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July 12, 1988 THE ADMINISTRATOR

Honor abl e Lee M Thomas

Adm ni strat or

U.S. Environnental Protection Agency
401 M Street, S.W

Washi ngton, D.C. 20460

Dear M. Thonms:

The Science Advisory Board has reviewed the Unsaturated Zone Code
(FECTUZ) for the Ofice of Solid Waste's Fate and Transport Model . The
Ofice of Solid Waste sought to devel op a code which would account for the
attenuation of chemcal constituents in the unsaturated zone and have
potential wuses in the Toxicity Characteristic and Concentration-Based

Li sting rul emaki ngs. FECTUZ is a nodel package consisting of an
anal ytical code and a finite element nunerical code; each code contains a
flow nodule and a transport nodule. In requesting the review, the

Director of the Characterization and Assessnent D vision asked the Board
to address three issues: the dinensionality of FECTUZ, the appropriateness
of the assunptions underlying the code, and code inpl enentation

The Unsaturated Zone Code Subconmittee of the Science Advisory Board's
Envi ronmental Engineering Conmittee reviewed the docunentation for the
code at open neetings Decenber 10, 1987 in Denver and January 19, 1988 in
Washi ngt on.

The Subcomm ttee concluded that the dinensionality of the code (one-
di nensional transport in the vertical dinmension) is probably adequate for
situations in which the porous nedium can be considered relatively
honogeneous, without substantial stratification and that the one-
di mensional limtation may not be a serious one from the standpoint of
asynptotic, steady state analysis of groundwater protection, since the
primary effect of lateral spreading would be to retard downward nobility
and hence to increase the time available for transformation of the
contam nant, thus reducing the anmount that reaches the water table.



The Subconmmittee believes that there are no serious problens
associated with treating the fluid as inconpressible, isothermal, and
honogeneous. The acceptability of all the other assunptions hinges on the
application of the nodel. Certain classes of phenonena are not well
enough understood to be incorporated into a managenent nodel of the kind
revi ewed here. Because of the inportance of these phenonena to site-
specific applications, there is an urgent need for scientific research to
clarify the scientific principles underlying these phenonena. Such
research woul d have benefits beyond this nodel. The FECTUZ nodel package
is also subject to limtations inposed by its sinplifying assunptions and
the scarcity of data necessary for paranmeter estimation. Both versions of
the nodel are inconplete in the sense that several potentially inportant
governi ng processes are neglected altogether. The Subconmittee believes
these |[imtations are not so debilitating as to preclude its enploynent
for generalized regul atory devel opnent applications, but believes that the
inability to take into account several potentially relevant processes
casts serious doubt on the advisability of site-specific applications. It
is recoomended that the Agency nmount directed and continuing efforts (a)
to inprove the know edge base concerning relevant processes which have
been neglected on grounds of inadequate understanding, and (b) to seek
expert consensus in these areas, especially biotransformation, immscible
transport, and fracture transport.

The Subcommittee finds that for the intended tasks in regulatory
devel opnent, the conposite nodel consisting of FECTUZ-A and EPA-SMOD is
acceptable from the standpoint of sinplicity and conputational ease.
VWere Mnte Carlo replication of the nodel is planned, the overal
uncertainty of the transport nodel should be addressed because the Mnte
Carlo nethodology is not able to account for uncertainties arising from
i nconpl eteness or deficiencies in the underlying nodel. However, for
site-specific decisions where the accuracy and conpleteness of
representation of transport and transformation processes is of paranmount
i nportance, the FECTUZ nodel seens bound to be inadequate, especially the
anal ytical version owing to its inplicit sinplifications and its inability
to take into account tenporal variations, site-specific conditions and
het erogeneity. The Ofice of Solid Waste should take special care to warn
potential users against site-specific applications of the conposite nodel,
because there is a substantial danger that such usage could be m sl eading
and detrinental to the protection of groundwater quality.

Additionally, the Subcommttee has expressed concerns and nade
suggestions relating to how the Agency establishes the need for the
devel opnent of a new nodel, how existing nodels are evaluated, and on the
exi stence and use of adequate in-house capability for evaluating issues
related to transport nodel devel opnment and application



The attached report contains nore detail ed responses to these issues.

W are pleased to have had the opportunity to be of service to the
Agency and | ook forward to a witten response to our report.

Si ncerely,
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Nort on Nel son, Chairman

Executive Conmittee
Sci ence Advi sory Board
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Raynmond Loehr, Chairnman
Envi ronnment al Engi neering Comittee
Sci ence Advi sory Board
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Paul Roberts, Chairnan
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Porter
Lowr ance
Deni t
Wi |

St rauss
Sal eem

CC:

NZSOWeOm=s



SAB- EEC- 88- 030

REPORT OF THE
UNSATURATED ZONE CODE SUBCOWM TTEE
ENVI RONVENTAL ENG NEERI NG COW TTEE

SCI ENCE ADVI SCRY BQARD

U S. ENVI RONMENTAL PROTECTI ON AGENCY
ON THEI R REVI EW OF THE
OFFI CE OF SCLI D WASTE' S
UNSATURATED ZONE CODE FOR THE OSW FATE
AND
TRANSPORT MODEL

June, 1988



Backgr ound

TABLE OF CONTENTS

Procedural . .. ... ... s,

Model

St rUCT U & . o o

Intended Uses of the Model . ... ... ... . . . . . . . .

Responses to Questions Posed by the
Ofice of Solid VSt e ... ... e e e
Dinmensionality of the FECTUZ Code ......... ... .. .. ...
Appropriateness of FECTUZ Assunptions .............. ...,
Conpatability with Conprehensive Transport Model ..................
Val i dati On ...

Uncer
Addi t i onal

Ref er ences

Appendi x:

tainty Analysis with FECTUZ .. ... ... ... ... . . .. ...
| SSUBS .. e

Request for Review



U.S. Environnental Protection Agency
Sci ence Advi sory Board
Envi ronnment al Engi neering Comittee
Unsat urat ed Zone Code Subcommittee

Chairman, Dr. Paul Roberts, Departnment of G vil Engineering,
Stanford University, Stanford, CA 94305-4020

Dr. Keros Cartwight, Illinois State Geol ogi cal Survey, 615 East
Peabody, Chanpaign, IL 61820

Dr. Raynond C. Loehr, Civil Engineering Departnent, 8.614 ECJ
Hal |, University of Texas, Austin, TX 78712

Dr. Mtchell Small, Departnent of Civil Engineering, Carnegie-
Mel l on University, Schenley Park, Pittsburgh, PA 15213

Dr. Calvin Herb Ward, Chairman Departnment Environnental Science
and Engineering, Rice University, P.O Box 1-892, Houston, TX
77251

Dr. M Th. van CGenuchten, U S. Salinity Laboratory, 4500
d enwood Drive, Riverside, CA 92501

Executive Secretary

Ms. Kathl een Conway, Science Advisory Board, A-101F, U.S.
Envi ronmental Protection Agency, Washington, D.C. 20460

Staff Secretary

Ms. Marie MIler, Science Advisory Board, A-101-F, U.S.
Envi ronnmental Protection Agency, Washington, D.C. 20460

Director, Science Advisory Baord

Dr. Donald G Barnes, Acting Director, Science Advisory Board, A-101,
U S. Environnmental Protection Agency, Washington, D.C. 20460

Dat e: June 1988



NOTI CE

This report has been witten as part of the activities of the Science
Advi sory Board, a public group providing extranural advice on scientific
information and advice to the Administrator and other officials of the
Envi ronmental Protection Agency. The Board is structured to provide a
bal anced expert assessment of scientific matters related to problens
facing the Agency. This report has not been reviewed for approval by the
Agency, and hence, the contents of this report do not necessarily
represent the views and policies of the Environnental Protection Agency,
nor does nention of trade nanes or comercial products constitute
endor senent or recomendation for use.



BACKGROUND
Pr ocedur al
On Cctober 22, 1987 the Ofice of Solid Waste (OSW nade a

presentation to the Environnental Engineering Committee on its unsaturated
zone code (FECTUZ) for the Ofice of Solid Waste's Fate and Transport

Model . I n devel oping FECTUZ, the Ofice of Solid Waste sought to create a
code which would account for the attenuation of chem cal constituents in
the wunsaturated zone and have potenti al uses in the Toxicity

Characteristic and Concentration-Based Listing rul enmakings. The Conmittee
fornmed the Unsaturated Zone Subcommittee to conduct the review of FECTUZ

The review was formally requested in an COctober 16, 1987 nenorandum from
the Director of OSWs Characterization and Assessnent Division (Appendix).

The menorandum asked the Board to address three issues: the dinmensionality
of FECTUZ, the appropriateness of the assunptions underlying the code, and
code i npl enent ati on.

The Subcommittee held open neetings Decenber 10, 1987 in Denver
Col orado and January 19, 1988 in Washington, D.C The Environnent al
Engi neering Conmittee heard the prelimnary report of the Subcommittee
January 20, 1988 and approved this report on April 15, 1988.

Mbdel Structure

To summarize briefly, FECTUZ is a nodel package that has been
developed in two versions: an analytical code and a finite elenent
nunerical code. For clarity we will refer to the two versions as FECTUZ- A
(anal ytical) and FECTUZ-N (nunerical), respectively. FECTUZ-A and FECTUZ-
N each consists of two nmodules: flow and transport. An acronym FECTUZ
stands for Finite Element Code for Transport in the Unsaturated Zone. In
fact, this acronymis a msnoner if applied to the analytical version, as
it is not a finite elenent code. This inconsistency was confusing to the
Subconmittee, is likely to mslead users, and therefore should be
corrected by renam ng the anal ytical code.

In developing the nodel, OSW and their consultant placed a high
priority on two objectives: 1) conputational efficiency, and 2) ability to
deal with a wi de range of soil characteristics, including highly nonlinear
rel ati onshi ps between soil noisture and perneability. The justification
for these priorities is to permt wuse of the nodel in Mnte Carlo
eval uati ons of expected concentration |evels at water supply wells under a
wi de variety of soil conditions.

The flow nodule is based on the assunption of one-dinensional
isothermal flow of an inconpressible, honbgeneous fluid according to
Darcy's Law.  Vapor flow, transport through secondary porosity (fractures
and fissures), and migration of immscible |liquids are neglected. A flux-
type boundary condition is inposed at the top of the unsaturated zone.



Li kew se, solute transport is assumed to be one-dinensional,
i ncorporating advection and Fickian dispersion, i.e. a diffusion-like
nodel of solute front spreading. Sorption is assuned to follow a linear
equi li brium rel ation. First-order transformation is incorporated, but at
present only hydrolysis is considered in the selection of the rate
coefficient, owing to a perceived lack of know edge concerning
bi ot ransf ormati on processes. The docunents provided are anbi guous about
the nature of the transformation subnodel, as they refer to "first-order
decay"”, inplying that biotransformation and chem cal reactions other than
hydrol ysis are included. These other reactions can be incorporated within
the current structure of the nodel, but they are not included in the
current inplenmentation

The nodel is capable of performng either transient (FECTUZ-N) or
steady-state (FECTUZ-A) simulations of flow and transport. However, in
the proclaimed wuses for regulatory devel opnment, nanely Toxicity
Characteristics and Concentration-Based Listings, it apparently wll be
used only in the steady-state node, i.e. a constant water flux is assuned.
The procedure consists of calculating the steady-state concentration at a
monitoring well ouside the landfill site, wth the distance to the
nmonitoring well treated as a distributed paraneter estimated from OSWs
dat a base.

| nt ended Uses of the Mbdel

The questions posed to the Science Advisory Board cannot be addressed
properly without a clear idea of the prospective uses of the nodel. In
delineating the intended applications, OSWinforns us that they envision
using FECTUZ in the imediate future mainly as a tool in devel oping
regul ations for disposal to nunicipal landfills: i) for wuse by the
regulated comunity to assess whether a waste is hazardous (Toxicity
Characteristic); and ii) for use by OSWto reassess previous listings, to
set concentration criteria, and to delist substances iif appropriate

(Concentration-Based Listing). It is implicit t hat, in these
applications, FECTUZ will be used in conbination with the saturated zone
groundwater flow and transport nodel, EPA-SMOD, which is a two-
di mensi onal , steady-state nodel. A previous version of the nodel was

reviewed by the Environnmental Engineering Committee of the SAB. As such,
the steady-state version of FECTUZ (what we refer to above as FECTUZ- A
wi |l be used.

Concerning other uses of the FECTUZ nodel, OSW states that it "does
not have any ot her specific uses planned for the FECTUZ Code at this tine.
However, two site-specific uses are possible. These are use in decisions
on ACLs (alternate concentration limts) and in Cean C osure decisions."
It is inplicit that, in these site-specification applications, the
i ntended use of FECTUZ will require the nore sophisticated dynam c node
(what we refer to above as FECTUZ-N) in conjunction with a dynamc
nunerical sinmulation nodel for the saturated zone. The use of the nore
detailed nodels is intended to allow incorporation of site-specific soi
and geol ogi cal properties in these applications.
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If EPA changes its assunption to include a liner in its assuned
[andfill, the liner effect should be incorporated in FECTUZ, as it wll
control flow

RESPONSES TO QUESTI ONS POSED BY OFFI CE OF SCOLI D WASTE

D nensionality of FECTUZ Code

The dinensionality of the code (one-dinensional transport in the
vertical dinension) is probably adequate for situations in which the
porous medium can be considered relatively honogeneous, wi t hout
substantial stratification. However, in soil layers or zones with |ow
perneability relative to the surrounding nmedia, considerable latera
spreading may occur, particularly if free-phase hydrocarbons are present
(Mul'l, 1971; Schwille, 1984). The one-dinensional limtation may not be
very serious from the standpoint of an asynptotic, steady state analysis
of groundwater protection, since the primary effect of |ateral spreading
would be to retard downward nobility and hence to increase the tine
avail able for transformation of the contam nant, thus reducing the anmount
that reaches the water table. On the other hand, this sane phenonmenon
could lead to circunstances in which the unsaturated zone accumnul ates
contamnation to a greater degree prior to detection in groundwater
nmonitoring wells, conpared to the case without stratification

Appr opri ateness of FECTUZ Assunpti ons

The Subconmmittee believes that there are no serious problens
associated with treating the fluid as inconpressible, isothermal, and
honbgeneous. The reliance on Darcy's Law is a w dely used expedi ent that
is justifiable at the level of regulatory devel opnent applications, but
may be unsatisfactory in site-specific applications if transport through
secondary porosity or mgration of immiscible |liquids plays a role. These
factors are discussed bel ow under the category of processes neglected in
t he nodel .

Negl ecting hysteresis effects (physical effects which |lag their cause)
in the relative perneability relationships is permssible under asynptotic

(long-term steady state) conditions. However, the om ssion of the
differences in relative perneability relations between inbibition
(saturation wth [|iquid) and drainage will result in a gross
m srepresentation of transport under nonsteady conditions, especially for
soils having strongly nonl i near characteristics. Hence, this
simplification wll hi nder accurate sinulation of nonst eady-fl ow

situations with FECTUZ-N, even though the nunerical nodel is otherw se
capabl e of handling nonsteady inputs.



The formulation of the dispersion term according to Fick's Law is a
representation that is comonly practiced in transport nodeling, and is
acceptable in nost situations. This representation is certainly adequate
for simulations at the level of regulatory devel opnment. Subst anti al
deviations from Fickian behavior nust be anticipated in strongly
het erogeneous or stratified nedia, however, and should be taken into
account in site-specific applications under such circunstances. Even nore
serious inadequacies will arise if transport in secondary porosity is
significant, as discussed bel ow.

The treatnment of sorption as conforming to the Ilinear equlibrium
assunption is also adequate for dealing with nost situations of trace
organi c contamnant transport in a honogeneous nedium However, in
concentrated | eachates, cosolvent effects and facilitated transport maybe
significant. Cosol vent effects occur when chemicals are nore readily
di ssolved in the fluid phase due to the presence of other chemicals in the
contam nant stream Facilitated transport occurs when contam nant

mobility is increased due to interactions with other dissolved organic
substances such as naturally occuring hum c acids. These processes tend
to increase the nobility of the contam nants through the unsaturated zone
and along the ground water flow path. The linear equilibrium assunption
is usually inadequate for contam nants such as trace netals, for which
sel ective cation exchange is the dom nant sorption nechanism Mor eover,
in fractured or strongly stratified nedia, it is questionable whether

equilibriumw |l be obtained for contam nants of any kind, as diffusiona
[imtations govern the exchange between the nobile fluid and the matrix or
i mobi |l e zones. I gnoring these conplexities is justifiable in regulatory

devel opnent applications, but certainly not in site-specific applications.

Solute transformation according to a first-order rate expression |ikew se
can be justified as an expedient in sinmulations supporting regulatory

devel opnent. The first-order rate formulation 1is an acceptable
approximation for nmany chem cal reactions, and in sone instances for
bi ot ransf ormati on processes. On the other hand, the transformation

subnodel and its associated data base are inadequate in some respects, and
the FECTUZ docunentation does not clearly recognize those inadequacies.
At present, only a single transformation mechanism is incorporated:
chem cal hydrolysis. Al though hydrolysis rates of many conpounds are
strongly dependent on pH, the nodel is not capable of predicting the pHin
the leachate plunme, relying instead on estimates of the pH of native
groundwater. The data-base for this estimate currently relies on sanpling
data from saturated zone neasurenents. This is inappropriate for use in
an unsaturated zone nodel. However, even if native unsaturated zone data
were collected, this would not account for the effect of the |eachate on
the pore-water pH  This deficiency could lead to inaccuracies of severa
orders of magnitude in estimating hydrolysis rate constants. Further, the
analysis could be seriously biased in the direction of overestimating
transformation rates for conpounds for which base hydrolysis is the
dom nant nechanism if the majority of |eachate plunmes are acidic.
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Simlarly, biotransformation could be included as a sinple first-order
rate process. However, consensus is |lacking for generalized prediction of
transformati on rate constants, as these depend strongly on conditions such
as organism adaptations and concentrations, pH and the presence or
absence of electron acceptors (oxygen under aerobic conditions),
toxi cants, essential nutrients, etc. which are site-specific. Site-
specific applications of the FECTUZ nodel package can lead to
overestimates of solute transport since site-specific biotransformation
anal yses generally result in biodegradation being a primary process
i nfluencing chem cal fate. Hence, estimates of chem cal transport nade
wi t hout considerations of biotransformation are alnost always so overly
conservative as to affect regulatory decisions. General i zed chemi cal
transport predictions wll necessarily suffer due to lack of generally
applicable biotransformation rate constants; however, site-specific
anal yses should include all of the fate processes for which specific data
can be reasonably obtai ned.

I mpl enentation of the full range of transformation possibilities,
including the uncertainties in conditions that influence the rate
constants, would magnify enormously the uncertainty spectrum of predicted
outconmes in Mnte Carlo sinulation.

The transformati on subnodel considers neither chain reactions nor the
formation of hazardous daughter products. I ncluding transformation
reactions wthout considering the possible formation of hazardous
internediate products can bias the results of sinmulations toward
underestimating the risk of serious contam nation of groundwater
resour ces. In regulatory uses, including both toxicity characteristic
assessnment and concentration-based listings, it would be dangerous to use
the transformati on subnodel w thout considering byproduct formation where
relevant. It is recommended that the transformation subnodel be decoupl ed
in the analysis of any conpound known to form hazardous internediate
products, unless the byproduct formation is incorporated explicity.

| mportant mechani sms of contam nant transport or transformation that
are neglected by the FECTUZ-A nodel include vapor phase transport
(volatilization), abiotic tranformation ot her t han hydr ol ysi s,
bi otransformati on, free-phase flow of organic liquids, and fracture flow
Further, FECTUZ does not permt nonlinear equilibrium relations for
sorbing solutes, nor does it allow for conpetition or simlar interactions
that may arise in nultisolute systens, especially cosolvent effects.



Negl ecting such potentially inportant nechanisns raises questions as to
whet her the nodel can provide accurate estimates of the central tendency,
whet her the overall effect of the omissions may tend to underestinmate the
threat to groundwater quality, and whether the range of uncertainty may be
substantial | y underesti mat ed.

For organic contam nants, the first three nmechanisnms -- vapor phase
transport, abiotic transformation, and biotransformation -- serve mainly
to reduce the anobunt of contam nant which would otherw se reach the water
t abl e. Hence, neglecting these processes in the FECTUZ nodel does not

increase the risk of protecting groundwater resources inadequately if the
nodel is used as a basis for regulatiory decisions. However, transport in
fractures or macropores, free-phase flow of immscible organic I|iquids

and cosolvent effects would allow contamnants to mgrate nore rapidly
than woul d be predicted by the nodel, and thereby reduce the contam nant's
residence tine in the unsaturated zone, thus reducing the opportunity for
transformation.

Transport in fractures is a phenomenon that has only recently
attracted attention as an inportant mechani sm of contam nant mgration.

In a recent review, Jury (1987) states that "in any natural setting,
i nteraggregate structural features such as soil macropores, cracks, plant
root holes, or animal burrows wll be interspersed with the bulk
structural characteristics”" and that "these geonetric features, although
very small in volume, can have a significant effect on the transport of
chem cals and particularly on those which are highly absorbed.” I'n
general, it can be expected that, in systems that possess substanti al

secondary porosity in the form of fractures or macropores, transport wll
be characterized by early Dbreakthrough and extended tailing of
contam nants (van Genuchten, 1985). Fracture transport is of special
significance in nmedia of |low perneability such as clays, which furthernore
are prone to fracturing owing to their tendency to swell or shrink in
response to changing chem cal conditions or noisture content. Hence, this
mechanism is likely to be of great inportance precisely in the kind of
nmedia that we tend to rely on to isolate waste disposal sites. Despite
this recognition of the potential significance of fracture transport,
there is a dearth of conclusive confirmatory evidence, because of the
extreme difficulty of conducting the necessary investigations, which would
need to be conducted at field scale. At present, various nodeling
approaches are being explored to deal wth this problem including
determ nistic nodels based on advection in fractures with diffusion into
the matrix and stochastic nodels that rely on probabilstic representation
of transport, but experinmental evidence suitable for nodel verification is
nmeager. A recent review by van Genuchten and Jury (1987) summarizes the
prom se and limtations of nodeling approaches, concluding that rigorous,
structure-oriented nodels are presently too conplex for routine use in
managenent. In summary, our inability to fornulate an adequate nodel for
this transport nechanism is a severe hindrance to nodeling transport at
sites where secondary porosity exists in substantial nmeasure. The
i mportance for transport notwithstanding, it is wunderstandable that
fracture fl ow has not been corporated i nto FECTUZ
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The migration of free-phase organic liquids in the subsurface has been
i ncorporated in several nodels (Corapcioglu and Baehr, 1987; Hochnuth and
Sunada, 1986; Abriola and Pinder, 1985; Faust, 1985). These nodels could
be used in conjunction with or in place of FECTUZ if the presence of free-

phase organics is suspected. Leakage of free-phase organics into the
subsurface mght occur if the lowperneability clay liners used at
landfill sites are attacked by the waste. Brutsaert (1987) showed that

some solvents can cause these clay liners to shrink and devel op cracks
that could all ow breakt hrough of the solvents and associ ated contam nents.
Anot her aspect of contam nation by free-phase organics that cannot be
nodeled with FECTUZ is the long-term contam nation of groundwater caused
by dissolution of residual hyrocarbons trapped in the capillary fringe
(Pf annkuch, 1983).

In summary, the FECTUZ nodel package is subject to limtations inposed
by its sinplifying assunptions, our |ack of wunderstanding of inportant
phenonena, and the scarcity of data necessary for paraneter estimation.
Both versions of the nodel are inconplete in the sense that several

potentially inportant governing processes are neglected altogether. The
Subcommittee believes that these limtations are not so debilitating as to
precl ude its enpl oynment for general i zed regul atory devel opnent

applications, but believes that the inability to take into account severa
potentially relevant processes casts serious doubt on the advisability of
site-specific applications.

Conpatability Wth Conprehensive Transport Model

This question is conceptually difficult to answer, because the scope
of nodeling objectives is subject to change. The Ofice of Solid Wste
should recognize that the requirements for a nodel to be wused in
regul atory developnent are different from those for other nore site-
specific applications for which the unsaturated zone transport code is
intended to be used as a tool. Further, the Subconmttee has been
informed by OSW that the existing nodel for groundwater transport (EPA-
SMOD) is an analytical code that is conpatible only with the analytica
versi on of FECTUZ. Hence the conprehensive transport nodel is subject to
the same limtations as FECTUZ-A, nanely it is suitable only for steady-
state simulations of transport in a honbgeneous nedium  The Subcommittee
is hindered from answering the question of conpatability in detail
because OSW has not provi ded updated docunentation on the current version
of EPA- SMOD



In order to derive any benefit from the non-steady state capabilities
of the FECTUZ nodel, the Agency would need to couple it wth an
appropriate peer-reviewed dynanm c saturated zone nodel. Full use of non-
steady state capabilities will be particularly inportant if EPA nodifies
its assunption of an infinite contam nant source.

For the intended tasks in regul atory devel opnent, the conposite nodel
consi sting of FECTUZ-A and EPA-SMOD is acceptable from the standpoint of
its sinplicity and conputational ease. I ndeed, for the kinds of tasks
contenplated in regulatory developnent applications, an even sinpler,
st eady-state nodel relying on analytical solutions, such as the R TZ Mde
descri bed at the Decenber 1987 neeting of the Subcomm ttee, woul d probably
be a suitable conpromse between adequacy of representation and
conput ati onal efficiency. If the situation is to be sinplified by
assum ng steady, one-dinensional flow and considering only the asynptotic
condition at very long tines, it is not necessary to consider dispersion
in the unsaturated zone, and the nonlinearity of the soil's perneability
relation is of mnor inportance.

Hence, if the transport in the unsaturated zone is restricted to a

one-di nensi onal, steady-state situation, sone of the conplexities of
FECTUZ could be avoided in the interest of conputational efficiency.
Rather, in such an asynptotic analysis, predicting the extent of

transformation is the crux of the matter, because in the |ong-term steady
state, all of the solute that is not transformed ultimately will reach the

water table. Assuming a first-order reaction, the extent of
transformati on depends on the product, kt, of the transformation rate
constant tinmes the solute's residence tine. The transformation rate

constant k depends on the reactivity of the solute as well as on chem cal
condi ti ons. The solute residence tinme is influenced mainly by advection
and sorption. Di spersion influences the residence tinme distribution but
not the average residence tine, and m ght be safely neglected as a factor
of secondary inportance in a steady-state analysis of the kind
contenpl ated by OSWfor regul atory devel opment purposes, in the sense that
its influence is nmuch smaller than the potential inpact of transformation
processes.

For site-specific decisions where the accuracy and conpleteness of
representation of transport and transformation processes is of paranount
i nportance, the FECTUZ nodel seens bound to be inadequate, especially the
anal ytical version, FECTUZ-A, owing to its inplicit sinplifications and
its inability to take into account tenporal variations, site-specific
conditions and heterogeneity. The Subcommittee feels strongly that OSW
shoul d take special care to warn potential users against site-specific
appl i cations of the conposite nodel.



There is a substantial danger that such usage could be msleading and
detrimental to the protection of groundwater quality.

Val i dati on

The flow nodule of the FECTUZ nodel package has been validated for
extreme conditions of soil <characteristic nonlinearity, and can be
considered to represent state-of-the-art nodeling capability. However,
t he Subcomm ttee has seen no evidence that the conbined flow and transport
nodel, including the transformation nodule, has been confirnmed by
conparing to observations in a real system Neither has the conprehensive
nodel , conbining transport in the unsaturated and saturated zones, been
val i dated by conparing to observed field behavior. Gven this lack of
val i dation, OSW should be cautious in authorizing general use of these
nodel s for any purpose. The Agency should initiate a concerted effort to
gather or generate the needed field data to allow validation of the
proposed groundwat er nodel s.

Uncertainty Analysis with FECTUZ

The FECTUZ nodel is to be applied in conjunction with EPA-SMXD to
det erm ne t he degr ee of uncertainty associ at ed with Toxicity
Characteristic and delisting decisions. The intent of the uncertainty
analysis in the rulemaking procedure is to identify the fraction of
potential |and disposal sites across the United States where a given
| eachate concentration wll result in exceedances of a health-based
standard. So long as this fraction is low, eg., below 5 or 1 percent (the
actual value used is a policy decision), then the allowable |eachate
concentration is considered to be protective for hazardous waste
classification. Mnte Carlo replication of the nodel is thus intended to
characterize the range and distribution of soil transport conditions
encount ered throughout the United States.

A particular problemwith the Monte Carlo nethodol ogy described above
is that it is limted to evaluations of paraneter uncertainty: it is not
able to account for wuncertainties which arise due to inconpleteness or
deficiencies in the underlying transport nodels such as those described
previously for the FECTUZ nodel . Unfortunately, this is the case for
virtually all nodel wuncertainty analyses perfornmed today, as effective
nmet hods for representing and evaluating the uncertainty in nodel structure
are not currently available. Inplicit in the use of paraneter uncertainty
techniques is the assunption that the variations in paraneter values used
in the Monte Carl o anal ysis sonmehow capture the overall uncertainty in the
nodel itself. This may not always be the case, depending on the potential
i npact and i nportance of omtted or m srepresented processes in the nodel.



The overall uncertainty of the transport nodel should be considered
First, there needs to be a nore detailed discussion of omtted processes
and their potential inpact in the EPA reports. Second, it should be
recogni zed that in the current application, the Monte Carlo distributions
are formulated to represent only the spatial variability of paraneters
across the United States. The distributions do not reflect uncertainties,
either in the paraneters thenmselves or in the overall output of the nodel.
To obtain a reasonable, conservative |evel of regulation, it nmay thus be
necessary to superinpose overall judgnents of nodel uncertainty on the
nodel results. For exanple, the distribution of unsaturated zone trave
times may be nodified to account for the occurrence of direct macropore or
fracture transport. The consideration of nodel uncertainty is certainly a
new and difficult area, however, sone initial steps incorporating basic
engi neering judgnents are appropriate if uncertainty analysis techniques
are to be used and trusted for regul atory devel opnent.

ADDI TI ONAL | SSUES

The Subcommittee is concerned about several other issues related to
the developnent and use of FECTUZ that arose in the course of its
del i ber ati ons:

|. How does OSW proceed in establishing the need for the devel opnent
of a new nodel ? How are existing nodels evaluated, including
those recently devel oped within EPA and at other Federal agencies
such as USGS and ARS?

2. Does OSW have adequate in-house capability for evaluating issues
related to transport nodel devel opment and application, and does
OSWcapitalize on the expertise avail able el sewhere wi thin EPA?

These and other issues related to the use of nobdels by the EPA have
been of concern to the Environnental Engineering Committee during reviews
of other progranms within the Agency. The probl ens appear to be common to
many of the nodeling studies we have reviewed. The EEC is in the process
of developing a generic resolution on the proper selection and use of
nodel s by the Agency, where these issues are addressed.
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MEMORANDUM

SUBJECT: Sci ence Advi sory Board Revi ew of the Unsaturated Zone
Code for the OSWFate and Transport Model

FROM Sylvia K. Lowance, Director
Characterization and Assessnent Division (WH 562B)

TO Dr. Terry F. Yosie, Director
Sci ence Advi sory Board (A-101)

The purpose of this meno is to transmt for your review a code
for the simulation of flow and transport of chemical constituents
t hrough an unsaturated zone. The code accounts for the attenuation
of chemical constituents in the unsaturated zone and has potenti al
uses in the Toxicity Characteristic (TC) and the Concentrati on-
Based Listing rul emakings. The code was devel oped to fully explore
the comrents received on OSWs TC proposal (51 FP 21648, June 13,
1986). As we have indicated to you earlier, the TC proposal would
nodi fy the existing toxicity characteristic by: (1) introducing a
new | each procedure -- Toxicity Characteristic Leaching Procedure
(TCLP); (2) adding 38 organic conmpounds to the list of TC consti -
tuents; and (3) using a ground-water fate and transport nodel to
establish dilution/attenuation factors for the specific organic
compounds. The ground-water fate and transport nodel used in
the TC proposal was reviewed by SAB as part of the |and di sposa
restrictions ground-water screening procedure in 1985.

In the TC proposal, the ground-water nodel did not incorporate
an unsaturated zone. The nodel assunmed that the bottom of the
landfill was directly in contact with the water table. Consequently,
any attenuation of chemicals in the unsaturated zone was ignored
in the nodel. OSWnade this assunption at that tinme because of
a lack of adequate data to characterize the unsaturated zone for
the inplenentation of the nodel on a generic basis. Because of
this, OSWopted to be conservatively protective of human health
and the environment.

The Agency received nunerous comments on the absence of
unsaturated zone in the nodel. The comenters stated that the
assunption was unrealistic and landfills are not directly connected



to the saturated zone. |In addition, since the proposal date,

t he Agency has obtai ned data, as part of OSWs Solid Waste Landfi l
Survey, on the distribution of unsaturated zones at the munici pal
[andfill sites in the U S. These data indicate that at |east 95
percent of these sites have unsaturated zones. Therefore, in
order to fully explore the comments on the TC proposal, OSW has
devel oped an unsaturated zone code (FECTUZ).

FECTUZ is a finite-el ement code for the sinulation of water
flow and solute transport in the unsaturated zone (variably
saturated porous nmedia). The code allows for a w de range of
nonl i near flow conditions and handl es various transport processes,
whi ch are considered in the saturated zone code, including hydro-
dynam c di spersion, advection, sorption, and first order decay.
The code allows for consideration of heterogeneities in the
vertical dinension (layering) in the unsaturated zone.

SPECI FI C AREAS FOR SAB REVI EW

We are interested in SAB's eval uation of the FECTUZ code and
have identified the followi ng specific areas for Board' s review

1) DI MENSI ONALI TY OF FECTUZ CODE

FECTUZ code is one-di nensional in the vertical dinmension for
the foll owi ng reasons:

(a) The flow in the unsaturated zone for all practical purposes
can be assunmed to be in the vertical direction; and

(b) OSWneeds a code which can handle nonlinearites in the
unsaturated zone and at the sane tine is conputationally
ef ficient because of the need to perform Mnte Carlo
anal yses. Therefore, FECTUZ was devel oped as a one-

di mensi onal nunerical code (unlike the saturated
zone code, which is an analytical code). Two- or
t hr ee-di nensi onal codes will not satisfy this criteria.

(c) I'n addition, data to characterize the unsaturated zone
for nodeling in two or three dinmensions are not avail able
at this tine.

I s the one-dinensional code (FECTUZ) an appropriate too
for the intended use under the circunstances characterized by the
limtations of avail abl e data?



2) ASSUMPTI ONS UNDERLYI NG THE CODE

FECTUZ code was devel oped based on several sinplifying
assunptions to represent the physical systemto be nodeled. The
assunptions incl ude:

(a) Flow of the fluid phase is considered isothermal and
governed by Darcy's | aw.

(b) The fluid considered is slightly conpressible and
honobgeneous.

(c) Hysteresis effects in the constitutive relationships of
relative perneability versus water saturation, and water
saturation versus capillary pressure head, are assuned to
be negli gi bl e.

(d) Diffusive/dispersive transport in the porous nedia is
governed by Fick’s law. The hydrodynam c di spersion
coefficient' is defined as the sumof the coefficients of
nmechani cal di spersion and nol ecul ar diffusion

(e) Adsorption and decay of the solute may be descri bed by
a linear equilibriumisothermand a first order decay
const ant.

(f) The code handles only single phase Flow (water) and
ignores the flow of second phase (air).

(g) The code does not consider chain reactions. The porous
nmedia is considered as single-porosity soil nedia
(non-fractured nedia). The kinematic sorption effects
are not consi dered.

Are the assunptions nmade in the devel opnent of the code

appropriate, considering its intended use and the limtations of
t he avail abl e data?

3) CODE | MPLEMENTATI ON

If we decided to incorporate an unsaturated zone into the
ground water nodel, FECTUZ is to be inplenmented as an integra
conmponent of the ground water flow and transport code. The
i npl enentation of the code is described in the attachnent.

We woul d appreciate your review of the procedure for
i ncorporation of FECTUZ in the ground-water flow and transport
nodel , and any specific suggestions the Board may have for
i nprovenents considering the limted data avail abl e.
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Thank you for your help on this project. The code along with
t he necessary support materials are attached for your consideration.
Pl ease contact ne (382-4637), or Dr. Zubair Sal eem (382-4767), if
we can be any assistance during the review process.

At t achnment

cc: Matt Straus
St ephen R Wil
R Scarberry
Zubair Sal eem



ATTACHVENTS
Finite El enent Code for Simnulating One-D nensional
Fl ow and Sol ute Transport in the Unsaturated Zone.
Met hodol ogy for Sinulating Flow and Transport in the
Unsat ur at ed Zone.
Devel opi ng Joint Probability Distributions of Soil-Water
Retenti on Characteristics -- Robert F. Carsel and
Rudol f S. Parrish. Paper under publication in

WAt er Resour ces Research.
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