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Abstract We analyze the probability distribution of the hazard attenuation factor for a noncarcinogenic
reactive compound captured by a well in heterogeneous porous formations. The hazard attenuation factor
is defined as the ratio between the hazard index HI at a detection well and at the source. Heterogeneity of
the aquifer is represented through the multi-indicator model (a collection of blocks of independent perme-
ability) while flow and transport are solved by the means of the self-consistent approach that is able to deal
with any degree of heterogeneity. Due to formation heterogeneity, HI is a random variable and similar for
hazard attenuation index. The latter can be fully characterized by its cumulative distribution function (CDF),
which in turn can be related to the statistics of the travel time of solute particles, from the source to the
detection well. The approach is applied to the case of a solute which undergoes decay and a well with a
screen much smaller than the correlation scale of hydraulic conductivity. The results show that the probabil-
ity of exceeding a given acceptable threshold of the hazard index is significantly affected by the level of het-
erogeneity comparable to the one observed for the MADE site, and the distance between the source and
the well.

1. Introduction

Assessing human exposure to contaminated groundwater is a major challenge in many parts of the world.
Defining contaminant mass fluxes in natural porous media is an arduous task since scientists and engineers
need to cope with multiscale spatial variability of hydrogeological properties. Capturing the spatial patterns
of the subsurface’s hydraulic parameters, such as the permeability, is a key component in the prediction of
large-scale transport behavior [Dagan, 1989; Rubin, 2003] and consequently, in risk assessment [Rubin et al.,
1994; de Barros and Fiori, 2014]. Due to limited financial resources and technical difficulties, a full characteri-
zation of geological formation is not feasible. Scarce site characterization data causes uncertainty in flow
and contaminant transport predictions, and therefore the human exposure to contaminants and the associ-
ated adverse health effects must be treated in a probabilistic manner [e.g., Maxwell and Kastenberg, 1999].
Hence, reliable human health risk estimation requires improved assessment of the impact of the spatial pat-
terns of variability of the geological hydraulic properties onto transport and exposure models. Aside from
the geological formation, other sources of uncertainty include source strength and its location, as well as
uncertainty about attenuation and transformation reactions, human physiological response, and behavioral
characteristics [e.g., Bogen and Spear, 1987; Maxwell and Kastenberg, 1999; de Barros and Rubin, 2008;
Andricevic et al., 2012].

There is a large number of works dedicated to addressing human health risk utilizing probabilistic and geo-
statistics tools for distinct pollutants such as chlorinated solvents [Maxwell and Kastenberg, 1999; Benekos
et al., 2007; Henri et al., 2015, 2016], pathogens [Molin and Cvetkovic, 2010; Cvetkovic and Molin, 2012], by-
products of CO2 leakage [Siirila et al., 2012; Atchley et al., 2013], arsenic [Yu et al., 2003], cadmium leaching
[Beyer et al., 2009], and radioactive waste [Andrivevic et al., 1994; Andricevic and Cvetkovic, 1996]. Task-
oriented human health risk driven approaches have been developed to assist decision makers to best allo-
cate subsurface site characterization resources toward uncertainty reduction in model predictions [Maxwell
et al., 1999; de Barros and Rubin, 2008; de Barros et al., 2009, 2012]. The impact of hydraulic conductivity spa-
tial heterogeneity on the stochastic characterization of human health risk and related metrics are also
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reported in the literature [de Barros and Fiori, 2014; Fiori et al., 2015a]. Henri et al. [2016] focused on the
effects of DNAPL source release conditions in heterogeneous aquifers on the overall statistical characteriza-
tion of the increased lifetime cancer risk. Most of these works are focused on geological formations display-
ing low-to-mild heterogeneity where analytical solutions were derived for the ensemble moments of the
increased lifetime cancer risk [Andricevic and Cvetkovic, 1996; de Barros and Rubin, 2008; de Barros and Fiori,
2014] and microbial infection [Molin and Cvetkovic, 2010; Molin et al., 2010]. The significance of statistical
anisotropy of the permeability field in controlling carcinogenic and noncarcinogenic health effects was
shown analytically for nonreactive contaminants [de Barros and Fiori, 2014] and numerically for reactive
transport [Siirila and Maxwell, 2012]. Rodak and Silliman [2012] used a fault tree framework [see Tartakovsky,
2007] to study risks to human health for improved wellhead protection and managing groundwater resour-
ces. Tartakovsky [2013] provides a review of different methodologies for propagation of uncertainty in prob-
abilistic risk analysis applications in hydrology.

Despite the significant progress there are still research needs to improve our fundamental understanding of
how spatial heterogeneity of the hydraulic properties affect the statistical description of solute concentra-
tion and health risk. As discussed in the AGU Chapman Conference, held in Valencia (Spain) in October
2015 [Gomez-Hernandez et al., 2016], aquifer heterogeneity is one of the key factors hampering our ability
to successfully remediate the subsurface environment. Thus, in contrast to most aforementioned studies
dealing with weak to moderate heterogeneous aquifers, in the present work we address the effect of strong
heterogeneity on health risk assessment. This is the case of the MADE site [Harvey and Gorelick, 2000; Zheng
et al., 2011; Bohling et al., 2012], but also of many other aquifers, as set forth at the recent Chapman confer-
ence [Gomez-Hernandez et al., 2016]. Toward this aim, we employ the recently developed physically based
model of flow and transport coined as MIMSCA (Multi-Indicator Model of aquifer structure and Self Consistent
Approximation of flow and transport) [e.g., Cvetkovic et al., 2014], which was shown to predict the observed
plume snapshots [Fiori et al., 2013] at the MADE experiment. MIMSCA revealed a few specific features of the
breakthrough curves in transport through highly heterogeneous media, e.g., a long tailing caused by con-
taminant retention in zones of low permeability on one hand and presence of channels of fast solute
advance on the other [e.g., Salamon et al., 2007; Fiori and Jankovic, 2012; Fiori et al., 2013; Dogan et al., 2014;
Fiori et al., 2015b].

The plan of the paper is as follows. The problem formulation is stated in section 2. Details pertaining the meth-
odological approach are given in section 3. Section 4 provides results and conclusions are given in section 5.

2. Problem Statement

2.1. General Background
We consider a steady state flow field within an aquifer of a spatially heterogeneous hydraulic conductivity
field KðxÞ, with x 5 (x,y,z) representing the Cartesian coordinate system. The hydraulic conductivity, or its
log-conductivity YðxÞ5ln ½KðxÞ�, is modeled as a stationary random space function (RSF) [Dagan, 1989;
Rubin, 2003]. Thus, the RSF is characterized by the univariate probability density function (PDF) of mean hYi
5ln KG (with KG the geometric mean), variance r2

Y and axisymmetric two point covariance CYðrÞ5 r2
YqYðrÞ,

where r is the lag distance. The autocorrelation qYðrÞ is characterized by the horizontal integral scale I (i.e., x
– y plane) and the vertical integral scale Iv (i.e., direction z). In this work, the angle brackets h�i represent
ensemble averaging.

As a consequence of the heterogeneity of KðxÞ, the steady state Darcy-scale velocity field VðxÞ is spatially
variable and random. The equations of flow and continuity are

VðxÞ52
KðxÞ
/
rhðxÞ; r � VðxÞ50; (1)

where h is the hydraulic head and / is the effective porosity (assumed to be constant). For the sake of sim-
plicity, we assume that the steady flow field is uniform-in-the-mean such that hVðxÞi5ðU; 0; 0Þ. This corre-
sponds to a natural gradient flow, driven by a constant mean head gradient hrhi5ð2J; 0; 0Þ, with
U5Kef J=/, where Kef is the effective conductivity.

Water is pumped out at a constant given discharge Qw by a well (or battery of wells) located in a vertical
control plane (CP), at a longitudinal distance x from the contaminant injection plane (IP) located at x 5 0.
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Water and solute are drawn by the wells in a capture zone of area Aw � Qw=U. With the neglect of the addi-
tional spreading caused by the radial flow in a zone adjacent to the well, the average solute concentration
at the capture well is given by CwðtÞ5QCðx; tÞ=Qw , where QCðx; tÞ is the solute discharge through the area
Aw in the CP. The same expression applies for a battery of wells, with Qw representing the total pumped
water discharge. The variable Cw is random due to the dependence of QC on the permeability field and it
serves as input to health risk assessment, as will be discussed in section 2.2.

A hypothetical toxic reactive solute is assumed to be released continuously at a constant concentration C0

for a finite duration DT, along an areal source A0 in the injection plane (IP) at x 5 0. The plume of concentra-
tion Cðx; tÞ undergoes decay (e.g., anaerobic biodegradation or radioactive decay), which is modeled by a
first order reaction of constant rate k. In this work, we assume k to be deterministic however depending on
the application, it can be considered to be uncertain.

The aim of the solution of the flow and transport is to derive the random Cw(t) as a function of the various
parameters characterizing the problem. A general solution for arbitrary A0 and Aw is not pursued here, our
limited objective being to illustrate the impact of high heterogeneity, i.e., r2

Y > 1, on risk for a particular
configuration. Thus, we assume that the input area A0 is larger than Aw such that in any realization of the
permeability field the well draws contaminated water.

Two extreme cases of the magnitude of the area Aw < A0 are of particular interest. The first one is of
Aw > I3Iv , i.e., ergodic injection and capture zones. Then, QC ffi hlðx; tÞiAw , where l is the solute areal flux,
i.e., hlðx; tÞi ffi ð1=AwÞ

Ð
Aw

/Vxðx; y; zÞCðx; y; z; tÞdydz. In this case Cw ffi hQCðx; tÞi=Qw is not random, but its
magnitude depends on the parameters characterizing the permeability field (e.g., KG, r2

Y , I, and Iv) as well as
C0 and k. This was the case mostly treated in the literature [e.g., Cvetkovic et al., 2014, and references
therein].

The second extreme case, to be considered in the present study, is that of Aw < I3Iv , i.e., a small capture
zone at the heterogeneity scales, as pertaining to a well of a relatively short screen and of discharge
Qw�UIIv . Then, the concentration in the well is approximately given by

Cwjt5s5Cðxw; sÞ5C0 exp 2ksð Þ; (2)

where C is the local concentration at the point xw5ðx; yw; zwÞ pertaining to the location of the screen in the
CP, while s is the travel time of the fluid particle traveling from the IP to xw. Indeed, the well is reached by a
streamtube of small cross section originating at a point within the IP and we assume that the effect of dilu-
tion and local-scale dispersion can be neglected relative to that of decay, i.e., transport is by advection only.
It can be shown that local-scale dispersion has a negligible impact on the local concentration when
aT U=ðI2

v kÞ � 1, with aT the transverse local dispersivity. Any streamtube originating from A0 is a candidate
and s is a random value linked to the statistics of Y. The computation of s is carried out in the sequel (sec-
tion 3) by deriving the random BTC for a resident concentration injection boundary condition at A0. Thus,
the solute discharge at the well is given by QwCw and the total mass captured by the well over a given expo-
sure period of duration ED is given by Qw C0EDexp ð2ksÞ. This extreme case is the one for which the uncer-
tainty of the well solute concentration is the largest and illustrating its impact (as a function of
hydrogeological heterogeneity) on health risk is the main objective of this paper.

In the more general case (not considered here) of a capture zone of intermediate size between the extreme
cases of Aw < I3Iv and Aw � I3Iv , the uncertainty of Cw is reduced relative to (2) due to the variability of s
and l over the finite streamtube of area Aw. Summarizing, we focus in analyzing risk and its uncertainty for
a well characterized by a small screen intercepting a solute plume traveling in a heterogeneous geological
formation. We quantify this uncertainty for various degrees of heterogeneity, manifested through r2

Y .

2.2. Adverse Human Health Effects and the Concept of the Hazard Attenuation Factor
With the goal of illustrating the adopted framework and without loss of generality, we will quantify noncar-
cinogenic health effects through the water ingestion pathway. Details pertaining carcinogenic risks and oth-
er risk pathways can be found in USEPA [1989]. Noncarcinogenic health effects for a single toxic substance
are measured through the dimensionless hazard index [USEPA, 1989; Fjeld et al., 2007]

HI5
ADD
RfD

; (3)
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where ADD is the average daily dose and RfD is the reference dose. Both ADD and RfD have units of mg/(kg
d). The hazard index provides a quantitative measure of risk for noncarcinogenic effects by comparing the
averaged daily intake dose to a reference dose, namely, RfD. RfD corresponds to a standard toxicity value
inferred from the no observed adverse effect level (NOAEL) or the lowest observed adverse effect level (LOAEL)
obtained through toxicological dose-response studies [Fjeld et al., 2007]. If HI 	 1, there is a possibility that
noncarcinogenic health effects may occur. The averaged daily dose for the water intake pathway is given
by [USEPA, 1989; Fjeld et al., 2007]:

ADD5
IR

BW
EF
AT

ðt01ED

t0

CwðtÞdt; (4)

where t0 is the initial time of exposure, ED (year) is the exposure duration period, IR (l/d) is the ingestion
rate, BW (kg) is the body weight, AT (day) is the averaged expected lifetime, and EF (d/yr) is the exposure
frequency [USEPA, 1989]. In this work we assume t0 1 ED to be constant and smaller than the solute release
duration DT such that Cw is constant. Substituting (2) into (4), equation (3) becomes

HI5
1

RfD
C0 exp 2ksð Þ IR

BW
EF ED

AT
5HI0 exp 2ksð Þ; (5)

where HI0 is the hazard index pertaining to the source concentration C0 and equal to IR 3 EF 3 ED 3

C0=ðBW3AT3RfDÞ. Hence, we can define the following ratio:

g 
 HI
HI0

5exp 2ksð Þ; (6)

which is an alternative formulation of the tracer attenuation expression introduced by Cvetkovic [2011] for a
solute undergoing attenuation both in mobile and immobile phases [see Cvetkovic et al., 2014, equation
(4)]. The main difference between our work and Cvetkovic [2011] is that g is derived in the context of human
health risk. Here g is defined as the hazard attenuation factor, a random variable characterized by its PDF,
which incorporates the combined effect of self-purification (decay) and hydrogeological heterogeneity.
Equation (6) quantifies the reduction of the hazard with respect to the level observed at the source, i.e., for
an exposure concentration equal to C0. The cumulative distribution function (CDF) and probability density
function (PDF) of g are denoted by P(g) and f(g), respectively; in order to compute these functions we need
to evaluate the travel time PDF f(s).

Clearly, the distribution of g (6) depends on the joint PDF of s and k. While the generalization to random k
is straightforward, in the following we adopt for simplicity a deterministic k (strictly applicable only in the
case of radioactive decay). Hence, the CDF of the attenuation factor g is given by

P gð Þ5
ð1

2k21ln g
fs sð Þds512Ps 2

ln g
k

� �
; (7)

with fs and Ps being the PDF and CDF of travel time s, respectively. Consequently, the PDF of g is given by

f gð Þ5 1
gk

fs 2
ln g
k

� �
: (8)

3. Derivation of the Travel Time s and Hazard Attenuation Factor g Distributions

Let the trajectory of a fluid (or nondiffusing tracer) particle originating at t 5 0 at a point within A0 of coordi-
nates b 5ðby ; bzÞ be denoted by x 5Xðt;bÞ. The derivation of X 5ðX; Y; ZÞ from the assumed steady veloci-
ty field VðxÞ is achieved by integrating the kinematical differential equation

dX
dt

5VðXÞ; with Xð0Þ5b: (9)

In numerical simulations, particle tracking is achieved by discretization of (9) and the computation of f(s) is
carried out by: (i) generating multiple realizations of the random K-field in the domain between the IP and
CP; (ii) solving the flow equations (1) for conditions of mean constant head gradient J to obtain V; and (iii)
subsequent integration of (9) to obtain X for a large number of points b in A0. If A0 is large enough to ensure
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ergodicity, the PDF f(s) can be identified from the single realization, otherwise a Monte Carlo procedure is
the alternative. The travel time sðx;bÞ is defined by x5Xðs;bÞ, e.g., the time of first crossing of the CP.

The aforementioned numerical solution requires considerable computational resources (e.g. Moslehi et al.
2015) and it is generally not justified in view of the many other approximations. Two main methodologies
have been pursued in the past in order to obtain approximate solutions. The first one is the first-order
approximation in Y 0 (i.e., log-conductivity fluctuation), which leads to semianalytical expressions for the
Inverse Gaussian f(s) [Shapiro and Cvetkovic, 1988; Dagan, 1989] and are applicable to weakly heteroge-
neous formations (i.e., r2

Y < 1). However, the aim of the paper is precisely to investigate the impact of high
heterogeneity, encountered for instance at the MADE site. The second approximate approach we adopt
herein for this purpose is the Multi-Indicator Model permeability structure and Self-Consistent Approximation
(MIMSCA), whose essential steps are recapitulated briefly in the following.

MIMSCA has been developed over the past decade [Dagan et al., 2003; Jankovic et al., 2006] and its deriva-
tion is presented systematically in Cvetkovic et al. [2014]. The Multi-Indicator Model (MIM) structure is one of
rectangular blocks (Figure 1) of sizes 2I in the horizontal plane and 2Iv in the z direction. They are of inde-
pendent hydraulic conductivity of an univariate, known PDF f(Y) such that the two-point auto-correlation is
linear, e.g., qðrx ; 0; 0Þ512rx=ð2IÞ for 0 < rx < 2I and similarly in other directions. Thus, the structure is
defined statistically and characterized entirely by f(Y) and the integral scales I and Iv. If f(Y) is a normal PDF,
as adopted in this work, it is sufficient to characterize it through KG and r2

Y . The numerical solution of flow
and transport for such a structure is extremely demanding [e.g., Jankovic et al., 2006, 2013] and an approxi-
mate semianalytical solution was obtained by SCA (the Self-Consistent Approximation). Thus, each block is
surrounded by a homogeneous matrix of conductivity Kef and after solving flow and transport, the solution
for Kef, the velocity and s fields are obtained by superposition of the residuals associated with the ensemble
of blocks. Further approximation implies that the travel time for streamlines crossing the block are constant
and given by the one applying to the central streamline through a sphere of radius equal to I [see Dagan
et al., 2003, Figure 3]. The procedure leads to the following analytical expression of the travel time associat-
ed with a block of conductivity K:

s5x=U1s� where s�ðjÞ5 2I
3U
ð12jÞ 2

j
1

3
21j 2F 1

2
3
; 1;

5
3
;

2 12jð Þ
21jð Þ

� �� �
; (10)

with 2F 1 is the hypergeometric function and j5K=Kef , while Kef=KG (which is a function of r2
Y ) is

determined by solving the following integral equation:
Ð1
21 K=Kef 21ð Þ= 21K=Kefð Þ f ðYÞ dY50, with

Y5ln ðK/KGÞ [Dagan, 1979]. The dependence of s�U=I upon ln ðjÞ [see Cvetkovic et al., 2014, Figure 7 of
the Supporting Information] is such that it decreases monotonously from infinity, for j! 0, proportional
to 4= 3jð Þ, to the constant s�U=I522:58 for j!1. The strong asymmetry is the major feature of high-
ly heterogeneous formations and is absent in the first order approximation which simplifies s* as a
straight line near j 5 1.

Figure 1. Illustration of the Multi-Indicator Model permeability structure used for solving the hydrodynamics by the Self-consistent
approximation (SCA).
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MIMSCA provides the total travel time s between the IP at x 5 0 and the CP at distance x52 N I, where N is
an integer number of blocks as the BTC pertaining to flux proportional injection boundary condition as
follows:

lðs; xÞ5xðj1Þ . . . xðjNÞd s2x=U2
XN

j51

s�j

 !
; (11)

where the travel times of the blocks, s�j 5s�ðjjÞ, are statistically independent since the conductivities Kj are
such. In the above expression x53j=ð21jÞ quantifies the effect of the different discharge conveyed by
blocks of different j which belong to the column of N blocks. It is seen that the process leading to s is a
time-domain random walk [Cvetkovic et al., 2014].

Because s�j (with j51; . . . ;N) are statistically independent, the PDF of s can be obtained by the N-fold con-
volution of the PDF of s*. The latter is easily obtained as follows:

f s�ð Þ52x n s�ð Þð Þfj n s�ð Þð Þ ds�

dj

� �21����
j5n s�ð Þ;

; (12)

with fj representing the distribution of j and j5n s�ð Þ is obtained by inverting the relationship s� jð Þ (10)
with 0 � j � 1. It is convenient to work in the Fourier space, for which the N-fold convolution of (12)
writes

fs s; xð Þ5FT21 ~f ðs�1Þ � ~f ðs�2Þ. . . :~f ðs�NÞ
h i

5FT21 ~f
N

s�ð Þ
h i

; (13)

where the tilde indicates Fourier Transform and FT21 is its inverse and N5x= 2Ið Þ, which does not need to
be an integer. Equation (13) applies because the travel times within the blocks are independent and identi-
cally distributed random variables. The resident injection condition, that is needed for the calculation of the
travel time PDF (see section 2.1), is easily modeled along the approach of Jankovic and Fiori [2010] by
imposing x 5 1 in (12) for the first segment ~f ðs�1Þ of the N-fold convolution (13). The calculations are effi-
ciently performed by using Fast Fourier Transform, as function of the given fj. In the following we shall
employ a lognormal distribution for j.

4. Results and Discussion

We illustrate the methodology to investigate the impact of heterogeneity on the hazard attenuation factor
g (6) associated with the concentration observed at a well characterized by a short screen. Although our
main interest is highly heterogeneous aquifers, we shall explore a broad range of logconductivity variances
r2

Y to assess the impact of the spatial distribution of hydraulic conductivity on the distribution of g, the haz-
ard attenuation factor. As previously discussed, see equation (6), g depends on the travel time distribution,
which is calculated along the lines of section 3. Thus, we analyze first the CDF of s (i.e., PsðsÞ) as function of
the distance x to the CP and the degree of heterogeneity r2

Y . For the sake of illustration we consider here
two control planes at x=I 5 4 and 20, respectively, relatively close and far from the source. Results are com-
puted for r2

Y 5 0.5, 1, 2, 4, and 8, with the latter value close to the one inferred at the MADE site [Fiori et al.,
2015b]. In this work we regard geological formations displaying r2

Y > 4 to be highly heterogeneous. Howev-
er, we point out that some studies report r2

Y values to be larger than 20 for geological formations contain-
ing nonuniform hydrofacies with subhydrofacies-scale heterogeneity [see Zhang et al., 2013, Table 1]. We
also include, for the sake of reference, the CDF Ps sð Þ5H s2x=Uð Þ of s for a homogeneous formation (r2

Y 50),
where H is the Heaviside step function.

Figure 2 depicts the travel time CDF Ps sð Þ for the different val-
ues of r2

Y , and for x=I54 (Figure 2a) and x=I 5 20 (Figure 2b).
Starting from the closest CP (Figure 2a) it is seen that Ps sð Þ
progressively departs from the CDF of a homogeneous forma-
tion (dashed line, s 5 x=U), displaying both an increasing den-
sity of fast arrivals (s� x=U) and, most noteworthy, of travel
times larger than x/U. The increase of the number of pathways
characterized by such large values of s becomes more

Table 1. List of Parameter Values Used in Figure 5

Rf D‘ 7 3 1023 mg/(kg d)
Rf Du 2.5 3 1022 mg/(kg d)
IR/BW 3 3 1022 l/(d kg)
AT 22550 days
ED 30 years
EF 350 days
C0 3 mg/l
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significant as r2
Y increases. The devia-

tions of Ps from its homogeneous
counterpart indicate two important
effects of the spatial heterogeneity of
K: (i) the emergence of ‘‘fast,’’ preferen-
tial channels of the form of strings of
blocks with large K, delivering solute at
a velocity much larger than the mean
U [Wen and Gomez-Hernandez, 1998;
Knudby and Carrera, 2005; Fiori and
Jankovic, 2012], and (ii) the presence of
low-conductive zones, the density of
which increases with r2

Y , in which the
velocity is low and s grows according
to equation (10), leading to solute trav-
el times to the well larger than x/U.
The behavior displayed in Figure 2a
indicates that the latter effect has a
significant impact on the travel time
CDF.

Similar considerations apply to Ps sð Þ
pertaining to larger distances from the
source (Figure 2b, for x 5 20I). As the
distance between the source and the
well increases, the likelihood of devel-
oping preferential channels of high
velocity connecting the source to the
well decreases, as there is a higher
chance for a particle to encounter
zones of low velocity along its path. As
a consequence, the behavior of Ps for
s� x=U is characterized by values closer
to zero, manifesting a drop of the den-
sity of preferential ‘‘fast’’ channels with
distance. Conversely, the low-velocity
areas seem to dominate the travel time
distribution for large r2

Y at x 5 20I when
compared to x 5 4I (see Figure 2a). Hence r2

Y , which encapsulates the degree of heterogeneity, has a large
impact on the travel time distribution. This effect becomes noticeable for r2

Y > 0:5. It is seen that the zones of
low hydraulic conductivity play an important role. For lower heterogeneity, like at the Borden and Cape Cod
sites [Rajaram and Gelhar, 1991; LeBlanc et al., 1991], Ps sð Þ is less affected by the low K zones.

The behavior of the CDF of s governs the distribution of the hazard attenuation factor g, as it follows from
the relation (7). We note that the parameter k can assume different values as function of the particular pro-
cess considered (anaerobic biodegradation, radioactive decay, or others). Even within the same process,
e.g., anaerobic biodegradation, the parameter can vary according to several factors, like iron and manga-
nese reduction and methanogenesis. For instance, Zarlenga and Fiori [2014] employed kI=U50:27 for the
modeling of core biodegradation at the Bemidji site [Essaid et al., 2011]. For radioactive decay, the range of
k is larger (by several order of magnitudes) and depends on the particular isotope under consideration. For
the sake of illustration we set in the following kI=U50:05. Nevertheless, the impact of k on P sð Þ is straight-
forward and shall be analyzed later; it can be even made in a compact manner by introducing the new vari-
able 2k21ln g, which however may lead to a representation of the results less amenable to interpretation.

In Figure 3, we calculate P(g) employing the same set of parameters used to generate Figures 2a and 2b,
i.e., r2

Y 5 0.5, 1, 2, 4, and 8 (solid lines with different colors), including the homogeneous case, i.e., r2
Y 50

Figure 2. CDF of the travel time at a well with a small screen located at a distance
of (a) x 5 4I and (b) x 5 20I from the source plane.
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(dashed line), for x=I54 (Figure 3a)
and x=I520 (Figure 3b), with
kI=U50:05. The CDF for the homoge-
neous case is simply given by
PðgÞ5H½g2exp ð2kx=UÞ�, where H is
the Heaviside step function: there is no
hazard until solute arrives at time s5x
=U with attenuation computed using
the factor exp ð2kx=UÞ for t> s.

The curves show that P(g) departs from
the deterministic solution (dashed line)
as heterogeneity increases, with the
larger changes observed for low g. Fig-
ure 3 provides the probability that the
hazard attenuation factor is lower than
a given threshold, which can be com-
puted as the ratio between the accept-
able HI, for example according to
toxicological studies or regulatory lim-
its, and the value of HI0 evaluated at
the source by means of equation (3).
Notice that larger values of g reflects a
larger risk, since the concentration
attenuation is smaller. Conversely, a
smaller value of g means a smaller risk.
In our work, g may assume any value
from 0 to 1, with its occurrence encap-
sulated by P(g). The behavior of P(g) for
large g is governed by the fast, prefer-
ential channels, characterized by small
travel times, and hence, a modest
reduction of the initial concentration C0

(large g). Instead, a small g is obtained
when the solute encounter blocks of
low hydraulic conductivity, which
increase the travel time to the well,
causing a stronger reduction of C0

(small g). Increasing levels of heteroge-
neity enhances the extent of such chan-

nels, leading to a broader distribution of g, with a larger probability to observe small values of g. The
probability of exceeding a large g value increases with r2

Y since higher heterogeneity facilitates the emer-
gence of fast pathways with small travel times. However, higher r2

Y values imply a larger occurrence of blocks
of low hydraulic conductivity, which may trap the solute, thereby leading to larger probability of low g, with
respect to a weakly heterogeneous formation (Figure 3a).

Increasing the distance between the source and the well leads to a shift of the curves toward the origin
because of the expected increase, on average, of the travel times (Figure 3b). Otherwise, the behavior of the
CDF of g is similar to the case of Figure 3a, as previously discussed.

Figure 4 displays the same cases of Figure 3, but with a larger kI=U50:1. As expected, we observe a general
shift of the curves toward g 5 0 because of the stronger decay dictated by the larger k, but the overall effect
is similar to the one applying to the smaller k (Figure 3).

Next, we illustrate the flexibility of the modeling framework to account for the uncertainty in human health
related parameters. As shown in Maxwell and Kastenberg [1999] and de Barros and Rubin [2008], the uncer-
tainty in human physiological response can affect the uncertainty in the overall risk. In general, when

Figure 3. CDF of the hazard attenuation factor g at a well with a small screen
located at a distance of (a) x 5 4I and (b) x 5 20I from the source plane. Results
obtained for kI=U50:05.
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quantifying adverse human health
effects, there are multiple sources of
uncertainty which include the contam-
inant source history, hydrological
parameters (e.g., the hydraulic conduc-
tivity), model conceptualization, human
exposure, and physiological response
among others [see Andricevic and
Cvetkovic, 1996; Maxwell et al., 1999; de
Barros and Rubin, 2008; de Barros et al.,
2009; Andricevic et al., 2012; Tartakov-
sky, 2013]. Figure 5 depicts the CDF of
the hazard index HI (3) for the case of
a deterministic and uncertain refer-
ence dose RfD. The CDF of HI was eval-
uated as follows:

PðHIÞ5
ð1

0
PðHIjRfDÞf ðRfDÞdRfD; (14)

where RfD is characterized by its PDF
f ðRfDÞ. The conditional CDF PðHIjRfDÞ
is computed using the same procedure
used to obtain (7). The results shown
in Figure 5 were evaluated assuming a
uniform distribution for f ðRfDÞ. The
uniform PDF is characterized by the
lower and upper bounds of f ðRfDÞ,
namely, RfD‘ and RfDu. The parameters
used to compute the results in Figure
5 are summarized in Table 1. Figure 5
shows the CDFs of HI for both a deter-
ministic and uncertain RfD. For this
example, the CDF conditional on RfD
was computed using the mean value
of RfD. The case for low and high het-
erogeneity are displayed in Figure 5 at
a longitudinal location of x54I. For this
computational illustration, the uncer-

tainty in RfD becomes noticeable for HI> 1 for both r2
Y 5 1 and 8. In the case of r2

Y 58, the probability of
HI< 1 is approximately equal to 0.65 while for r2

Y 51, the probability value is estimated to be around 0.25.
The probability of HI< 1 is larger for the case r2

Y 58 (as opposed to r2
Y 51) since larger heterogeneity implies

the occurrence of low conductivity zones which can trap the contaminant thus increasing the probability of
low values of HI. Similar analysis can be performed by considering the uncertainty stemming from other
parameters listed in Table 1.

5. Summary and Conclusions

In the present work we discuss the combined effect of contaminant decay rate and subsurface formation
heterogeneity on the noncarcinogenic risk uncertainty at a production well. The analysis is conducted under
the simplifying assumptions that solute reactivity can be represented through a contaminant decay rate k
and that the travel time of the solute particle can be computed by neglecting the effect of convergent radi-
al flow close to the production well. The latter assumption implies that once the particle enters the capture
zone of the well, it continues to travel with the same velocity that it would experience under natural flow
conditions.

Figure 4. CDF of the hazard attenuation factor g at a well with a small screen
located at a distance of (a) x 5 4I and (b) x 5 20I from the source plane. Results
obtained for kI=U50:1.
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In the present study we analyzed the
hazard attenuation factor g, see equa-
tion (6), defined as the ratio between
the hazard indices at the well and at
the source. Due to the spatial variabili-
ty of permeability, g is a random vari-
able, fully characterized by its CDF. We
analyzed the CDF of the hazard attenu-
ation factor for a well of a small screen
intercepting a plume traveling in a het-
erogeneous formation for r2

Y ranging
from 0 (homogeneous formation) to
8 and a contaminant decay rate k,
under conditions of three-dimensional
steady natural gradient flow. Hetero-
geneity is modeled in a three-
dimensional setup by using the MIM
structure and SCA of flow and trans-
port, which is formally valid for any
degree of heterogeneity.

The main conclusions of the analysis
are that for a given k, aquifer hetero-

geneity has a strong impact on the CDF of g. The main effect of heterogeneity is the reduction (in a proba-
bilistic sense) of the hazard relative to a homogeneous formation due to the presence of zones of low
conductivity on the plume path which cause a considerable increase of the travel time and consequently a
larger decay. This important effect, amplified by large r2

Y , is associated with later arrival of the plume at the
pumping well. Therefore our work quantifies the significance of these low-conductive zones in augmenting
the probability of lower risks, This effect is not so pronounced in geological formations displaying r2

Y < 1.
The opposite effect, of larger hazard at travel times smaller than the mean x/U, is also significant.

It is emphasized that the particular case selected in order to illustrate the impact of large r2
Y , as encountered

at the MADE site, is an extreme one. Though diffusive and local-scale dispersion may play a role in many cir-
cumstances, its impact in the present case is negligible due to the high Peclet number encountered in
applications and the overriding effect of decay. Similarly, for larger capture zones, pertinent to a well of
higher discharge or to a battery of wells, the solute arrives along an ensemble of streamtubes, rather than
along a thin one as considered here. A larger capture zone averages travel times and attenuation factors
thereby reducing uncertainty [e.g., de Barros et al., 2009]. The impact of the increase of the capture zone
upon hazard attenuation factor is the object of a future study. Finally, we also highlight that the effects of
geological stratification can affect the risk estimation. The works of Siirila and Maxwell [2012] and de Barros
and Fiori [2014] showed numerically and analytically how the statistical anisotropy in the correlation scales
of the conductivity field can influence the uncertainty in risk for a given range of heterogeneity. A systemat-
ic investigation on the interplay between stratification and heterogeneity is also subject of future research.
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