa ra m eters  is  provided in Section 5.  Five
s im ple exa m ple problem s , inclu ding  the corres ponding  inpu t da ta  files , a re g iven in Section 6. 
The a ppendices  conta in m ore deta iled inform a tion a bou t the nu m erica l codes , inclu ding
des criptions  of the s u brou tines , a nd lis ting s  of the m a xim u m  control pa ra m eters  a nd prog ra m
va ria bles .
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SECTION 2

M ODEL DEVELOPM ENT, DISTRIBUTION, AND SUPPORT

NOTE:  Refer to the READ.M E file for the la tes t s u pplem enta l inform a tion, cha ng es , a nd/or
a dditions  to the 3DFEM W ATER/3DLEW ASTE m odel docu m enta tion.  A copy of the READ.M E
file is  inclu ded on ea ch dis tribu tion dis k ette s et or it ca n be dow nloa ded from  the Center for
Expos u re As s es s m ent M odeling  (CEAM ) electronic bu lletin boa rd s ys tem  (BBS).  It ca n be
ins ta lled on a  ha rd dis k  u s ing  the INSTALL (dis k ette) or INSTALFW  (BBS) prog ra m .  It is  a n
ASCII (non-bina ry) text file tha t ca n be dis pla yed on the m onitor s creen by u s ing  the DOS
TYPE com m a nd (e.g ., TYPE READ.M E) or printed u s ing  the DOS PRINT com m a nd (e.g .,
PRINT READ.M E).

The READ.M E file conta ins  a  s ection entitled File Na m e a nd Content tha t provides  a  brief
fu nctiona l des cription of ea ch 3DFEM W ATER/3DLEW ASTE file by na m e or file na m e
extens ion type.  Other s ections  in this  docu m ent conta in fu rther inform a tion a bou t:

! Sys tem  developm ent tools  u s ed to bu ild the m icrocom pu ter relea s e of the
3DFEM W ATER/3DLEW ASTE m odel.

! Recom m ended ha rdw a re a nd s oftw a re config u ra tion for execu tion of the m odel a nd
a ll s u pport prog ra m s .

! Prog ra m  execu tion.

! M inim u m  file config u ra tion.

! Sa m ple ru n tim es .

! Prog ra m  m odifica tion.

! Technica l s u pport.

2.1  DEVELOPM ENT AND TESTING

The 3DFEM W ATER/3DLEW ASTE m odel w a s  developed a nd tes ted on a  Dig ita l Equ ipm ent
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Corpora tion (DEC) VAX6310  ru nning  u nder vers ion 5.4-2 of the VM S opera ting  s ys tem  (OS)
a nd vers ion 5.5-98 of VAX VM S FORTRAN-77, a nd a n Adva nced Log ic Res ea rch (ALR)
486/25 m icrocom pu ter ru nning  u nder vers ion 4.0 0  of IBM  PC DOS a nd vers ion 2.51 of Sa lford
FORTRAN (FTN77/486).  The follow ing  FORTRAN tools  w ere a ls o u s ed to perform  s ta tic
eva lu a tions  of the 3DFEM W ATER/3DLEW ASTE FORTRAN code on a n IBM  PS/2 M odel 80 -
0 71 ru nning   u nder vers ion 3.3 of IBM  PC DOS, M ICRO EXPRESS (M E) 486/25 a nd 486/33
s ys tem s  ru nning  u nder vers ion 5.0 0  of M icros oft (M S) DOS, a nd a  Su n SPARCs ta tion 1+G X
ru nning  vers ion 4.1.1 of UNIX/Su nOS:

! Rya n-M cFa rla nd FORTRAN vers ions  2.45, 3.10 .0 1 (RM FORT).

! M icros oft FORTRAN vers ion 5.0 0  (M SFORT).

! La hey FORTRAN vers ions  5.0 1, 4.0 2 (F77L, F77L-EM /32).

! W a terloo FORTRAN vers ion 8.5E (W ATCOM  FORTRAN-77/386).

! Su n FORTRAN vers ion 1.4.

! Silicon Va lley FORTRAN vers ion 2.81 (SVS FORTRAN-77/386).

In a ddition to the VAX a nd ALR s ys tem s , 3DFEM W ATER/3DLEW ASTE ha s  a ls o been
s u cces s fu lly execu ted on a  PRIM E 50  Series  m inicom pu ter ru nning  u nder PRIM OS, the Su n
SPARCs ta tion, a nd the IBM  PS/2 M odel 80 -0 71.

2.2  DISTRIBUTION

The 3DFEM W ATER/3DLEW ASTE m odel a nd a ll s u pport files  a nd prog ra m s  a re a va ila ble on
dis k ette from  CEAM , loca ted a t the U.S. EPA Athens  Environm enta l Res ea rch La bora tory,
Athens , G eorg ia , a t no cha rg e.  The CEAM  ha s  a n excha ng e dis k ette policy.  It is  preferred
tha t dis k ettes  be received before s ending  a  copy of the m odel s ys tem  (refer to Section 2.3,
Obta ining  a  Copy of the 3DFEM W ATER/3DLEW ASTE M odel).

Inclu ded in a  dis tribu tion dis k ette s et a re:

! 3DFEM W ATER/3DLEW ASTE g enera l execu tion a nd u s er s u pport g u ide
(READ.M E) file.

! Intera ctive ins ta lla tion prog ra m  (refer to Section 2.5).

! Tes t inpu t a nd ou tpu t files  for ins ta lla tion verifica tion.

! Execu ta ble ta s k  im a g e file for the 3DFEM W ATER/3DLEW ASTE m odel.
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! FORTRAN s ou rce code files .

! Com m a nd a nd/or "m a k e" files  to com pile, link , a nd ru n the ta s k  im a g e file (*.EXE).

A FORTRAN com piler a nd link  editor a re NOT requ ired to execu te a ny portion of the m odel.  If
the u s er w is hes  to m odify the m odel, it w ill be u p to the u s er to s u pply a nd/or obta in:

! An a ppropria te text editor tha t s a ves  files  in ASCII (non-bina ry) text form a t.
! FORTRAN developm ent tools  to recom pile a nd link  edit a ny portion of the m odel.

CEAM  ca nnot s u pport, m a inta in, a nd/or be res pons ible for m odifica tions  tha t cha ng e the
fu nction of the execu ta ble ta s k  im a g e, M AK E, or DOS com m a nd files  s u pplied w ith this  m odel
pa ck a g e.

The m icrocom pu ter relea s e of the 3DFEM W ATER/3DLEW ASTE m odel is  a  fu ll im plem enta tion
of the VAX/VM S vers ion.  The m icrocom pu ter im plem enta tion of this  m odel perform s  the s a m e
fu nction a s  the U.S. EPA m a infra m e/m inicom pu ter vers ion.

2.3  OBTAINING  A COPY OF THE 3DFEM W ATER/3DLEW ASTE M ODEL

NOTE: The follow ing  a bbrevia tions  a re u s ed below  to repres ent different
qu a ntities  of com pu ter m em ory:

1 k  = 1 k ilobyte = 1,0 24 bytes
1 m  = 1 m eg a byte = 1,0 48,576 bytes
1 b = 1 byte

2.3.1  Dis k ette

To obta in a  copy of the 3DFEM W ATER/3DLEW ASTE dis tribu tion m odel pa ck a g e on dis k ette,
s end:

! The a ppropria te nu m ber of dou ble-s ided, dou ble-dens ity (DS/DD 360 k b) 5.25 inch,
or dou ble-s ided, hig h-dens ity (DS/HD 1.44m b) 3.5 inch error-free dis k ettes .

NOTE:  To obta in the correct nu m ber of dis k ettes , conta ct CEAM  a t
              70 6/546-3549.

! A cover letter, w ith a  com plete retu rn a ddres s  requ es ting  the
3DFEM W ATER/3DLEW ASTE m odel to:

M odel Dis tribu tion Coordina tor
Center for Expos u re As s es s m ent M odeling
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U.S. Environm enta l Protection Ag ency
960  Colleg e Sta tion Roa d
Environm enta l Res ea rch La bora tory
Athens , G A  30 60 5-2720

Prog ra m  a nd/or u s er docu m enta tion, or ins tru ctions  on how  to order docu m enta tion, w ill
a ccom pa ny ea ch res pons e.

2.3.2  Electronic Bu lletin Boa rd Sys tem  (BBS)

To dow nloa d a  copy of the 3DFEM W ATER/3DLEW ASTE m odel, or to check  the s ta tu s  of the
la tes t relea s e of this  m odel or a ny other CEAM  s oftw a re produ ct, ca ll the CEAM  BBS 24 hou rs  
a  da y, 7 da ys  a   w eek .  To a cces s  the BBS, a  com pu ter w ith a  m odem  a nd com m u nica tion
s oftw a re a re needed.  The phone nu m ber for the BBS is  70 6/546-340 2.  Com m u nica tion
pa ra m eters  for the BBS a re:

! 30 0 /120 0 /240 0 /960 0 /1440 0  ba u d ra te.

! 8 da ta  bits .

! No pa rity.

! 1 s top bit.

In order to a cces s  the BBS a t 960 0  ba u d, a  USRobotics Cou rier HST m odem  m u s t be u s ed.

2.4  G ENERAL/M INIM UM  HARDW ARE AND SOFTW ARE INSTALLATION AND RUN TIM E
REQUIREM ENTS

NOTE:  Refer to the READ.M E file for the la tes t s u pplem enta l a nd m ore com plete inform a tion,
cha ng es , a nd/or a dditions  concerning  s pecific ha rdw a re a nd s oftw a re ins ta lla tion a nd ru n tim e
requ irem ents .

2.4.1  Ins ta lla tion Requ irem ents

! 3.5 inch, 1.44m b dis k ette drive, or 5.25 inch, 360 k b dis k ette drive.

! Ha rd dis k  drive.

! Approxim a tely 10 m b free ha rd dis k  s tora g e.

2.4.2  Ru n Tim e Requ irem ents



14

! 486 com pa tible m icrocom pu ter.

! M S or PC DOS vers ion 3.30  or hig her.

! 640 k  ba s e m em ory.

! 25 m b com bina tion of extended m em ory a nd/or dis k  s tora g e s pa ce

! m a th coproces s or

Extended m em ory a nd ha rd dis k  s tora g e requ irem ents  w ill va ry w ith the s ize of the problem
being  s im u la ted.  Requ irem ents  for problem s  s im ila r to thos e fou nd in Section 6 a re:

! 2m b of extended (XM S) m em ory.

! 4m b free ha rd dis k  s tora g e.

Refer to READ.M E file for s u g g es ted m odifica tion of the CONFIG .SYS a nd/or
AUTOEXEC.BAT DOS s ys tem  config u ra tion a nd s ta rt-u p files .

2.5  INSTALLATION

To ins ta ll the 3DFEM W ATER/3DLEW ASTE m odel a nd/or rela ted s u pport files  on a  ha rd dis k ,
ins ert the firs t dis tribu tion dis k ette in a  com pa tible dis k ette drive (refer to Section 2.4).  Then
type:

A:\INSTALL or B:\INSTALL

a t the DOS s ys tem  prom pt a nd pres s  the < Enter> k ey.  Then follow  ins tru ctions  a nd res pond
to prom pts  pres ented on the m onitor s creen by the intera ctive ins ta lla tion prog ra m .  Com plete
ins ta lla tion ins tru ctions  a re a ls o printed on ea ch externa l dis k ette la bel.  The
3DFEM W ATER/3DLEW ASTE dis tribu tion dis k ette s ets  im plem ent s oftw a re produ ct ins ta lla tion
s ta nda rds  to ins u re the m os t error-free, m a inta ina ble, a nd u s er-a ccepta ble dis tribu tion of
CEAM  produ cts .  It ha s  a  u niqu e m enu  option, com m a nd, fu ll-s creen (intera ctive), dia g nos tic,
error-recovery, help, a nd s elective ins ta lla tion ca pa bilities  u s ing  s ta te-of-the-a rt hu m a n-fa ctors
eng ineering  pra ctices  a nd principles .

NOTE:  The contents  of the dis tribu tion dis k ettes  ca n be copied to a nother s et of "ba ck u p"
dis k ettes  u s ing  the DOS DISKCOPY com m a nd.  Refer to the DOS Reference M a nu a l for
com m a nd a pplica tion a nd u s e.  The "ba ck u p" dis k ettes  m u s t be the s a m e s ize a nd s tora g e
dens ity a s  the orig ina l, s ou rce dis k ettes .

2.6  INSTALLATION VERIFICATION AND ROUTINE EXECUTION
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Refer to the follow ing  s ections  in the READ.M E file for com plete ins tru ctions  concerning
ins ta lla tion verifica tion a nd rou tine execu tion of the 3DFEM W ATER/3DLEW ASTE m odel:

! File na m e a nd content.

! Rou tine execu tion.

! Ru n tim e a nd perform a nce.

! M inim u m  file config u ra tion.

2.7  CODE M ODIFICATION

Inclu ded in the dis k ette s et a re:

! An execu ta ble ta s k  im a g e file for the 3DFEM W ATER/3DLEW ASTE m odel.

! FORTRAN s ou rce code files .

! Com m a nd a nd/or "m a k e" files  to com pile, link , a nd ru n the ta s k  im a g e file (*.EXE).

If the u s er w is hes  to m odify the m odel or a ny other prog ra m , it w ill be u p to the u s er to s u pply
a nd/or obta in:

! An a ppropria te text editor tha t s a ves  files  in ASCII (non-bina ry) text form a t.

! FORTRAN developm ent tools  to recom pile a nd link  edit a ny portion of the m odel.

CEAM  ca nnot s u pport, m a inta in, a nd/or be res pons ible for m odifica tions  tha t cha ng e the
fu nction of a ny execu ta ble ta s k  im a g e (*.EXE), DOS ba tch com m a nd (*.BAT), a nd/or "m a k e"
u tility file(s ) s u pplied w ith this  m odel pa ck a g e.

2.8  TECHNICAL HELP

For qu es tions  a nd/or inform a tion concerning :

! Ins ta lla tion a nd/or tes ting  of the 3DFEM W ATER/3DLEW ASTE m odel a nd/or
s u pport prog ra m s  or files , ca ll 70 6/546-3590 , 3548 for a s s is ta nce.

! 3DFEM W ATER/3DLEW ASTE m odel a nd/or prog ra m  content, a pplica tion, a nd/or
theory, ca ll 70 6/546-3210  for a s s is ta nce.

! U s e of the CEAM  electronic bu lletin boa rd s ys tem  (BBS), conta ct the BBS s ys tem
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opera tor (SYSOP) a t 70 6/546-3590 .

! Other environm enta l s oftw a re a nd docu m enta tion dis tribu ted throu g h CEAM ,
conta ct the M odel Dis tribu tion Coordina tor a t 70 6/546-3549.

! Other s u pport a va ila ble throu g h CEAM , conta ct M r. Derm ont Bou cha rd, CEAM
M a na g er:

- By m a il a t the follow ing  a ddres s :

          Center for Expos u re As s es s m ent M odeling  (CEAM )
          Environm enta l Res ea rch La bora tory
          U.S. Environm enta l Protection Ag ency
          960  Colleg e Sta tion Roa d
          Athens , G eorg ia  30 60 5-2720

- By telephone a t 70 6/546-3130 .

- By fa x a t 70 6/546-3340 .

- Throu g h the CEAM  BBS m es s a g e m enu  a nd com m a nds .  The CEAM  BBS
com m u nica tion pa ra m eters  a nd telephone nu m ber a re lis ted a bove.

2.8.1  Electronic Bu lletin Boa rd Sys tem  (BBS)

To help technica l s ta ff provide better a s s is ta nce, w rite dow n a  res pons e to the follow ing  topics
before ca lling  or w riting .  If ca lling , be a t the com pu ter, w ith the com pu ter on, a nd in the proper
s u b-directory w hen the ca ll is  pla ced.

Prog ra m  inform a tion:

! Des cribe the problem , inclu ding  the exa ct w ording  of a ny error a nd/or w a rning
m es s a g e(s ).

! Lis t the exa ct s teps , com m a nd(s ), a nd/or k eyboa rd k ey s equ ence tha t w ill
reprodu ce the problem .

M a chine inform a tion:

! Lis t com pu ter bra nd a nd m odel.

! Lis t a va ila ble RAM  (a s  reported by DOS CHK DSK  com m a nd).
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! Lis t a va ila ble extended m em ory (XM S).

! Lis t na m e a nd vers ion of extended m em ory (XM S) m a na g er (i.e., HIM EM , VDISK ,
RAM DRIVE, etc.).

! Lis t a va ila ble ha rd dis k  s pa ce (a s  reported by DOS CHK DSK  com m a nd).

! Lis t the bra nd a nd vers ion of DOS (a s  reported by DOS VER com m a nd).

! Lis t the na m e of a ny m em ory res ident prog ra m (s ) ins ta lled.

! Printer bra nd a nd m odel.

! M onitor bra nd a nd m odel.

NOTE:  If conta cting  CEAM  by m a il, fa x, or BBS, inclu de res pons es  to the a bove inform a tion in
you r corres pondence.

2.9  DISCLAIM ER

M ention of tra de na m es  or u s e of com m ercia l produ cts  does  not cons titu te endors em ent or
recom m enda tion for u s e by the United Sta tes  Environm enta l Protection Ag ency.

Execu tion of the 3DFEM W ATER/3DLEW ASTE m odel, a nd m odifica tions  to the DOS s ys tem
config u ra tion files  (i.e., /CONFIG .SYS a nd /AUTOEXEC.BAT) m u s t be m a de a t the u s er's  ow n
ris k .  Neither the U.S. EPA nor the prog ra m  a u thors  ca n a s s u m e res pons ibility for m odel
a nd/or prog ra m  m odifica tion, content, ou tpu t, interpreta tion, or u s a g e.

CEAM  s oftw a re produ cts  a re bu ilt u s ing  FORTRAN-77, a s s em bler, a nd opera ting  s ys tem
interfa ce com m a nd la ng u a g es .  The code s tru ctu re a nd log ic of thes e produ cts  is  des ig ned for
s ing le-u s er, s ing le-ta s k ing , non-LAN environm ent a nd opera ting  pla tform  for m icrocom pu ter
ins ta lla tions  (i.e., s ing le u s er on a  dedica ted s ys tem ).

A u s er w ill be on their ow n if he/s he a ttem pts  to ins ta ll a  CEAM  produ ct on a  m u lti-u s er, m u lti-
ta s k ing , a nd/or LAN ba s ed s ys tem  (i.e., W indow s , DESQview , a ny LAN).  CEAM  ca nnot
provide ins ta lla tion, opera tion, a nd/or g enera l u s er s u pport u nder a ny com bina tion of thes e
config u ra tions .  Ins tru ctions  a nd conditions  for proper ins ta lla tion a nd tes ting  a re provided w ith
the produ ct in a  READ.M E file.  W hile m u ltiu s er/m u ltita s k ing /LAN ins ta lla tions  cou ld w ork , none
of the CEAM  produ cts  ha ve been thorou g hly tes ted u nder a ll pos s ible conditions .  CEAM  ca n
provide s cientific a nd/or a pplica tion s u pport for s elected produ cts  if the u s er proves  tha t a
g iven produ ct is  ins ta lled a nd w ork ing  correctly.

2.10   TRADEM ARK S
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! IBM , Pers ona l Com pu ter/XT (PC/XT), Pers ona l Com pu ter/AT (PC/AT), PC DOS,
VDISK , a nd Pers ona l Sys tem /2 (PS/2) a re reg is tered tra dem a rk s  of Interna tiona l
Bu s ines s  M a chines Corpora tion.

! DESQview  is  a  tra dem a rk  of Qu a rterdeck  Office Sys tem s , Inc.

! Su n a nd Su nOS a re reg is tered tra dem a rk s  of Su n M icros ys tem s , Inc.

! SPARC is  a  reg is tered tra dem a rk  of SPARC Interna tiona l, Inc.

! UNIX is  a  reg is tered tra dem a rk  of Am erica n Telephone a nd Teleg ra ph.

! SVS FORTRAN-77 is  a  tra dem a rk  of Silicon Va lley Softw a re.

! PRIM E a nd PRIM OS a re tra dem a rk s  of Prim e Com pu ters , Inc.

! M icros oft, RAM DRIVE, HIM EM , M S, a nd M S-DOS a re reg is tered tra dem a rk s  of
M icros oft Corpora tion.

! W indow s  is  a  tra dem a rk  of M icros oft Corpora tion.

! RM /FORTRAN is  a  tra dem a rk  of La ng u a g e Proces s ors , Inc.

! DEC, VAX, VM S, a nd DCL a re tra dem a rk s  of Dig ita l Equ ipm ent Corpora tion.

! 386 a nd 486 a re tra dem a rk s  of Intel Corpora tion.

! U.S. Robotics  is  a  reg is tered tra dem a rk  a nd Cou rier HST is  a  tra dem a rk  of U.S.
Robotics , Inc.
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F(h) Mh
Mt

' L @ K(h)@(Lh % Lz) % q (3-1)

SECTION 3

BACK G ROUND INFORM ATION

3.1  3DFEM W ATER

3DFEM W ATER is  des ig ned to s im u la te the m ovem ent of m ois tu re throu g h va ria bly- s a tu ra ted
porou s  m edia .  Typica l a pplica tions  inclu de: 1) s tu dying  the influ ence of tra ns ient s tres s es ,
s u ch a s  w ell produ ction s chem es  or the ons et of drou g ht conditions , on w a ter ta ble eleva tions ,
a nd  2) g enera ting  flow  fields  for u s e in exa m ining  the influ ence of phys ica l proces s es  s u ch a s
ra infa ll a nd eva potra ns pira tion on the m ovem ent of dis s olved conta m ina nts  throu g h the
va dos e zone a nd into a qu ifers  (Fig u re 3.1).  The com plem enta ry 3DLEW ASTE m odel is
des ig ned to u tilize the flow  da ta  g enera ted by 3DFEM W ATER s im u la tions  in order to eva lu a te
the a s s ocia ted m ovem ent of dis s olved conta m ina nts  throu g h the m odeled s ys tem .  The m odel
3DLEW ASTE is  des cribed in Section 3.3.

3.1.1  G overning  Equ a tions

The g overning  equ a tion for flow  of w a ter throu g h a  va ria bly-s a tu ra ted porou s  m ediu m , a s
derived from  m a s s  a nd m om entu m  cons erva tion cons tra ints , ca n be w ritten:

w here
h  = pres s u re hea d (L)
z  = dis ta nce a bove a  da tu m  (L) 
K (h) = effective hydra u lic condu ctivity (L/T) 
F(h) = w a ter (s tora g e) ca pa city (1/L) 
q   = s ou rce/s ink  term  (L3/T/L3)
t   = tim e (T)
L    = g ra dient 
L @ = diverg ence
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Equ a tion 3-1, often referred to a s  Richa rd's  equ a tion, differs  from  the g overning  equ a tion for
s a tu ra ted flow  throu g h porou s  m edia  beca u s e of the nonlinea rity of the hydra u lic condu ctivity
a nd s tora g e term s .  The effective hydra u lic condu ctivity ca n be rew ritten a s  the produ ct of
nonlinea r a nd cons ta nt term s  in the form :


