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Abstract 

A network design approach developed in this paper identifies monitoring sites in multi- 
layered, regional ground water flow systems at risk of contamination from waste storage 
facilities. Candidate locations are assigned weights that quantify monitoring value in terms 
of the prospect of plume detection and exposure hazard criteria. Detection criteria are based on 
the location of a site with respect to the source of contamination and potential contaminant 
plumes. Exposure criteria are based on the size of the population that consumes water from a 
supply well and the distances between the supply well and probable zones of contamination. 
The weights are used in a binary integer mathematical programming problem which selects the 
monitoring locations. On a 100-point rating scale developed to quantify composite plume 
detection and characterization efficiency, the network design model scored 87, compared with 
a score of 76 for a pre-existing monitoring network. (The model and pre-existing schemes 
involve the same number of wells.) The model selects well sites that are close together near 
the source of contamination, facilitating early detection of a contaminant release, and further 
apart downgradient, resulting in areal coverage for plume characterization. 

1. Introduction 

An effective ground water monitoring network can facilitate early detection of  a 
contaminant release and the timely implementation of  aquifer remediation measures. 
Existing approaches for designing detection-based ground water monitoring systems 
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Nomenclature 
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d(e)i 
d(s)~ 

Hik 
i , j , k , z  
Ik 
Jk 
K 

distance between node i in layer k and nearest advection envelope 
distance between node k and contaminant source 
decay factor 
population served by supply well i in layer k 
indices for nodes in sets lk, Jk, K, Zt 
set of nodes in layer k (subscripts dk and sk designate detection and supply well nodes) 
set of potential well sites in layer k (subscript zk denotes zone z in layer k) 
set of layers 

Mi~ = [Jldo~ = 1 node spacing], where do.t, is the distance between nodes i and j, layer k 
N,k = Ijldo.~ = O] 
P total number of wells 
Pk(min) minimum number of wells located in layer k 
P~k(max), Pzk(min) maximum and minimum numbers of wells in zone z, layer k 
Sc~ value a well would contribute if coverage was governed by standard covering weights 
Vgk = 1 if a well at site i, layer k is part of a well nest, zero otherwise 
wsik, wtik primary and secondary covering weights for node i, layer k 
Wlik nodal weight of Hudak and Loaiciga (1993) 
W2ik exposure hazard weight 
Wik composite nodal weight 
W,~ sum of W,. k values for neighboring nodes 
xjk = 1 if a well is located at node j, layer k, zero otherwise 
Y~k = 1 if a well is located at node i, layer k, zero otherwise 
Zk set of zones in layer k 
z~k = 1 if node i, layer k is located one node spacing from the closest well, zero otherwise 

are  app l i cab le  to local-scale  p rob lems ,  in which the b o u n d a r y  o f  the sampl ing  d o m a i n  
is wi th in  a few h u n d r e d  meters  o f  the c o n t a m i n a n t  source.  In  this  paper ,  we develop  a 
n e t w o r k  des ign m e t h o d  app l i cab le  to  the  regional  scale, where  the  a rea  o f  po ten t i a l  
c o n t a m i n a t i o n  exceeds a d is tance  o f  1 k m  f rom the c o n t a m i n a n t  source.  H u d a k  and  
Loa ic iga  (1993) presented  a m e t h o d  app l i cab le  to mul t i l aye red  g r o u n d  wate r  flow 
systems tha t  faci l i ta tes  ear ly  de tec t ion  nea r  the bounda r i e s  o f  a c o n t a m i n a n t  source.  
In  this  paper ,  we extend the ear l ier  a p p r o a c h  to the reg iona l  scale by  cons ider ing  the 
(1) spa t ia l  cha rac t e r i za t ion  o f  po ten t i a l  c o n t a m i n a n t  p lumes  and  (2) m o n i t o r i n g  at  
wa te r  supp ly  wells. 

2. Background 

Loa ic iga  et al. (1992) p rov ided  a comprehens ive  review o f  g r o u n d  wate r  m o n i t o r i n g  
ne twork  design.  Exis t ing app roaches  can  be classified into  four  c a t e g o r i e s - - q u a l i -  
ta t ive,  s imula t ion ,  va r i ance -based  or  op t imiza t ion .  In  a qua l i ta t ive  app roach ,  the 
m o n i t o r i n g  ne twork  is des igned by  ca lcu la t ions  a n d  j u d g m e n t s  m a d e  by  the investi-  
ga tor ,  w i thou t  the use o f  m a t h e m a t i c a l  methods .  This  a p p r o a c h  is widely used in 
prac t ice ,  bu t  does  no t  quan t i fy  the relat ive value  o f  po ten t i a l  sampl ing  sites. 

In  the s imula t ion  a p p r o a c h ,  the p a r a m e t e r s  o f  a po rous  m e d i u m  are  mode l e d  as 
r a n d o m  fields. By genera t ing  mul t ip le  rea l iza t ions  o f  p a r a m e t e r s  such as hydrau l i c  
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conductivity, for each of which there is a corresponding contaminant distribution, it 
is possible to determine the detection capability of a monitoring network (Massmann 
and Freeze, 1987a,b; Meyer and Brill, 1988; Meyer et al., 1989). The approach is 
computationally intensive and impractical for many field problems. 

The variance-reduction approach involves a methodical search for the locations of 
sampling sites that minimize the variance of estimation error of pollution concen- 
tration (Rouhani, 1985). The statistical nature of the approach limits its capability to 
incorporate complex hydrogeologic systems, and it is best suited to characterizing an 
existing contaminant distribution. 

In the optimization approach, the monitoring configuration is identified by solving 
a mathematical programming problem. The problem formulation usually includes 
binary (0-1) integer variables that reflect the placement or absence of a monitoring 
well at each potential sampling location (Hsueh and Rajagopal, 1988; Hudak and 
Loaiciga, 1993). 

The approaches outlined above are generally applicable to local-scale settings, or to 
augment existing monitoring networks for characterizing a contaminant distribution. 
Optimization approaches have been developed for regional-scale settings where 
sampling sites are selected from a set of existing water supply wells (Hsueh and 
Rajagopal, 1988). However, previous research has not addressed the problem of 
locating new sampling sites in the regional vicinity of a well-defined pollution source. 

3. Conceptual framework 

Hudak and Loaiciga (1993) described three steps to designing a monitoring net- 
work for multilayered ground water flow systems: (1) defining a lattice of candidate 
monitoring sites over the study region; (2) deriving weights to express monitoring 
value of each site; (3) solving a mathematical programming model to identify the best 
monitoring sites, The model is constrained to include a user-specified number ofweUs, 
which can be defined by regulatory requirements and/or cost considerations. In this 
paper, we modify each step to address the regional-scale problem. In particular, the 
extended model accounts for monitoring at water supply wells, nested monitoring, 
and plume characterization. We also test the model-derived sampling networks by 
numerically simulating contaminant transport in the study region. 

3.1. Sampling domain 

The sampling domain includes the contaminant source and a surrounding area that 
could be affected by a contaminant release. At a regional scale, monitoring should be 
conducted (1) in areas likely to become contaminated near and downgradient from 
the contaminant source, and (2) in nearby water supply wells. We define a primary 
sampling domain that corresponds to area (1) above. As in the approach of Hudak 
and Loaiciga (1993), the primary domain is partitioned into layers, and in each layer a 
lattice of candidate monitoring sites is defined. Node spacing is based on the esti- 
mated width of potential contaminant migration outlets at the facility boundaries. In 
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Fig. 1. Hypothetical hydrogeologic outlet and advection envelope; rectangle designates contaminant 
source; arrow indicates direction of ground water flow. 

the approach developed herein, water supply wells in the regional vicinity of the 
source (which may be outside of the primary sampling domain) are also considered 
as potential monitoring sites. 

For sedimentary aquifers, it may be appropriate to use fewer nodes for deeper 
layers of the subsurface. Ratios of horizontal to vertical hydraulic conductivity that 
exceed unity (and often 100) cause downward spreading to occur more slowly than 
horizontal spreading in the upper layer of a multi-layered system. Defining a coarse 
lattice (for a deep layer) that is a subset of a finer lattice (for a shallow layer) facilitates 
nested monitoring (i.e. two or more wells at the same location, screened in different 
layers). 

For each layer, we define zones within which the number of wells must be between 
specified minimum and maximum values. For example, zonal constraints can be used 
to insure that wells are allocated to both upgradient and downgradient areas of a 
sampling domain. The upgradient wells can sampled to monitor background water 
quality (US Environmental Protection Agency, 1986). 

3.2. Monitoring value 

Hudak and Loaiciga (1993) calculated the value of a monitoring well as an inverse 
function of distance from the contamination site and downgradient zones of probable 
contaminant migration, referred to as advection envelopes (Fig. 1). Boundaries of an 
advection envelope can be defined graphically by constructing flow lines, originating 
from the downgradient margin of a contaminant source, on a hydraulic head contour 
map. The procedure can be automated by entering hydraulic head, hydraulic con- 
ductivity, and effective porosity values (at points on an orthogonal grid) into a 
particle tracking program such as GWPATH (Shafer, 1990). For deep layers, 
advection envelopes can be extended laterally from areas of downward flux within 
the waste storage facility boundaries (Hudak and Loaiciga, 1993). The nodal weight 
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Fig. 2. Node indexing scheme. 

A' 

A' 

of Hudak and Loaiciga (1993) is inversely related to distance d as 

1 
WI~ = d(s)~d(e)~ (I) 

where i and k are areal and vertical location indices (Fig. 2), and d(S)ik and d(e)ik are 
the distances from a node to the contaminant source and to the nearest advection 
envelope, respectively. If a node cannot be intersected by a perpendicular extended 
from an advection envelope, it is an upgradient node, and its d(e)ik value is set equal 
to the maximum value obtained for all nodes. 

A node that lies inside an advection envelope is assigned the minimum d(e)~ value 
obtained for nodes outside advection envelopes, to avoid having zero or negative d(e) 
values in (1). As explained by Hudak and Loaiciga (1993), the weighting scheme is 
consistent with practical considerations relevant to the placement of monitoring 
wells, including (1) the distance to the contaminant source and direction of ground 
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water flow, (2) the likelihood of intercepting potential pathways of contaminant 
migration, and (3) the shape of the contaminant source. 

We employ a second weight to account for exposure hazard at water supply wells~ 

H~ 
W2ik -- d(S)ikd(e)~ (2) 

where Hik is the population served by water supply well i in layer k. Wlik and W2ik 
can be combined to yield a composite weight of the form 

Wlik  W2~k 
Wik = W l ( m a x )  + (1 - a) W2(max)  (3) 

where 0 ~< a ~< 1 and 'max' designates the maximum value for all nodes. Normalizing 
each term insures that they fall within the same range, between zero and one. The 
values of the scaled terms are independent of the units used for the distance variables. 

Eqs. (1)-(3) do not contain parameters relating to depth or geology, both of which 
may be significant in defining monitoring value. However, those parameters are 
considered in defining the layers within which monitoring sites are identified. The 
perceived value of a particular layer relative to other layers can be accounted for in 
the number of monitoring wells allocated to that particular layer. 

The weighting scheme does not explicitly account for ground water travel time 
from the source to a potential well site. It is difficult to obtain this information 
with reasonable accuracy in a regional-scale system. Instead, we emphasize hydro- 
geologic outlets along the contaminant source and advection envelopes in the 
selection process. In general, sites that are within high-susceptibility zones near the 
contaminant source are most likely to become contaminated during the initial stages 
of a release. Although we do not explicitly incorporate governing equations of ground 
water flow in the derivation of weights, the physics of ground water flow is considered 
in defining advection envelopes. 

3.3. Covering weights 

The model of Hudak and Loaiciga (1993) is designed to select the nodes with the 
highest weights subject to the inclusion of some upgradient monitoring wells and to 
constraints specifying minimum numbers of wells in each layer. Although this 
strategy is effective for detecting a contaminant release, it can lead to a clustered 
sampling configuration around the source which is ineffective for characterizing the 
spatial distribution of a more dispersed regional contaminant plume. Our objective is 
to develop a formulation that generates monitoring configurations with detection and 
characterization capabilities. The latter entails a configuration that covers the areal 
extent of potential plumes in each layer of a multilayered system. Facility location 
models using covering weights are well suited to achieving such a configuration. 

The weighted benefit maximal covering (WBMC) model of Church and Roberts 
(1983) finds the locations of a fixed number of facilities on a network of nodes to 
maximize demand covered within distance thresholds (Fig. 3). The distance thresh- 
olds determine the degree of separation between adjacent facilities; with larger 
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Fig. 3. Distance thresholds (s and t) for hypothetical facility at Node 1. The facility covers Nodes 1, 2, and 3. 

thresholds, facilities are located further apart to avoid coverage overlap. By substi- 
tuting wells for facilities, and partitioning subsurface layers into nodes, the WBMC 
model can be adapted to ground water monitoring network design. Distance thresh- 
olds can be defined in a manner that allows wells to sample areas of high contami- 
nation susceptibility, whereas the network maintains sufficient areal coverage to 
characterize the extent of potential contamination. 

In the covering model developed herein, wells 'cover' the corresponding node and 
adjacent neighboring nodes. A well that covers a node contributes some fraction of 
the node's weight value to the model objective function. The fractions of nodal 
weights that a well contributes to the objective function are wsi k for the well's own 
node and wti k for neighboring nodes, where wsi k >1 wti k. If  wsi k = Wtik, a well covers its 
own node and neighboring nodes equivalently. As a result, the model objective 
function cannot be optimized by a clustered configuration of wells at adjacent 
nodes. On the other hand, if w~i k is larger than wtu,, the objective function can be 
optimized by directly covering nodes with high Wik values, which leads to a clustered 
configuration. (The lower case w designates a covering weight, and the upper case W 
designates a nodal weight, defined in the preceding section.) 

A monitoring configuration with wells spaced close together near the contaminant 
source and further apart downgradient can effectively detect and characterize a 
contaminant plume. We achieve this configuration by varying the covering weights 
(wsi k and Wtik )  spatially, which is a departure from the WBMC model of Church and 
Roberts (1983). The procedure for varying the covering weights is as follows. 

(1) We specify Wsik and wag for a reference node near the contaminant source, with 
w~i k = 1 and wti k ~< 1. (The weights pertain to the same node.) We designate these as 
the 'standard primary' and 'standard secondary' covering weights. 

(2) For  all other nodes, we calculate Wsik as a function of d(s)ik, the distance from 
node ik to the contaminant source (Fig. 4): 

wsi k = 1 - D ~ [  d(S)ik ~d(s)(min)  _] 
[d(s)(max) - d(s)(min)J (4) 

where 0 ~< D~ ~< 1; and 'max' and 'min' designate the maximum and minimum d(S)ik 
values for all nodes. The rate of decay of w~ik away from the source is governed by the 
decay factor Dr,. The smaller the decay factor, the greater the distance away from the 
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Fig. 4. Decay of primary covering weight as a function of distance from contaminant source. 

contaminant source over which the condition W~ik > Wak is maintained. In cases where 
narrow contaminant plumes are expected, well clustering is warranted, and Dj, k 
should be set to a low value, near zero. For broad contaminant plumes, Dj-k should 
be set to a high value, near one. 

(3) Given a w ~  value for a node, we calculate the corresponding Wtik value as 

S ~ -  W~w,~ ( 5 )  
Wti k ~ Wnik 

where Scik is the value that a well at the node would contribute to the objective 
function if coverage was governed by the standard covering weights, and W,  ik is 
the sum of Wik values for the neighboring nodes. By employing (5), the total cover- 
age contributed by a well at any node is the same as if the standard covering weights 
were used. As a result, the choice of Wsi k and wti k do not bias the selection process. 

(4) If  Steps (1)-(3) result in Wtik > Wsik, we recalculate the covering weights by 
simultaneously solving Eq. (5) and 

W s ~ =  Wt~ (6) 

We illustrate the completion of Steps (1)-(4) with a hypothetical example (Fig. 5). 
(All distances for this problem are expressed in node spacing units, where one unit is 
the distance between adjacent nodes.) The input parameters for this problem are 
d(s)(min) = d(S)lk = 1, d(s)(max) = 6.08, d(s)2k = 4.36, Wslk = 1.0, Wtlk = 0.5, 
Dfk = 0.5, and the nodal weights in Fig. 5. The covering weights Wsl k and Wtlk 
(Step (1)) are specified input parameters. From Eq. (4), the covering weight Ws2k is 
equal to 0.67 (Step (2)). 

In Step (3), Sc2k is calculated as (1)(4) + (0.5)(5 + 5 + 4 + 4 + 3 + 3) = 16. The 
sum of nodal weights, W,2k, for nodes adjacent to Node 2, is 24. Eq. (5) can now 
be solved, yielding a value of 0.56 for WtEk. Step (4) is not completed because Wt2k 
(equal to 0.56) does not exceed Wsz k (equal to 0.67). 
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Fig. 5. Hypothetical lattice; numbers in small type-size are node labels; those in larger type-size are nodal 
weights (see text for discussion). 

3.4. Integer programming model 

We formulate an integer programming model, tractable by branch-and-bound 
solution algorithms, to select an optimal monitoring configuration. It maximizes 
the sum of nodal weights over a model domain, subject to constraints on having at 
least a minimum number of wells in each layer of the subsurface and in upgradient 
and downgradient zones within each layer. In the problem formulation, I represents 
the set of demand points (nodes), and J is the set of candidate monitoring well sites. 
Nodes along the boundaries of a waste storage facility are in/ ,  but not in J. All other 
nodes are in I and J. Both indices are employed to define distance variables in the 
formulation. The model formulation is 

(maximize the sum of covered weights in the primary and secondary sampling 
domains,and the sum of weights for nodes in well nests) 

Maxz[ ] = a ~ ~-'~(WsikW~yik + WtikWikZik) + Z ~-~ WikYik 
kEK iEld~ kEK iEl~k 

+(1 - a) ~ ~ W, kVik 
k~K i~Idk 

(7) 

subject to 
(a node cannot be covered directly unless it is occupied by a well) 

~ ,  Xjk >~ Yik for each i Elk, k C K (8) 
jeN~k 

(a node cannot be covered within a distance of one node spacing unless at least one 



162 P.F. Hudak et al. / Journal of Hydrology 164 (1995) 153-170 

well resides at a neighboring node) 

~_, Xjk ~ Zik for each i E Idk, k E K (9) 
jEM~ 

(the weight value for a node is contributed to the objective function by only one well) 

Yik + z;k ~< 1 for each i E Idk (10) 

(a minimum number of  wells are located in each layer) 

ff"~Xjk>~Pk(min ) for each k E K (11) 
JeJk 

(the number of  wells allocated to each zone in a layer is between specified minimum 
and maximum values) 

Xjk <~ Pzk(max) for each E Zk, k E K (12) 
jslzk 

~-'~Xjk>~Pzk(min) for each z E Z k , k  E K (13) 
jEJzk 

(a specified total number of  wells are allocated to the entire model domain) 

~_, ~-~ Xjk = P (14) 
kEKjEJk 

(a node cannot be part of  a well nest unless it is occupied by a well) 

vi~ <<.y~k for each i E Idk, k E K (15) 

(a well nest is a cluster of  two or more wells at a single areal location) 

Vik<~(~- '~Yim)-- I  for each i E I d k , k E K  (16) 
\rnEK .] 

(decision variables are binary integers) 

Yik = (0, 1) for each i E I~,k E K (17) 

zig = (0, 1) for each i E Idk,k E K (18) 

Xjk = ( 0 ,  1) for each j E Jk ,k  E K (19) 

rig = (0, 1) for each i E Idk,k E K (20) 

where: Ik is set of  nodes in layer k (subscripts dk and sk designate detection and supply 
well nodes); Jk is set of potential well sites in layer k (subscript zk denotes zone z in 
layer k); Kis  set of  layers; Zk is set of  zones in layer k; i,j, k, z are indices for nodes in 
sets Ik, Jk, K and Zk; Wig is weight for node i, layer k; Nik =- [jldijk = 0], where dug is 
distance between nodes i and j, layer k; Mik = [jldijk = 1 node spacing]; xjk = 1 i f a  
well is located at node j, layer k, zero otherwise; y~ = 1 if a well is located at node i, 
layer k, zero otherwise; zig = 1 if node i, layer k is located one node spacing from the 
closest well, zero otherwise; Wsik, Wtik are weights attached to direct coverage and 
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coverage within one node spacing; v~, = 1 if a well at site i, layer k is part of a well 
nest, zero otherwise; Pk(min) is minimum number of wells layer k; Pzk(max), P~k(min) 
are maximum and minimum numbers of wells in zone z, layer k; P is total number of 
wells located. 

Zonal constraints, (12) and (13), are a generalization of the upgradient and down- 
gradient sampling areas employed by Hudak and Loaiciga (1993). 

3.5. Numerical simulation 

The MT3D ground water transport model (Zheng, 1990) was used to simulate 
numerically the transport of a nonreactive solute from the waste storage facility. 
We simulated the transport of bromide under steady flow conditions. Steady con- 
ditions were employed because of the unfeasibility of defining temporal fluctuations 
of the hydraulic head configuration throughout the simulation period. Bromide was 
used as a tracer because (1) it is not present in background (non-contaminated) 
ground water near the site, (2) it is present in a variety of wastes deposited at the 
facility, (3) it is present in contaminated ground water beneath the waste storage 
facility (Hudak, 1991), and (4) it is a non-reactive solute. A non-reactive solute was 
chosen for two reasons: (1) plumes of non-reactive solutes are generally larger than 
those of reactive species, and it is important that the monitoring network be capable 
of characterizing the larger plumes; (2) by modeling a non-reactive solute we bypass a 
potential source of error in defining the distribution coefficient for a reactive con- 
taminant. The uppermost active finite difference nodes beneath the waste storage 
facility were modeled as constant-concentration point sources. Input concentrations 
were based on water quality data collected beneath the site (Hudak, 1991). 

Predicted contaminant distributions were used to evaluate the detection and char- 
acterization efficiency of the covering model-derived monitoring configurations. We 
define detection efficiency as the percentage of wells in the primary sampling domain 
(excluding upgradient wells) that become contaminated by the end of the simulation 
period. The simulation was run until the plume equilibrated in size within the ground 
water flow system. A concentration of 1 ppb was used to define the plume boundaries. 
That is also the minimum concentration at which a well became 'contaminated'. 

The characterization efficiency rating is based on the degree of separation between 
wells in a monitoring configuration. To distinguish between clustered and dispersed 
configurations, we employ a radius of coverage equal to one node spacing. We use the 
covering radius only to distinguish between clustered and dispersed monitoring con- 
figurations. It does not imply that a well at a particular node can monitor water 
quality at other nodes. By allowing wells to cover their own nodes and adjacent 
nodes, total coverage will be greater for a spread-out configuration than for a 
clustered configuration. Determining the total number of nodes covered is a means 
of quantifying degree of spreading. Higher ratings are assigned to dispersed con- 
figurations because they better facilitate estimation of concentrations at unoccupied 
nodes (internal to occupied nodes). In principle, any integer covering radius greater 
than zero could distinguish between clustered and dispersed monitoring con- 
figurations. However, large radii dictate that wells spaced far apart will register the 



164 P.F. Hudak et al. / Journal of Hydrology 164 (1995) 153-170 

highest coverage values. Also, if wells are spaced far apart, it may be difficult to infer 
concentrations at unoccupied interior nodes. Thus we use the minimum integer value 
greater than zero as a covering radius to rank characterization efficiency. Both 
efficiency ratings (characterization and detection) are contingent upon the results of 
the numerical modeling. The plume obtained at the end of the simulation period was 
used to evaluate characterization efficiency. 

The actual spacing between nodes is dependent upon the characteristics of a 
particular application. Hudak and Loaiciga (1993) described general considerations 
relevant to defining a node spacing. For example, the spacing should be small enough 
to prevent a plume from migrating undetected beyond the narrowest hydrogeologic 
outlet (Fig. 1). 

4. Application 

4.1. Site description and model domain 

We applied the monitoring network design method to the Casmalia Waste Facility 
described by Hudak and Loaiciga (1993). It is located within the Casmalia Hills, 
south of the Santa Maria Valley, in Santa Barbara County, California, USA (Fig. 
6). Hazardous and non-hazardous waste were disposed at the facility from 1972 to 
1989. Widespread contamination of ground water has been documented within the 
facility boundaries (Woodward-Clyde, 1987; Woodward-Clyde and Canonie, 1988). 
Off-site contamination is restricted to a local area immediately downgradient of the 
southern hydrogeologic outlet. 

Weathered and unweathered claystone bedrock constitute the two major hydro- 
stratigraphic units beneath the site. The upper, weathered unit varies in thickness 
from about 9 to 18 m, and the unweathered unit extends to a depth of approximately 
600 m below the land surface, to an underlying shale formation. The geometric mean 
hydraulic conductivity values estimated from field tests for the upper and lower units 
are 6.7 x 10 -7 m s -1  and 1.5 x 10 -8 m s -1, respectively (Woodward-Clyde, 1987). 

We expand the model domain of Hudak and Loaiciga (1993) to include water 
supply wells in the regional vicinity of the contaminant source (Fig. 6). The east- 
ern, western, and southern boundaries of the primary domain coincide with 
ephemeral stream channels. Ground water flows southward laterally from the north- 
ern boundary into the primary domain. Vertically, the primary domain consists of 
three layers: (1) an upper layer extending from the land surface to the weathered- 
unweathered claystone bedrock contact; (2) an intermediate layer extending from the 
contact to 12 m below the contact; (3) a deep layer more than 12 m below the contact 
(Hudak and Loaiciga, 1993). There is vertical hydraulic communication between the 
layers. The range in magnitude of downward hydraulic gradients throughout the site 
is approximately 0.01-1.2. Upward hydraulic gradients range from approximately 
0.02 to 0.12 (Woodward-Clyde, 1987). 

The secondary domain is the region outside the primary model boundaries in 
Fig. 5. It includes part of the Santa Maria Valley ground water basin, flanking the 
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Fig. 6. Map of study area; dots designate water supply wells; labels designate well identification number, 
well type (I, irrigation; D, domestic; P, public; S, stock), and assigned user population (in parentheses); dark 
line along southern and eastern boundaries of facility designates hydrogeologic outlet for Layer 3; line 
segments with square endpoints designate outlets for Layers 1 and 2; dashed line is approximate contact 
between Casmalia Hills and Santa Maria Valley (to north). 

northern margin of the Casmalia Hills. Water from the irrigation and stock wells is 
not used for human consumption. However, if these wells became contaminated, 
pumped water could pose an indirect exposure hazard through irrigation or con- 
sumption by cattle. Assigning a population value of zero to the irrigation and 
stock wells would effectively eliminate them as potential monitoring sites. As an 
alternative, the wells were assigned user populations equal to the minimum 
population for the other wells. 



166 P.F. Hudak et al. / Journal of Hydrology 164 (1995) 153-170 

O."  A 

O "  

O " . '  

%%°g~[] 
• "[]" " . "  

[ ] .  . [ ]  . . . . .  [ ] .  . 
, [ ]  . . . .  [ ]  . 

[ ] . . . r a  . . . . . .  [ ] .  • 
• . [ ] . . .  [ ]  

[ ]  . . . . . . . . . . . .  [ ]  

[ ]  . . . . . . . . . . . . .  [ ]  

r a  . . . . . . . . . . .  [ ]  

[ ]  . . . . . . . . . .  [ ]  

G ' - ' - ' '  • " ' ' ' ' ' "  . . . . .  "[]  

[ ] ' . "  " . . ' . ' . ' . ' . ' . . . ' . ' . ' . ' m  

r a  . . . . . . . . . . . .  m [ ] [ ] [ ]  

[ ]  . . . . . . .  [ ] [ ] [ ] • r a  

[ ]  . . . .  r a [ ] [ ]  

[ ] ' .  " .  " [ ] ' [ ]  

[ ] ' [ ] ' •  

0 0  @ 0  • 

O 0  O00 "" 
0 0 ' 

,~o%o . 'o°o°~ • ~ 
~ 0 0 0 0  • • I 3 [ ] G  

~ 0 0 .  " [ ] [ ]  

[]. . .~... . . .  . .-.-.~... . .  
r a ' . . . m  . . . . . .  m . .  

• . m  . . . . . . . .  m 
[ ] . . [ ]  . . . . . . . . . .  [ ]  

• . [ ]  . . . . . . . . . . .  
[ ] . [ ]  . . . . . . . . . . .  G 

[ ]  . . . . . . . . . . . .  
[ ]  . . . . . . . . . . . . .  1 3  

[ ]  . . . . . . . . . . . . . .  [ ]  

[ ]  . . . . . . . . . . . . . . .  [ ]  

[ ]  . . . . . . . . . . . . . . .  [ ]  

[ ]  . . . . . . . . . . . .  [ ] r a [ ] [ ]  

[ ]  . . . . . . .  [ ] [ ] [ ] r a [ ]  

[ ]  . . . .  [ ] [ ] [ ]  

[ ] " ,  " .  "[] '•  

• ' [ ] ' •  

eoeoe C 

°oo, ,i°i" 
Q ~ O Q Q G N N  

N N N N N N N G  

N Q Q O N N Q N  

N ~ N N N N  

N N O Q O N N  

N N N O N ~ N ~  

N N N N N G N Q N  

~ N ~ Q N O N N  

~ H D N N G Q N G  

H ~ O Q ~ G H Q  

Q G Q H Q O Q Q  

Q G G Q Q G  

Q G G ~  

D Q  

G Q  

Fig. 7. Primary model domains for (A) Layer 1, (B) Layer 2, and (C) Layer 3; dots represent nodes; circles 
designate background nodes; squares designate nodes within advection envelopes (there are four narrow 
adveetion envelopes extending from the facility); distance between nodes is 107 m in (A) and (B), and 213 m 
in (C) (after Hudak and Loaiciga, 1993). 

The water supply wells in the Santa Maria Valley are screened in alluvium. The 
other four supply wells depicted in Fig. 6 are screened in Layer 3. Ground water 
pumping in the Santa Maria Valley does not affect the ground water flow pattern 
around the waste storage facility. All of the water supply wells were included in the 
definition of  candidate monitoring sites for Layer 3 because contaminants would 
travel downward, along deep flow paths within that layer before reaching the wells. 

Fig. 7 illustrates the distribution of  candidate sites within the primary sampling 
domain for Layers 1-3.  It is equivalent to that employed by Hudak and Loaiciga 
(1993). The flow field used to construc.t~ the advection envelopes was defined from 
hydraulic head data obtained from 203 wells and piezometers at the site (Woodward- 
Clyde, 1987). Advection envelopes for Layers 1 and 2 were defined by constructing 
flow lines on a water table contour map. The flow lines were extended from the 
downgradient margins of  the facility and directed at right angles to the water table 
contours. For Layer 3, we traced flow lines originating from the perimeters of  areas 
within the facility boundaries having downward hydraulic gradients (Hudak and 
Loaiciga, 1993). These flow lines were directed at right angles to contours depicting 
the potentiometric surface for Layer 3. 

Beneath some local topographic highs, the water table is below one or both of  the 
upper layers, accounting for the areas void of  nodes in Layers 1 and 2 (Fig. 7). As our 
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Fig. 8. MWB model-derived monitoring sites (crosses) in (A) Layer 1, (B) Layer 2, and (C) Layer 3; black 
and white diamonds designate contaminated nodes; black diamonds designate covered contaminated 
nodes. 

method does not account for vadose zone monitoring, there are no candidate 
monitoring sites above the water table. Vadose zone monitoring for the purpose of 
contaminant detection is most effective beneath a waste storage facility, and the 
samplers should be installed concurrent with the construction of the facility. 

The numbers of monitoring wells allocated to the three model layers are identical to 
those proposed by Woodward-Clyde and Canonie (1988) for off-site monitoring 
(hereafter, the existing network). The existing network consists of 31 wells in Layer 
1 (six designated for background monitoring), 35 wells in Layer 2 (seven back- 
ground), and 17 wells in Layer 3 (two background) (Hudak and Loaiciga, 1993). 

4.2. Ground water  moni tor ing  ne tworks  

The covering model was applied to each layer, with Dfk equal to 0.8 for Layer 1 and 
1.0 for Layers 2 and 3. The model formulation was solved with a branch and bound 
algorithm in the LINDO mathematical programming package (Schrage, 1991) on an 
IBM RT running AIX. A driver program written in FORTRAN 77 was used to 
prepare an MPS-format data input file for the LINDO programming package 
(Hudak, 1991). Computer processing times ranged from 20 to 30 min. 

Fig. 8 illustrates model-derived monitoring configurations superimposed on the 
distribution of contaminated nodes predicted from numerical transport modeling. 
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Table 1 
Monitoring network efficiency ratings for Layers 1-3 

Existing network Hudak and Covering model 
Loaiciga (1993) 

1 2 3 1 2 3 
1 2 3 

(a) Total number of wells 31 35 17 31 35 17 31 35 17 
(b) Number of wells used for detection 25 28 15 25 28 15 25 28 15 
(c) Number of wells in (b) detecting 

contaminant 25 23 13 25 24 13 25 23 11 
(d) Number of contaminated nodes 113 115 32 113 115 32 113 115 32 
(e) Number of contaminated nodes covered 55 66 25 52 46 22 96 105 32 
(f) Detection efficiency ((c/b) x 100) 100 82 87 100 86 87 100 82 73 
(g) Percentage of detection wells not 

detecting contaminant (1 - f )  0 18 13 0 14 13 0 18 27 
(h) Characterization efficiency ((e/d) x 100) 49 57 78 46 40 69 85 81 100 
(i) Composite efficiency ((f + h)/2) 75 70 83 73 63 78 93 82 87 

Layer-averaged composite efficiency (%) 76 71 87 

M T 3 D  (Zheng, 1990) was used to simulate the advection, dispersion and diffusion of  
dissolved bromide in the three-dimensional flow system within the pr imary domain. 
The numerical model was calibrated with an extensive hydrogeologic data set avail- 
able for the case study (Hudak,  1991). The maximum extent of  plume growth 
occurred after a simulation period of  approximately 1000 years, and the correspond- 
ing contaminant  distribution was used for testing monitoring well configurations. 

The covering model was solved with an emphasis on detection (vs. exposure) for 
Layers 1 and 2. For  Layer 3, the model was first solved with an emphasis on detection 
and then solved again with an emphasis on exposure. For  the second case, the 
solution consists of  the water supply well sites in Fig. 6, excluding Wells 9, 15, 19, 
and 20. 

All monitoring wells (excluding upgradient wells) detect contaminat ion (by the end 
of  the simulation period) in the existing and covering model monitoring networks for 
Layer 1 (Table 1). For  comparat ive purposes, the results for the earlier model o f  
Hudak  and Loaiciga (1993) are also reported. That  model also achieves a 100% 
detection efficiency. However, the covering model configuration has the highest 
characterization efficiency (i.e. percentage of  contaminated nodes covered within 
one node spacing). 

In each of  the existing and covering model monitoring networks for Layer 2, 23 out 
o f  28 wells detect contaminat ion (Table 1). In detection efficiency, those networks are 
outperformed by configuration derived by the earlier model o f  Hudak  and Loaiciga 
(1993). However,  the non-detecting wells in the covering model configuration are 
strategically located beyond the leading edge of  the contaminated zone to define 
plume boundaries (Fig. 8). The covering model also has the highest characterization 
efficiency for Layer  2. 

Thirteen out of  15 wells in the existing network and in the network of  Hudak  and 
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Loaiciga (1993) detect contamination in Layer 3 (Table 1). Four of the wells in the 
covering model configuration do not detect contamination in that layer. The non- 
detecting wells are located just beyond the downgradient margin of the extent of 
contamination (Fig. 8). 

The extent of numerical model predicted contamination is not as large in Layer 3 as 
in the upper layers (Fig. 8). Contaminants must travel to greater depths to reach the 
lower layer and, once present, move at very slow rates owing to the low hydraulic 
conductivity of the unweathered claystone. As a result of the relatively small con- 
taminated area, the percentages of nodes covered by the different monitoring con- 
figurations in Layer 3 are high compared with the values for the upper layers. Once 
again, the covering model configuration outperforms the others in characterization 
efficiency (Table 1). 

For each of the layer applications discussed in the preceding section, a composite 
network efficiency can be defined as the average of detection and characterization 
efficiencies. This value represents an index of the overall performance of a monitoring 
network (Table 1). The covering model configuration has the highest composite 
efficiency for each layer. Composite efficiencies can be averaged across all layers, 
yielding a layer-averaged composite efficiency (Table 1). 

5. Summary and conclusions 

We have extended the multilayered monitoring network design approach of Hudak 
and Loaiciga (1993) to the regional scale. The extended model can account for 
contaminant plume characterization, the inclusion of water supply wells in a 
sampling configuration, and nested ground water monitoring. It outperforms the 
earlier model in characterization efficiency without sacrificing substantial detection 
capability. Monitoring networks derived from the method developed in this study are 
also more effective than networks designed from subjective criteria. The covering 
model identifies configurations that best achieve the combined goals of plume 
detection and characterization. 

A numerical test of monitoring network efficiency indicates that the covering model 
performs effectively with regard to both of the key issues of contaminant release 
detection and plume characterization. Configurations derived by this model exhibit 
a progressive increase in well spacing away from the contaminant source. This pattern 
results in (1) a high potential for early detection near the source of contamination and 
(2) an areally extensive downgradient network for plume characterization. The prop- 
erties of detection and characterization are fundamentally important to the problem 
of ground water quality monitoring network design. They facilitate early detection of 
a contaminant release, accurate assessment of the distribution of contaminated 
ground water and exposure hazard at water supply wells, and the timely implemen- 
tation of remedial action. 

The results of this work provide definitive evidence of the value of network design 
via integer programming at the regional scale. Techniques developed in this study are 
generally applicable to two- or three-dimensional ground water flow systems, with 
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one or more hydrostratigraphic units. To our knowledge, this is the first network 
design method applicable to detection- and characterization-based ground water 
monitoring in multilayered, regional-scale ground water flow systems. 
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