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Abstract. This study presents a numerical first-order spectraluncertainty bandwidths) are significant with the increases of
model to quantify transient flow and remediation zone uncer-small-scale InK variances. The largest displacement uncer-
tainties for partially opened wells in heterogeneous aquiferstainties may have several meters of differences when the In
Taking advantages of spectral theories in solving unmodeled variances increase from 0.1 to 1.0. Such conclusions are
small-scale variability in hydraulic conductivitk(), the pre-  also valid for the estimations of remediation zones in layered
sented nonstationary spectral method (NSM) can efficientlyaquifers.

estimate flow uncertainties, including hydraulic heads and
Darcy velocities inr- and z-directions in a cylindrical co-
ordinate system. The velocity uncertainties associated with )
the particle backward tracking algorithm are then used to es®  ntroduction

timate stochastic remediation zones for scenarios with parb diall d well | s d
tially opened well screens. In this study the flow and re- artially opened wells are common €lements in groundwa-

mediation zone uncertainties obtained by NSM were firstter remediation technologies. Such well systems associated

compared with those obtained by Monte Carlo simulationsw'th aquifer heterogeneity can create complex flow dynamics

(MCS). A layered aquifer with different geometric mean of ;irour:]d wel:ls ;Td qgeigzgnlfgantly Fhe _remefdlatll(l)n zones
K and screen locations was then illustrated with the devel-o,rt. e wells ( Otn.' ' ).' etermlnatlon of well reme-

oped NSM. To compare NSM flow and remediation Zonedlatlon.zones provides key mformatloln t.o define an area in
uncertainties with those of MCS, three different smaII—scaIeaﬁn aqwfelr for developfment? ofhremed|at|0!1 sySth.]S'. Dollje to
K variances and correlation lengths were considered for jj.(ne complex nature of aquiter heterogeneity and limited ca-

lustration purpose. The MCS remediation zones for differ- Pab”“Y for data ”_‘easuremems’ the incomple_te knowledge
ent degrees of heterogeneity were presented with the unceP—f aguiter propertles,. pe.lr'qcularly_the hydraulic conductiv-
tainty clouds obtained by 200 equally likely MCS realiza- 'Y (K) or the tramsmissivity (), will generally lead to the -
tions. Results of simulations reveal that the first-order NSmUncertainties of flows and then propagate to the uncertain-

solutions agree well with those of MCS for partially opened ties of well re.med|at|on zones. To .ql,!an"ufy the remgd|at|on
wells. The flow uncertainties obtained by using NSM and zone uncertainty caused by data limitation and aquifer het-

MCS show identically for aquifers with small IK variances erageneity, a stochastic approach is usually employed (Bair

and correlation lengths. Based on the test examples, the ree-t al., 1991). . . .
mediation zone uncertainties (bandwidths) are not sensitive WO common approaches, including Monte Carlo simula-
to the changes of small-scale fhcorrelation lengths. How- 0N (MCS) and so called first-order methods, are generally

ever, the increases of remediation zone uncertainties (i.e. thgMPloyed to define stochastic remediation zones (e.g. Varl-
jen and Schafer, 1991; Franzetti and Guadagnini, 1996;

) Vassolo et al., 1998; Guadagnini and Franzetti, 1999;
Correspondence taC.-F. Ni Riva et al., 1999; Van Leeuwen et al., 1998, 2000; Kun-
BY (nichuenfa@geo.ncu.edu.tw) stmann and Kinzelbach, 2000; Feyen et al., 2003a, b;
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Lessoff and Indelman, 2004; Indelman et al., 2006; Riva Applications of capture zone delineations can be in
et al., 2006; Kunstmann and Kastens, 2006; Guha, 2008)aquifers with partially opened wells, where the well screens
The MCS is conceptually straightforward for determining are relatively small compared with aquifer thickness. Ad-
stochastic remediation zones in heterogeneous aquifers. Uslitionally, the degrees of aquifer heterogeneity may cause
ing MCS to delineate remediation zones is based on genersignificant differences in defining remediation zones. These
ating a series of equally likely realizations of tl&e fields conditions are important especially for the implementation of
that are characterized by the same statistic structure (i.e. tha remediation well for a contaminant site with either conser-
mean value, covariance function and the associated varianogtive plumes or NAPLs. Motivated by the needs to delin-
and correlation lengths). Thegé fields are then used as eate well remediation zones for such conditions, a numerical
the input for solving groundwater flow equations, resulting profile model in cylindrical coordinate is required for better
in a series of head distributions. Subsequently, the remediainterpretation of complex flow dynamics around wells. The
tion zones for a specified time are defined based on particlebjectives of this study are (1) to develop a first-order numer-
tracking algorithms. Collecting the equally like remediation ical model for stochastic remediation zones in cylindrical co-
zones then results in a probability distribution of the remedi-ordinate system, and (2) to quantify how and to what degrees
ation zone. However, for problems with realistic complexity the effect of aquifer heterogeneity, well screen locations, and
and sizes, the convergence criteria and the computation efnean flow behavior of layered aquifer on the remediation
fort remain important issues for MCS to quantify flow and zone uncertainties. More specifically, a numerical spectral
remediation zone uncertainty. Discussions regarding to thenethod is employed to predict flow uncertainties for partially
limitations of MCS have been made in many previous studiesopened wells in heterogeneous aquifers. Based on the tran-
(e.g. Guadagnini and Neuman, 1999, Kunstmann and Kinzelsient flow uncertainty evaluated by the developed stochastic
bach, 2000; Zhang, 2002, Feyen et al., 2003a, b; Ballio andnodel, the concept of direct propagation of uncertainties of
Guadagnini, 2004; Dagan, 2004; Neuman, 2004; Li et al.,particle tracks proposed by Kunstman and Kastens (2006)
2003, 20044, b, Ni and Li, 2005, 2006). is employed to estimate the uncertainty bandwidth of a re-
The first-order methods provide alternatives to the solu-mediation zone. To reduce the number of release particles
tions of MCS. Unlike the MCS to resolve small-scale vari- for simulations, the particle backward tracking method will
ability directly, most first-order methods focus on solving the be used for all the simulation examples. This study will first
transformed functions that link the relationship between in-evaluate the accuracy of the developed model for flow and re-
put (i.e. the hydraulic conductivity) and output (i.e. the hy- mediation zone uncertainties by employing numerical MCS.
draulic head and seepage velocities) variability (Li et al., A variety of conditions, including the degrees of aquifer het-
2004a, b; Ni and Li, 2005, 2006; Ni et al., 2010). The erogeneity, well screen locations, and layered aquifers , were
transform functions such as the statistical moments, Greethen be considered to quantify the effect of such conditions
function, and sensitivity equation, can be solved either an-on the variation of remediation zones uncertainties.
alytically or numerically (e.g. Dagan, 1989; Gelhar, 1993;
Zhang, 2002; Rubin, 2003; Li et al., 2004a, b). Recent ap-
plications of first-order methods have been extended to th& Statement of the problem
determinations of stochastic well capture zones (e.g. Kunst- .
mann and Kinzelbach, 2000; Stauffer et al., 2002, 2004; Lu2-1 Flow equations
and Zhang, 2003; Zhang and Lu, 2004; Lessoff and Indel- ) ) ) , )
man, 2004: Bakr and Butler, 2005: Riva et al., 2006 Kunst_Assumlng transient flow in a hetgrogenepus cqnfmed agwfer,
mann and Kastens, 2006; Indelman et al., 2006). Most Studghe groun_dwater flow equations in two-dimensional cylindri-
ies on the subject dealt with depth-averaged two-dimensionaf@l coordinate can be formally expressed as
problems (Kunstmann and Kinzelbach, 2000; Stauffer et al.,1 5 9h 9  9h 9h

2002, 2004; Lu and Zhang, 2003; Zhang and Lu, 2004; Bakr 5 -[r K =1+ E[K 5] =S50 (1)

and Butler, 2005; Riva et al., 2006; Kunstmann and Kas-

tens, 2006). Only a few studies considered problems in three- oh

dimensional porous media (Lessoff and Indelman, 2004; In#r = _Ka_r= @

delman et al., 2006). These proposed three-dimensional so-

lutions are applicable for problems with fully penetrating S oh 3)

wells. The efficient closed form solutions in the studies of * 9z’

Lessoff and Indelman (2004) and Indelman et al. (2006) are o N

available for some specified conditions, including infinite do- Subject to the initial and boundary conditions

main for boundary conditions, relatively large aquifer thick-

ness compared with vertical correlation scales, and negligiblehIQ = Ho. ()

pore scale dispersion in the transport process. hlr, = Hp, ®)
KVh/-n|FN =0, (6)
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where h = h(r,z,t)[L] is the hydraulic head, K = subject to the initial and boundary conditions

K (r,z)[L/T] is the hydraulic conductivitySs = Ss(r,z) is the ,

specific storage, and- = u, (r,z,t) andu, =u,(r,z,t) [L/T] h ’Q =0 (16)
are Darcy velocities in- and z-directions for the aquifer h’]FD =0, a7)
system. Hy is the initial head in the simulation domas, KVh’~n]rN —0, (18)

Hp is the prescribed head on Dirichlet boundapy and

Q= Q(r,z,1) is the prescribed flux across Neumann bound-Note that the assumption that products of fluctuations can
aryT'y, andn =n (r,z) is an unit vector normal to the bound- pe neglected can only be justified when the fluctuation vari-

ary'y. ances ofK in aquifers are very small (Dagan, 1989; Gel-
_ ) har, 1993; Zhang, 2002; Li et al., 2003). Here the pertur-
2.2 Mean and perturbation equations bations (i.e. Eqsl3to 15) describe the linear, nonstationary

transformation fromf’ to 2" tou, andu . Because the di-
rect solutions of Egs.1@) to (15) are unavailable, equations
with moment formulas are typlcaIIy used to analyze the vari-
able correlations fof’, 4/, u,, anduZ (Dagan, 1989; Gelhar,
1993; Zhang, 2002).

This study considers the variability &€ to be solely the
source of uncertainty and treats the natural logarithm of hy-
draulic conductivity (InK) as stochastic processes. We there-
fore assume IK = F + f’, whereF is the geometric mean
of K, and f/ denotes the perturbations from the mean. The
responses of hydraulic head and Darcy velocities to the vari-

ation of K are represented by=H +h', u, =U, +u,,and 3 Numerical spectral solutions

u; =U;+ul, respectively, wherdd, U,, and U, are the

means and:’, u,, andu’ represent perturbations. Substi- Papouhs (1984) indicated that the output variables suéh,as
tuting these stochast|c varlables (i.eHnh, andu, andu;) andu are stationary only if the input variable (i.¢') is

into Eqgs. () to (3), neglecting perturbation terms with orders statlonary and the transformations (i.e. E§j3.to 15) are
higher than one, and taking expected values of the equationspatially invariant. For the problem of interest here, spatial
generates the following mean equations (Li and McLaughlininvariance implies that the perturbation equations (Eds.

1991, Gelhar 1993): to 15) must have constant coefficients (i.e. uniform flow)
2y 82H 1 S 9H and the boundary Qistances are Sl_Jfficient to have no effect
— (G4 — . = =T (7) on head and velocity fluctuations in the region of interest
o2 92y Kg ot (i.e. infinite modeling domain). Such a spatial invariance
U =Kg-J, (8) requ_irement is clearly not met because_ of practical com-
plexities, boundary effects, and sources/sinks introduced into
U,=Kg-J,, 9) most aquifer systems.

o - The Nonstationary Spectral Method (NSM) is a perturba-
and the initial and boundary conditions for mean flow are  tion approach and does not require dependent fluctuations
(10) to be stationary. This method differs from other classi-

H|q = H . . S
lo o cal perturbation methods primarily in the form of the spec-

p p y p
Hlr, = Hp, (11) tral representation of the output variable fluctuations. The
KVH-nlr, =0. (12) dependent fluctuations are represented as stochastic inte-

grals expanded in terms of sets of unknown complex-valued
“transfer functions” such as),; = ¥,r (v, 2, k-, k;,1) for
head fluctuation anav,, r =V,  (r, 2.k, k;,t) andy,_r =

Yu, r(r, 2,k k;,t) for velocity fluctuations, wherd, and

k, are wave numbers for componentsind z, respectively.
These fluctuations then have the following Fourier-Stieltjes
IPepresentatlon (e.g. Prisetley, 1981; Li and McLaughlin,

In Egs. ) to (9), u, =03F(r,z)/0r, andu, =0F(r,z)/0z
are the gradients of geometric me&n (i.e. K trends) in
r- and z-directions, whileJ, = —9H (r,z,t)/or and J, =
—dH (r,z,t)/dz are head gradients. Notation Kg=Kg4)
is the geometric mean of hydraulic conductiviky
The mean removed perturbation equations are then give

as. 1991, 1995; Li et al., 20044, b):
2n 9% 1 an' an' af’ af’ o oo
R R mi e o L v f’(r,z,r>=/ f DT L (hy k), (19)
Sy 0H Sy oK’ oo
(K_gﬁf) Kg 8t (13) eeiayied .
W (r,z,t) = / / Unpe BTk az (ke k), (20)
) o' —00J—o00
=—Kg(— — f'J,), 14
up=—Kg( -~ f'1y) ay
on’ / Y i (ke +kz2)
_—Kg(——fJ) (15) u,(r,z,t)=/ / Y, pe VAL (kS k), (21)
—00J —00
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00 OO .
u’z(r,z,t)zf / wuzfel(krr-l-kzZ)de(kr’kz) (22) 1982; Gelhar, 1993):
—o0J—00 , +00 p+00
o (r,z,t) = r,z,.kr kyt
wherei = (-1)¥2 anddZ s (k, k) is the random Fourier i (ne. [m —o0 Vi 2 Koo )
increment of f'(r,z,t), evaluated atk,,k,) in the spec- w;f(r,z,kr,kz,t)Sff(kr,kz)dk,de, (29)

tra domain. ThedZy (k. k;)has the following proper-

ties E[dZ (k- ,k;)] =0 and E[dZ f (k, ,k; )dZ*(k k/)] = 100 ptoo

0. Such properties represent that the stochast|c pracess o' " (r,2,1) —/ Yu, r(r, 2, kp k7, 1)
has zero mean and uncorrelation of two different frequen- oo J—o0

cies. The orthogonal increment @ will lead to the re- ¥y ;(r,z,kr ke, 1) S py (ki k) dkrde, (30)
lationship E[de(k,,k )dZ*(k;,k;)] = Sy (kr,k;)dk,dk,

where S¢r (kr,k;) is the spectral density function (Priestly, +00 ptoo

1981; Gelhar, 1993). The Fourier representation can beru L(r.z, t)—/ wu,f(r,z,kr,kz,t)

viewed as the continuous version of a Fourier series expan- oo -

sion of f/. The random Fourier increment at a particular Yu. s (2: kr’kz’f)Sff(kr’k Ydkydk, (31)

wave number is analogous to the random amplitude of one Ognd

the terms in the Fourier integral. The symbgls:, v, 7, and

V., r are unknown head and velocity transfer functions intro- 2 (o t)_/+°° +°°w (r.z.ky ko 1)

duced to account for nonstationary flow transformations. All u: o S T e

the trgnsfer funct|ons_, must be selfacted suc_h hhat_, and wmf(r»z’kr»kz’t)Sff(kr»kz)dkrdkza (32)

u’, satisfy the governing perturbation equations (i.e. B@s. )

to 15). Substituting Eqs.19) to (22) into Egs. (3) to (15) where the asterisk superscript represents the complex conju-

gives the following transfer function equations: gate ands ;s (k.. k;) is the spectral density function of the log
hydraulic conductivity (Priestly, 1981; Gelhar, 1993). Note
azwhf 32 Ynr 2ik, whf that the transfer functions obtained from E@3)(to (25) re-
9r2 + 972 +( +ur +2ikr) == quire a numerical discretization in complex-valued format.
whf In this study the exponential spectral density function is used
+(pz +2ik;) for illustrative examples. For specific implementations, a mi-
1 nor revision of the program may be required to involve dif-
[(; )ik + ik, — (k,2 +k12)} Ynr ferent spectral density functions.
Sy 0H S5 Yy
—Jrikr = Jiik; +(K ot 5= Kg ar . (23) 4 Determinations of stochastic remediation zones
0y . To determine the uncertainty bandwidth of a remediation
Vu,r =—Kg a7 tike Y —Jr ), (24) zone, this study employs the concept of direct propagation
of uncertainties of particle tracks proposed by Kunstman and
and Kastens (2006). The propagation of particles in the mean
By flow field U, (r,z,t) andU,(r, z,t) can be formally expressed
Yu.f=—Kg (_82 +ikYnr — JZ> , (25)  by:
dr(1)
with respect to the initial and boundary conditions o = Uz, (33)
Vsl =0, (26) and
= dz(t
Vg, =0, @7) % = U.(r.2.1), (34)
Kvwhf-n|FN =0. (28)

wheret is the time for particle tracking andr) andz(z) indi-
Equations 23) to (25) are deterministic and complex-valued cate the location of a particle at a specified time. Because the
differential equations. Unlike the classical stationary spec-transient mean velocitids, (r, z,t) andU,(r, z,t) are known
tral method, which requires transfer functions to be spatiallyvalues at grid points over the entire modeling area, the po-
invariant, the transfer functions introduced here are spatiallysition of the particle along its flow path can be calculated
variants. Three transfer functions, ¢, v, r , andy,_; ob- by using fourth-order Range-Kutta method (e.g. Zheng and
tained by solving Egs2Q) to (25) can then be used to derive Bennet, 2000; Bakr and Bultler, 2005) at each time step. The
the variances of head and Darcy velocities in the same waylisplacement uncertainty of the final particle location (or a
as the classical stationary spectral method (e.g. Mizell et al.specified time) can be obtained approximately by collecting
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the velocity uncertainties at locations of all previous tracking The mean traceline of ., o . particle at
steps (Kunstman and Kastens, 2006). The numerical formu- the last particle the specified tracking fime
las for such concept are as follow: well P &
n
0r (2. t) = At Y 04,i(r2.1), (35)
i=1 dc)
(3]
5
n n R+o,
o,(r,z,t)=At Y o, irz,1), 36 J
h ; st ( ) > Mean displacements of
- particles at the specified
n N \ tracking time
_ . The mean trace
0z (rz,1) = At Zoull (r.2.0), (37) line of the first The mean location of the first
i=1 particle particle at the specified tracking time

wheren is the number of total tracking steps. For each

particle, a bilinear interpolation algorithm was used in this Fig. 1. The concept to calculate the bandwidths of a stochastic
study to calculate the values of velocity standard deviationgemediation zone.

in Egs. @5 to (37). When the displacement uncertainties

(ie.or, oy;, ando? of a particle is obtained from EqS3%9) g jjjystrative examples here may not cover all the scenarios
to (37), the uncertainty bandwidth of the particle location ¢,y tially opened wells, but we aim to present the accuracy
can then be gpproxu’nately calculated by minus an.d plus ong 4 capability of the developed NSM for possible applica-
standard deviation (i.eir) from the mean particle displace- yjons to problems with realistic complexity and sizes. Here a
ment (i.e.R = v/7*+7?), wherer andz indicate the mean  synthetic example with modeling area of 80 m by 20 m is em-
particle location inr- and z-directions. Estimations of in-  ployed to illustrate the developed NSM for estimating flow
ner and outer bounds of displacement standard deviation fosnd remediation zone uncertainties in heterogeneous aquifer
each particle are based on the solutions obtained from NSMystems. We assume that a well with partially opened screen

velocity uncertainties(i.e. Eq85t0 37). Inthis study, the,  js installed in a confined aquifer. Figure 2 shows the concep-
is estimated based on the following formula (Liu and Zhang, tuyal model of the test example. Depending on the problems
2003): to be discussed, the locations of the opened well screens are

either in the central (8 m to 12 m), upper (14 m to 18 m), or
lower (2 m to 6 m) portions of the well. The initial hedt}

where symbold¥Vr and Wz stand for the referenced point to for all the simulation scenarios are 10m in modeling areas.
calculater for each particle. This study uses the center point The aquifer top and bottom boundaries are specified with no
of the opened well screen to be the referenced point. flow boundary conditions. The left boundary is assumed to
Figure 1 illustrates the concept to calculate the uncertaintyconnect with the well and the portions without well screens
bandwidths for a capture zone of a partially opened well.aré specified with no flow boundary conditions. At the right
Note that particles are only released along the screen portiofiide of the modeling area, the constant head boundary condi-
of the well. To obtain the uncertainty bandwidths for tran- tion with 10 mis specified. Such boundary condition implies
sition zones (marked by downward diagonal lines in Fig. 1),that the distance is sufficient large and the head changes in-
the locations and displacement uncertainties of the first andluced by the pumping well are not significant at the bound-
the last particles over tracking times need to be recorded@y- Within the well screen interval, we use a constant head
For a specified tracking time, connect the mean trace line/alue of 0m to be the boundary condition for groundwater
of the first particle, particles other than the first and last par-flowing toward a well screen. Such constant head condi-
ticles, and the trace line of the last particle, one can obtairfion can produce flow rates within the screen interval pro-
the mean remediation zone. Based on the particle locationBOrtional to the hydraulic conductivitk” values along the
along the mean remediation zone, tReando values are ~ Well screen. Due to the random nature of tkieproperty,

uncertainties. whose strength is a random space function (Severino et al.,

2008). Similar conditions were considered by previous in-
vestigations (e.g. Dagan, 1989; Indelman, 1996, 2002, 2004;
5 Test examples and numerical considerations Severino etal., 2008 ). The comparison of different boundary
types for well locations can be found in the study of Indel-
Our objective of this study is to develop a spectral first-orderman and Dagan (2004).
method to quantify flow uncertainties and delineate stochas-
tic remediation zone in the cylindrical coordinate system.

orR= \/[(7— Wr)2 x o2 +(Z—W2)2x 02 +2F - Wr)E@—W2o2]/R, (38)
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k=) (a) H (m)
FL ~— No Flow No Flow g 20 o

—_ TE :
1S I Constant Head €9 — \ 95
~ h=0m he Elo':?q ! 9.0
7] = S ) 10) ) a5

[ - =— No Flow 5 N 0 o o @ .
No Flow O o 8.0
. ! o [ 6.0
r(m 4.0
(m) (b) 2.0

10

Fig. 2. The conceptual model for illustrated examples in this study.

H(m)

To analyze the effect of aquifer heterogeneity on the pre-
dictions of flow and remediation zone uncertainties, the
small-scale fluctuation is modeled stochastically by an expo-
nential spectral density function with the In variances of  Fig. 3. The mean head distribution for the screen opened in the
0.1, 0.5, and 1.0, while the correlation lengthg-idirection  central portion of the well(a) the r andz two-dimensional head
(rr) are selected to be 1, 5, and 10 m, respectively. For all thelistribution for = 80 day, andb) the snapshots of head centerline
simulation scenarios, the correlation lengthszidirection  profiles along: = 10 m for different simulation time.

(Az) are fixed to 1 m. In this study, all the MCS solutions

for flow uncertainties are based on 10000 equally likely re- ) ) )

alizations ofK fields. Such random fields are generated bywelll screens are investigated in a layered and heterogeneous
using the spectral random field generation algorithm (Ni angduifer system.

Li, 2005, 2006). The grid spaces used for NSM simulations
are assigned to be 1m in both andz-directions, while the

grid spaces forMCS 5|mulat|(_)ns_z_are fixedto 0.25m for betterOn the basis of the screen opened in the central portion
resolution of small-scal& variability.

To conduct stochastic remediation zones for differentOf the well, Fig. 3 shows the simulated mean flow pattern
small-scalek variances and anisotropic scenarios, 20 parti—(Flg' 3a) and the magnitude profiles (Fig. 3b). To simplify

cles are released alona the ooened well screens for both NSt e comparisons of flow and remediation zone uncertainties,
9 P ere a constant geometric me&n of 1.0 (approximately
and MCS. To model the transient flows for the examples, th 1 ; ; . :
. ) : ; . 2.718 mday-) is assigned for the entire modeling area. The
time steps are assigned to be variable. In the early simulation ! . C
. ; : . ~mean head profiles (Fig. 3b) show that the head distributions
time (from 0 to 0.1 day) the time step is 0.001 day. The time . ' .
step is 0.01 in the period of 0.1 to 1.0 dav. After 1.0 da thealong center line profilez(= 10 m) reach a steady state in the
timg ste . is fixed topo 2da th}ou h fhe reys.t of the éimul?:—l;tion early simulation time (approximately by 0.2 day). Figures 4
P < cay 9 . 'to 6 show, respectively, the selected head and Darcy velocity
Note that the NSM requires only one flow and particle track- o . - . : .
. . . ) ) o . uncertainties for IrK variance = 0.5 and different anisotropic
ing simulation for delineating remediation zones, while the ! . .
. . . .~ scenarios by using NSM. In Fig. 4 the head STDs show that
MCS requires a number of flows and particle tracking sim-

) . o - the high head uncertainty occurs near the well location, how-
ulations based on differer realizations. For comparison 9 y

. . ever, the patterns are very different depending on the values
purpose, the results of NSM remediation zones for different f ther-direction correlation lengths. The high values of the

In K variances anql anisotropic scenarios will be overlappeoﬁead STD increase with the increagedorrelation lengths.
on top of the particle clouds created by 200 MCS reallza'With the increase of-correlation lengths, the hydraulic ef-

tions. fect (i.e. the hydraulic gradient) of well screen on the head
variations will propagate longer distance from the well lo-
6 Results and discussion cations. Additionally, the increase ofcorrelation lengths
will lead to significant change of STD patterns near the well
The first-order method (i.e. the NSM) to delineate transientlocation (see Fig. 4b and c).
remediation zones relies on the solutions of velocity vari- Figures 5 and 6 show the selected velocity uncertainties
ances and cross variancerinandz-directions in modeling  (also plotted with STDs) im- andz-directions for InK vari-
areas. In this study we first assess the accuracy of flow unceance = 0.5 and different correlation lengths-idirection. In
tainties estimated by NSM. Then the stochastic remediatiorFig. 5 the patterns of velocity uncertainty irdirection do
zones are delineated based on the flow uncertainties obtainetbt show much difference for different anisotropic scenarios.
from NSM. The flow and remediation zone uncertainties ob-The high velocity STD values in-direction are located in
tained by using NSM are compared with the correspondingthe screen interval of the well. The extents of the high STD
MCS solutions for different small-scale K variances and areas for different anisotropic scenarios are limited in 5m
anisotropic scenarios. Based on the verified NSM, the remefrom the locations of well screens. Because of no flow condi-
diation zone uncertainties for different locations of openedtions specified at intervals without the well screens, in these

50 30

6.1 Simulations of flow uncertainties
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Fig. 4. The solutions of head standard deviation: at 80 day Fig. 6. The solutions of velocity standard deviation fedirection
for the illustrated examplega) r-correlation length Xr)=1.0m, atr =80 day:(a) r-correlation lengthXr) = 1.0 m,(b) r-correlation
(b) r-correlation length X»)=5.0m, and(c) r-correlation length  length ¢.r) =5.0 m, andc) r-correlation lengthXr) =10.0 m.
(Ar)=10.0m.

To better compare the magnitudes of flow uncertainties,
Figs. 7 and 8 present the center line profiles (aloagl0 m)
of flow uncertainty (showed with STDs) for NSM and MCS.

Oy Here the small-scale I variances are varied from 0.1 t0 1.0
1.0 and the correlation lengths indirection are varied from 1 to
PO 10m. The results show that NSM solutions for flow uncer-
pod tainties agree well with those obtained by MCS. In general,
os the changes of-direction correlation lengths do not influ-
03 ence much the accuracy of NSM head and velocity STDs
92 (Fig. 7). For isotropic medium, the solutions of velocity

00 STDs for NSM and MCS show identically. Small k vari-
ance will lead to more accurate estimations of flow uncer-
tainties by using NSM (Fig. 8). Such result is consistent
with the assumption of first-order approximation used in the
NSM. Note that the velocity uncertainties at boundaries do
not reach to zero (Figs. 7b, ¢ and 8b, ¢). This is because

Fig. 5. The solutions of velocity standard deviation fedirection ~ Of that the values of hydraulic conductivity at boundaries are

att = 80 day:(a) r-correlation lengthXr) =1.0 m,(b) r-correlation ~ uncertain.

length ¢.r) =5.0m, andc) r-correlation lengthXr) =10.0 m.

6.2 Simulations of remediation zone uncertainties

intervals the velocity STDs im-direction are small for all  Figures 9 and 10 show the delineated stochastic remediation
the anisotropic scenarios. Similar to the solutions of veloc-zones by using NSM (shown with lines) and MCS (shown
ity STDs inr-direction, in Fig. 6 the high values of velocity with symbols) for differentr-direction correlation lengths
STD inz-direction also located near the well screen and suchand InK variances. Here the first 200 realizations of MCS
high velocity STD areas are limited in 2 to 3m from the well solutions are plotted with particle clouds for better presenta-
location. On the basis of the algorithm to delineate stochastion. For each realization, a total of 20 particles are released
tic remediation zones, the insignificant difference of velocity along the opened well screen and are recorded at the end of
STDs (both inr- andz-directions) for different anisotropic =80day. The remediation zone clouds in Figs. 9 and 10
scenarios may not lead to significant differences of stochasare then obtained by collecting all particle locations from
tic remediation zones. The results in Fig. 6 also show that thehe 200 MCS realizations. Figures 9 and 10 show that the
increase of the-direction correlation length can restrict the NSM remediation zones and the associated uncertainty band-
propagation of velocity uncertainty ndirection. widths match well with the remediation zone clouds obtained
by using MCS. The longer correlation lengthssdirection
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Fig. 7. The center line profiles of flow uncertainties that are ob-
tained by using first-order NSM (lines) and MCS (symbols) at
t =80day for fixed InK variance of 0.5 and differentdirection
correlation lengths.
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Fig. 8. The center line profiles of flow uncertainties that are ob-
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for fixed r-direction correlation length of 5m and different ki
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Fig. 9. Stochastic remediation zones obtained by using NSM
(solid lines: mean, dashed lines: meag: and dash-dotted
line:mean+o ) and MCS (symbols) at=80day for fixed InK

variance of 0.5 and-correlation lengthXr) of (a) 1.0 m,(b) 5.0 m,
and(c) 10.0m.

will lead to a wider uncertainty bandwidth, i.e. the large dis-
placement uncertainty. However, with the small difference of
velocity variances, the NSM remediation zones show slight
differences for different anisotropic scenarios (Fig. 9). Fig-
ure 10 shows the cases with fixed r-correlation length of 5m
and different InK variances. Results show that the increases
of In K variances will lead to increase of uncertainty band-
widths. The largest value of displacement uncertaiaty) (

for different In K variance cases will vary from 3m (1K
variance =0.1) to 5m (IX variance = 1.0).

It is worth to mention here the computational efficiency of
the developed NSM to delineate the stochastic remediation
zones. Based on our workstation with Intel i7 CPU, the com-
putational time to obtain the NSM solution is in the order
of minute. However, the computational time for MCS solu-
tion based on 10000 realizations and statistical calculations
is in the order of hour. Note that the presented example here
is relatively small, which involves a total of 1600 cells for
NSM and a total of 25 600 cells for MCS. For most practical
problems, the computational domain can be in the order of
hundreds of meters to several kilometers. The computational
cost for MCS will be very expensive. For such large-scale
problems, the developed NSM can provide efficient approxi-
mations to quantify flow uncertainties and estimate stochas-
tic remediation zones.
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. . L . N Fig. 11. Stochastic remediation zones obtained by using first-order
Fig. 10. Stochastic remediation zones obtained by using first-order ) LY T

S . NSM atr =80 day (flooded contours: mean head distribution; solid
NSM (solid lines: mean, dashed lines: megg-and dash-dotted lines: mean remediation zone: dashed lines: nand dash-
line: mean+ok ) and MCS (symbols) at = 80day for fixed r- : ; - Meg

A . : dotted line: meand ) for fixed r-direction correlation length of
direction correlation lengthi¢) of 5m and In K variances of 5m and InK variance of 0.5 in a layered aquiféa) the screen
(2)0.1,(b) 0.5, and(c) 1.0. ' Y q

opened in the central portion of the well (8 to 12 ifi) the screen
opened in the lower portion of the well (2 to 6 m), &iejithe screen

. L . opened in the upper portion of the well (14 to 18 m).
6.3 Remediation zone uncertainties for different screen

locations in a layered aquifer

in patterns (Fig. 11a and c). In Fig. 11b the traveling dis-

Previous sections have presented the efficiency and accyances of particles and the patterns of remediation zones in
racy of NSM to quantify transient flow and remediation the high mean Itk layer are away from two other scenarios
zone uncertainties for partially opened well in heterogeneouqi_e_ the well screen in central and upper portions). The dif-
aquifers. The test examples are limited to the well screen l0ference is about 30 m based on the solutions=ag80 day. In
cated at the central portion of a well and the geometric meanne |ow mean Ink layer we found similar traveling distances
of In K is 1.0 for entire modeling area. It is important on the fqr the scenario shown in Fig. 11a. However the patterns of
application point of view to assess the effects of screen loyemediation zone uncertainties in low meankiniayers are
cations and geometric mean of InK on the quantifications ofgjferent in both the fronts and the trace lines of the first par-
remediation zone uncertainties. Based on the modeling aregcles. Due to the strong stress created by well screen in the
same as previous examples shown in Fig. 2, the aquifer hergyer portion of the well, the remediation zone in Fig. 11b
is divided into two layers with different values of geometric ¢qyers larger area than that in Fig. 11a near the well in the
meank'. The geometric mean df is kept 1.0 for the lower oy mean Ink layer. However, the additional area is very
layer (fromz =0 to 10 m). However, we assign a geometric sma|| compared with the situations shown in Figs. 11a. Note
meank of 3.0 for the upper layer (from=10to 20m), in  that the abrupt changes of zone uncertainties near the inter-
which theK value is approximately one order of magnitude faces of the high and low mean ki layers may be caused
greater than the one in the lower layer. Depending on theyy |imited particles near the interfaces(Fig. 11a and b). In
problems to be discussed, the locations of the well screengymmary, the fronts of remediation zone uncertainties de-
are opened either in the central (8 m to 12m), upper (14 m tgyend highly on the statistical structure of the small-sdale
18 m), or lower (2m to 6 m) portions of the well. variability, mainly by the variances of Ik variations. The

Figure 11 shows the mean head distributionat80day  overall patterns of stochastic remediation zones are still con-
and the delineated stochastic remediation zones by usingolled by the mean flow behavior. Here such mean flow be-

NSM. The results in Fig. 11 indicate that the mean flow pat-havior is generated by different locations of well screens and
terns are influenced by the screen locations and the mean lihe mean Ink values in different layers.

K of aquifer layers. Such local flow patterns lead to differ-
ences of the patterns of mean remediation zones and the asso-
ciated uncertainty bandwidths. The well screen in the central
and upper portions of the well show similar largest traveling
distances of particles in high meanAnlayers but the fronts

of the mean and uncertainty bandwidths are slightly different
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7 Conclusions K layer are significantly smaller than those for well screens
opened in high mean IK layers.

We h developed a first-ord tral method t i In this study we have put our effort on the development
r en ia\ﬁ[ ﬂe\\;\? 023 ramlrséii{)tri (ra]rzspr(]ac ran mret igti 0 fquran I];yof first-order spectral model for transient two-dimensional
ansient tlow and remediation zone uncertainties 1o pa;ﬁylindrical coordinate system. The proposed NSM method

tially opened wells in heterogeneous aquifers. The develope as taken the advantages of spectral theories and provided

NSM employs the concept of traditional spectral method an an opportunity to include stochastic theories in practical

mtroduge a transf(_ar funptmn in spectral doma_ln to accogntgroundwater modeling problems. The illustrated examples
for aquifer nonstationarity. Based on the velocity uncertain-

) ) . used here for illustrations are synthetic and the hydrogeo-
ties evaluallte.d by NSM.’ the concgpt of direct propagatlonlogic conditions are well defined in advance. For applica-
of uncertainties of particle tracks is then used to calculate

stochastic remediation zones for two-dimensional cylindricaltlons OT reallstlic' problems, the model|ng domain an(.j'hydro—
. . . eologic conditions can be adjusted to meet conditions on

coordinate system. In this study, the solutions of develope ites

NSM were first assessed by comparing the solutions of flow ‘

uncertainties with the corresponding numerical solutions of . .

MCS. Three InK variances and anisotropic conditions were ~cknowledgementsThis research was supported in part by the

considered for the illustrative examples. Based on the Ve_NatlonaI Science Council of the Republic of China under contract
) . . ) X NSC~99-2116-M-008-022 and NS€100-3113-E-008-002.

locity uncertainties obtained by using NSM, the first-order

stochastic remediation zones were then delineated approXggited by: A. Guadagnini

mately. The developed model was then employed to esti-

mate remediation zone uncertainties in a layered aquifer un-

der conditions with three screen locations of a well.

The simulation results show that the flow uncertainties
obtained by using NSM agree well with the MCS solu- Bair, E. S., Safreed, C. M., and Stasny, E. A.: A Monte-Carlo-
tions. For aquifers with small K variances and correlation based approach for determining travel time-related capture zones
lengths, the velocity uncertainties obtained from NSM and of wells using convex hulls as confidence-regions, Ground Water,
MCS show identically. On the basis of velocity uncertain- _ 29(0), 849-855, 1991. _ _
ties from first-order solutions, the delineated stochastic reaki, M. I. and Butler, A. P.. Nonstationary stochastic anal-
mediation zones show reasonably well when compared those YSiS I Well capture zone design using first-order Taylor's
first-order remediation zones with the corresponding MCS Z:_'i; 1%p2p9r/02x$rgj\;:/ogéog\gztggozesour. Res., 141(W01004,
results. Our illustrative exampleg involve parti.a}lly OPe”ed Ballio, F. and Guadagnini, A Convergence assessment of numer-
well screens and the screen locations are specified with con- je5| Monte Carlo simulations in groundwater hydrology, Water
stant head conditions. Under the condition that the screen Resour. Res., 40, W046080i:10.1029/2003WR002878004.
in the central portion of the well, the velocity uncertainties pagan, G.: Flow and transport in porous formations, Springer-
show slightly differences for different anisotropic scenarios. Verlag, New York, p. 465, 1989.
The NSM remediation zones for different anisotropic sce-Dagan, G.: On application of stochastic modeling of groundwater
narios show that the uncertainty bandwidth increases slightly flow and transport, Stoch. Env. Res. Risk A., 7)3(266-267,
with the increase of correlation lengthsrirdirection. How- 2004. _ _
ever, the increases of remediation zone uncertainties are sig-cYen: L., Ribeiro, P. J., De Smedt, F., and Diggle, P. J.: Stochastic
nificant with the increases of small-scaleRvariances. The delineation of capture zones: classical versus Bayesian approach,
remediation zone bandwidths may have several meters of dif- J. Hydrol,, 281(), 313-324, 2003a.

f h he IK . . f 011010 Feyen, L., Ribeiro, P. J., Gomez-Hernandez, J. J., Beven, K. J., and
erences when the IR variances increase from 0.1 to 1.0. De Smedt, F.: Bayesian methodology for stochastic capture zone

The stochastic remediation zones obtained by using NSM  delineation incorporating transmissivity measurements and hy-
in layered aquifer show that the mean flows control the pat- draulic head observations, J. Hydrol., 271(1-4), 156-170, 2003b.
terns of mean remediation zones and the associated uncédfranzetti, S. and Guadagnini, A.: Probabilistic estimation of well
tainty bandwidths. The fronts of remediation zone uncertain- catchments in heterogeneous aquifers, J. Hydrol., 174(1-2),
ties depend highly on the statistical structure of small-scale 149-171,1996. .

K heterogeneity, mainly by the variances offnvariations. Gelhar, L. W.: Stochastic subsurface hydrology, Prentice-Hall, En-

. . lewood Cliffs, NJ, 1993.
The location of the well screen plays an important role for _ 9 . P . .
play P Guadagnini, A. and Franzetti, S.: Time-related capture zones for

the largest !ength ofa remedlatlor_l zone in the h.lgh me.a” In contaminants in randomly heterogeneous formations, Ground
K layer. With the well screen entirely or partly in the high Water, 379), 253-260, 1999.

mean InK layer (as shown in Fig. 11a and c), the StOChas'Guadagnini, A. and Neuman, S. P.: Nonlocal and localized analy-
tic remediation zones are similar in high & layers. When ses of conditional mean steady state flow in bounded, randomly
the well screen is solely opened in the low meaKlhayer nonuniform domains 1. Theory and computational approach,
(as shown in Fig. 11b), the remediation zone in high mean In Water Resour. Res., 38), 2999-3018, 1999.
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