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EXECUTIVE SUMMARY

A program to protect groundwater resources used for water supply from all potential threats
due to contamination was established in the Amendments to the Safe Drinking Water Act (SDWA).
The goal of the State Wellhead Protection (WHP) Program is to “protect wellhead areas within their
jurisdiction from contaminants which may have any adverse effect on the health of persons.” A
major component of WHP is the determination of zones around water—supply wells called Wellhead
Protection Areas (WHPAs) within which contaminant source assessment and management should
be addressed. WHPA s are defined in the SDWA as “the surface and subsurface area surrounding a
water well or wellfield, supplying a public water system, through which contaminants are
reasonably likely to move toward and reach such water well or wellfield.” A total of 14 water—supply
wells are currently being-used at the Nevada Test Site (NTS). Eleven of the wells are used for potable
water supplies and the remaining three wells are used for construction purposes only. The purpose
of this study as conducted by the Desert Research Institute (DRI) for the Department of Energy,
Nevada Operations Office (DOE/NV), is to estimate WHPAs for each water—supply well at the NTS.
Due to the limited information about the hydraulic properties needed for estimating the WHPAs, an
approach that considered the uncertainty in the estimates of the hydraulic properties was developed
and implemented.

The delineation of WHPASs as suggested by the U.S. Environmental Protection Agency is based
on a steady-state analytic solution of a groundwater flow system that consists of a pumping well in
a homogeneous aquifer with a regional gradient. The zone of influence (ZOI) corresponds to the
drawdown curve and is related to the hydraulics of the system, not necessarily actual contaminant
movement. The zone of capture represents the WHPA for the flow system and varies depending on
the time period of desired well protection. The ultimate capture zone, also called the zone of
contribution (ZOC), assumes infinite time available for travel of a contaminant and is terminated
upgradient at the groundwater divide for the flow system. The time-dependent capture zone, also -
called the zone of transport (ZOT), is determined based on the distance a contaminant can travel in
the selected time period. Both ultimate and time-dependent capture zones that considered
uncertainties in the estimates of the hydraulic properties were developed for the water-supply wells
at the NTS.

In this report, the focus is on the parameter uncertainty, the uncertainty in the modeling of
capture zones cormning primarily from the uncertainty in the magnitude and direction of the regional
flow. At this stage, the spatial variability of the regional flow is not considered, only the uncertainty
of the parameters used to form the analytical model of the capture zone. In general, the magnitude
of the mean regional flow is not measured, but rather estimated indirectly using a form of Darcy’s
law, g = TJ, where T is the aquifer transmissivity and J is the hydraulic head gradient. Since these
parameters are estimated from the scarce field data, they are subject to an estimation error which
produces the total uncertainty in the regional flow estimate. The approach uses the uncertainties in
T and J to estimate the corresponding uncertainty in the g which, in turn, produces the uncertainty
in the capture zone. The magnitude of the regional flow and its direction are treated separately.
Ultimate capture zones are generated for the 50 percent and 95 percent reliability levels where the
reliability level corresponds to a level of confidence. The meaning of the 95 percent capture zone
corresponds to the statement that there is a 95 percent level of confidence that the size of that specific
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capture zone is large enough to encompass the entire capture zone for that well. The capture zone
for the 50 percent reliability level corresponds to the deterministic capture zone based on the mean
values of the hydraulic properties. The width of the capture zone is influenced by the uncertainty
in the magnitude of the regional flow. The uncertainty in the flow direction produces two capture
zones for each reliability level. For example, the two capture zones for the 67 percent reliability level
are generated by calculating the g value that represents one standard deviation from its mean value,
using this g value to determine the shape of the capture zone and then rotating that capture zone from
the mean regional flow direction to the two angles that represent the plus and minus one standard
deviation from the mean angle. The outer envelope of these two capture zones is the 67 percent
reliability level capture zone. This envelope represents the total capture zone given the uncertainties
in g and angle « at a certain reliability level. Time-dependent capture zones were generated for the
50 percent, 67 percent and 95 percent reliability level for the width of the capture zone.

Ultimate and time-dependent capture zones were generated based on the best available
information on the hydraulic properties, pumping rates, and well construction. Information on the
hydraulic properties needed for calculating the capture zones was obtained from reports. The
hydraulic head gradient, both magnitude and direction, for each well is based on the water table map
generated by Boughton (1986). '

Ultimate capture zones were estimated for the water-supply wells. The ultimate capture zones
were not extended to the groundwater divide because information on the location of a divide is
unavailable. Only a finite length of the ultimate capture zone was shown to demonstrate the general
shape of the capture zones. For water-supply wells J-12, J-13,UE-5C, combined 4 and 4A, combined
C and C-1, and 8§, the ultimate capture zones are very narrow. These narrow ultimate capture zones
are produced primarily by the comparatively larger estimated value for regional flow relative to a
low pumping rate.

Time-dependent capture zones were estimated for the water-supply wells. The time-dependent
capture zones are long and narrow for wells J-12, J-13, UE-5C, combined 4 and 4A, combined C
and C-1, and 8. This shape for these capture zones is again due to the comparatively larger regional
flow relative to a low pumping rate, as was seen for the ultimate capture zones. Wells 5B, UE-16d,
and U-20 have time-dependent capture zones similar to the expected shapes. The time-dependent
capture zones for wells 5C and UE-19c are close to circular in shape. The circular shape for a
time-dependent zone is due to very low regional flow compared to the pumping rate of the well.

Due to the lack of studies conducted at the NTS regarding the quantification of subsurface
heterogeneity of the basic aquifer properties (e.g., hydraulic conductivity, porosity) and the resulting
transport characteristics for mobile radionuclides, several simplifying assumptions are employed.
These are:

1. homogeneity and isotropy of hydraulic properties (e.g., hydraulic conductivity, porosity);

2. conservative and advective transport only;
3. uniform hydraulic head gradient and pumping rates; and
4. steady-state flow conditions.

While assumptions 3 and 4 are less likely to significantly alter the estimated capture zones,
assumptions 1 and 2 are known to be violated for the complex hydrogeological settings at the NTS.




At the present time, no information is available such that conditions 1 and 2 do not have to be
assumed; therefore, this study employed the uncertainty in the mean flow magnitude and direction
to indirectly account for the present lack of knowledge regarding the subsurface heterogeneity
structure and other important transport properties. Information from additional studies aimed at
quantifying the subsurface heterogeneity (at various scales) at the NTS is necessary to describe the
groundwater flow and radionuclide transport processes with some confidence.




INTRODUCTION

A program to protect groundwater resources used for water supply from all potential threats
due to contamination was established in the 1986 Amendments to the Safe Drinking Water Act
(SDWA). The goal of the State Wellhead Protection (WHP) Program is to “protect wellhead areas
within their jurisdiction from contaminants which may have any adverse effect on the health of
persons.” A major component of WHP is the determination of zones around water-supply wells
called Wellhead Protection Areas (WHPAs) within which contaminant source assessment and
management should be addressed. WHPA s are defined in the SDWA as “the surface and subsurface
area surrounding a water well or wellfield, supplying a public water system, through which
contaminants are reasonably likely to move toward and reach such water well or wellfield.” A total
of 14 water-supply wells are currently being used at the Nevada Test Site (NTS). Eleven of the wells
are used for potable water supplies and the remaining three wells are used for construction purposes
only. The purpose of this study as conducted by the Desert Research Institute (DRI) for the
Department of Energy, Nevada Operations Office (DOE/NV), is to estimate WHPAs for each
water-supply well at the NTS. Due to the limited information about the hydraulic properties needed
for estimating the WHPAs, an approach that considered the uncertainty in the estimates of the
hydraulic properties was developed and implemented.

The delineation of WHPAs as suggested by the U.S. Environmental Protection Agency (EPA)
is based on a steady-state analytic solution of a groundwater flow system that consists of a pumping
well in a homogeneous aquifer with a regional gradient, schematically shown in Figure 1. The zone
of influence (ZOI) corresponds to the drawdown curve shown in Figure 1a and is related to the
hydraulics of the system, not necessarily actual contaminant movement. The zone of capture
represents the WHPA for the flow system and varies depending on the time period of desired well
protection. The ultimate capture zone, also called the zone of contribution (ZOC), assumes infinite
time available for travel of a contaminant and is terminated upgradient at the groundwater divide
for the flow system. The time-dependent capture zone, also called the zone of transport (ZOT), is
determined based on the distance a contaminant can travel in the selected time period. Both uitimate
and time-dependent capture zones that considered uncertainties in the estimates of the hydraulic
properties were developed for the water-supply wells at the NTS.

The ultimate capture zone, as shown in Figure 1b, is obtained by solution of the following
equations:

oo -

where Q is the well pumping rate, g = T/, T is transmissivity of the aquifer, J is the regional hydraulic
head gradient, 8 = (—x sin a+y cos a) and a is the angle between the x—axis and the direction of
uniform regional flow. The derivation of equation (1) is found in Appendix A. As x becomes large,
the width of the ultimate capture zone approaches the finite limits
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Figure 1. Schematic of pumping well in a regional flow system; shown in (a) vertical profile and
(b) plan view (after Todd, 1980).
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as shown in Figure 1b. The boundary of the capture zone extends downstream to a stagnation point,
XL, where

Y
LT ToRTT (3)

as indicated in Figure 1b.

The ultimate capture zone can be obtained from equation (1) given information on the well
pumping rate, transmissivity of the aquifer, regional hydraulic head gradient and direction of the
uniform regional flow. However, calculation of the time-dependent capture zone also reqﬁires
information on the porosity of the aquifer, n, and the aquifer thickness, b, which is usually assumed
to be the thickness of the screened interval of the well if the actual aquifer thickness is unknown.
To calculate a time-dependent capture zone, the flow pattern shown in Figure 1b isused and particles
are moved along the flowlines a distance determined from the time of travel and the velocity. The
velocity components in the x and y direction are

= _TI oH -~ _TI oH
Y2 = bn ox and vy = bn 9y 4)

where H is the hydraulic head for the flow system. Both the ultimate and time-dependent capture
zones are based on the set of parameters that are assumed to be perfectly known. A deterministic
solution is based on these representative values for the various model parameters. They usually
represent a mean or average value of the system. Since perfect knowledge in model parameters is
seldom the case, the influence of the uncertainty becomes a major factor.

There are numerous sources of uncertainty which can influence the formation of capture zones
around a pumping well. These uncertainties can range from the conceptual modeling uncertainty,
uncertainty in the selected form of a mathematical model, and parameter uncertainty. It is important
to identify what is the most important source of uncertainty for a particular case. In this report, the
focus is on parameter uncertainty, the uncertainty in the modeling of capture zones coming primarily
from the uncertainty in the magnitude and direction of the regional flow. At this stage, the spatial
variability of the regional flow is not considered, only the uncertainty of the parameters used to form
the analytical model of the capture zone. In addition, the model uncertainty in representing the
complex groundwater flow patterns found at the NTS by the simplified analytical model is not
addressed and may be a significant component in the total uncertainty in the capture zones.

METHODOLOGY FOR WELLHEAD PROTECTION AREA DELINEATION UNDER
UNCERTAINTY

The ability to determine the capture zones conditioned on the uncertainty in the mean regional
flow is a first step in delineating the WHPA. In general, the mean flow is not measured, but rather




estimated indirectly using a form of Darcy’s law, g = TJ, where T is the aquifer transmissivity and
J is the hydraulic head gradient. These parameters are estimated from the scarce field data, thus they
are subject to an estimation error which produces the total uncertainty in the regional flow estimate,
q. If both T and J are lognormally distributed. then so is ¢ (Benjamin and Cornell. 1970). The mean
and variance of g is estimated based on the means and variances of T and J. The uncertainty in g
causes variations in the capture zone as shown in Figure 2. The mean capture zone as indicated by
the 0.50 curve in Figure 2 is the deterministic capture zone based on the mean g value. Capture zones
that represent various reliability levels can be determined based on the appropriate uncertainty in
the g value for the given reliability level. For example, the 0.67 and the 0.33 percent reliability level
capture zones shown in Figure 2 represent the curves generated by the g values obtained from
subtracting and adding, respectively, one standard deviation to the mean g value. The larger g value
yields a narrower capture zone upgradient (the 0.33 reliability level curve), whereas the smaller g
value produces a wider capture zone upgradient (the 0.67 reliability level curve). The 67 percent
reliability level capture zone means there is a 67 percent reliability that the capture zone is large
enough to include the true capture zone given the uncertainty in the mean flow g.

550.0 : — ‘ ]
[ {1 0.67
+ 0.50
275.0 |  0.33
m oot
-275.0 1
08000 B 0.0 5000

Figure 2. Capture zones corresponding to the deterministic (i.e., 0.50 value) curve and two
bounding curves corresponding to the reliability levels shown on the curves.




The uncertainty in the capture zone caused by the uncertainty in the angle a can be estimated
in the same manner based on the reliability level. Assuming a is normally distributed, the 67 percent
reliability level will correspond to two angles that are equal to the mean a plus and minus one
standard deviation of the angle. The two capture zones for the 67 percent reliability level are
generated by calculating the g value that represents one standard deviation from its mean value,
using this g value to determine the shape of the capture zone and then rotating that capture zone from
the mean regional flow direction to the two angles that represent the plus and minus one standard
deviation from the mean angle. The outer envelope of these two capture zones is the 67 percent
reliability level capture zone. This envelope represents the total capture zone given the uncertainties
in g and angle a at a certain reliability level. A schematic of two capture zones and the outer envelope
is shown in Figure 3. The 95 percent reliability level corresponds to two standard deviations in
uncertainty of g and g, whereas the 67 percent reliability level corresponds to one standard deviation
in uncertainty.

A detailed mathematical derivation of the methodology for wellhead protection area
delineation under uncertainty is given in Appendix A.

900 , _ ,
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Figure 3. Schematic of two capture zones for a specified reliability level. Heavy line indicates
outer envelope for the two curves.




WELLHEAD PROTECTION DELINEATION UNDER UNCERTAINTY FOR THE
WATER-SUPPLY WELLS AT THE NEVADA TEST SITE

A total of 14 water-supply wells are currently being used at the NTS and their locations are
shown in Figure 4. Coordinates for these wells, along with well construction details, were taken from
the Raytheon Services Nevada (1991) “Red Book.” The gradients and direction of groundwater flow
for all 14 wells were determined by using the NTS water table map prepared by Boughton (1986),
as shown in Figure 5. This water table map is based on computer-generated contours of hydraulic
heads and is only one possible representation of the hydraulic heads because of the sparse head data
available for use in the contouring. As additional hydraulic head data from new wells are collected,
the hydraulic head map for the NTS can be modified and any changes to head gradients and
directions of groundwater flow can be used to generate new capture zones where appropriate.
Pumping rates for all of the wells, with the exception of water well 4A for which there are no data
yet, were obtained from David Wood (U.S. Geological Survey, personal communication).

Wells C and C-1 were combined and treated as one well since they are only 30 meters apart,
as were wells 4 and 4A, which are 360 meters apart and each pair has identical means and standard
deviations in 7, J and a. In these two cases, the total pumping rate for the combined well was the
sum of the pumping rates for the two wells and the total thickness was the sum of the thicknesses
for the two wells.

Capture zones were generated for each of the supply wells using equation (1) with the
appropriate statistics on regional flow. Estimates of the mean and variance for transmissivity and
the magnitude of the regional gradient were needed to obtain the mean and variance for the ¢
parameter. In general, limited information about the hydraulic properties is available for the various
wells at the NTS and statistical information is unavailable. Thus, the statistical information for
transmissivity was based on the best judgement of the authors concerning the possible ranges in
values of transmissivity for a given area. In general, the range in transmissivity was assumed to be
one order of magnitude and the statistics were developed to reproduce this range. The statistical
information for the regional gradient was obtained from the NTS water table map prepared by
Boughton (1986). The estimates of the means and variances for the regional gradient at each well
were obtained by having several individuals estimate the regional gradient using the water table
map. The range in their results was used to estimate the mean of variance of the regional gradient
for each well. The mean angle of the regional gradient was estimated based on a similar procedure
with the variance in the angle taken as 15 degrees at each well to allow for the larger uncertainty in
the flow direction expected because of the limited hydraulic head data used to obtain the NTS water
table map. Once mean values and standard deviations were derived for the log of transmissivity and
the log of hydraulic head gradient, the mean of log ¢ and its associated variance ozlnq are calculated
from the equations presented in Appendix A. The correlation coefficient between the In T and in J
terms for the regional flow was assumed to be —0.8 because for a given regional flow, T is inversely
proportional to J.

The information on hydraulic properties and their statistics, pumping rates and well
construction used to generate the capture zones for each well is given in Table 1. The transmissivity
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estimates were obtained from Winograd and Thordarson (1975), Raytheon Services Nevada (1990),
and Blankennagel and Weir (1973). The well location and construction information was compiled
from Raytheon Services Nevada (1991) and Arteaga et al. (1991). The thicknesses were based on
the open or screened interval of the wells because no information was available about the actual
intervals supplying the water to the wells. The porosity values for each well were estimated based
on interval of completion. A porosity of 0.02 was assumed for the carbonate units, 0.05 for the tuff
units, and 0.15 for the alluvium units (Sadler, 1990; Blankennagel and Weir, 1973).

Ultimate Capture Zones

Ultimate capture zones for 50 percent and 95 percent reliability levels were estimated for the
water-supply wells and presented on individual maps. The figure number for each water-supply well
map is listed in Table 1. The ultimate capture zones shown in the figures have not been extended
to the groundwater divide because information on the location of a divide is unavailable. Only a
finite length of the ultimate capture zone has been shown in the figures to demonstrate the general
shape of the capture zones. For water-supply wells J-12, J-13, UE-5C, combined 4 and 4A,
combined C and C-1, and 8, the ultimate capture zones are very narrow, as plotted on the figures.
The maximum width of the ultimate capture zone for the S0 percent reliability level as calculated
from equation (2) is given in Table 2 for each well. The maximum width for the wells listed above
is 57 m or less. These narrow ultimate capture zones are produced primarily by the relatively larger
regional flow (g) caused by larger T values together with the J values, but at times combined with
a low pumping rate.

The uncertainty on the angle of the regional flow was, in general, smaller for the ultimate
capture zone than the values listed in Table 1. The standard deviation of the angle used to generate
the 95 percent reliability level capture zone is included in the corresponding figure caption for each
well. The smaller uncertainty in angle is based on error in estimating the angle from the water table
map of Boughton (1986). The objective in estimating the ultimate capture zone for each well is to
observe the effect of the large-scale regional flow as represented by the water table map. The
time-dependent capture zones are influenced more by the local-scale flow and may have higher
uncertainties in flow direction.

Time-Dependent Capture Zones

Time-dependent capture zones for 50 percent, 67 percent and 95 percent reliability levels were
estimated for the water-supply wells. The figure number for each well is listed in Table 1 with the
time periods used to generate the curves. Time-dependent capture zones for water-supply wells
Army #1, J-12, and combined C and C-1 are not presented because they are very similar to the
ultimate capture zones. To represent possible variations in the local-scale flow patterns over time,
a larger uncertainty in the flow direction of 0y equal to 15 degrees was used. This leads to more
conservative estimates in the width or spread of the capture zone perpendicular to the mean flow
direction. Thus, the time-dependent capture zones represent a certain reliability level, such as 67
percent or 95 percent, in the width of the capture zone. The upgradient length of the time-dependent
capture zone is best represented by the deterministic (or SO percent) capture zone because as the
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reliability levels increase, the corresponding time-dependent capture zone gets wider and shorter,
as can be seen for Well 5B in Figure 19a, b, c. This trade-off between width and length of the capture
zone is caused by requiring the same volume of water to enter the well for a given time period.

Table 2. Maximum Upgradient Width of Ultimate Capture Zone for Each Water-Supply Well

at the NTS.
Q 50 Maximum width (2yy1)
Well (m3/day) (mZ%/day) (m)
Army #1 1446 5.692 254
J-12 130 6.869 18.9
J-13 274 11.179 24.6
5B 596 1.153 517
5C 634 0.267 2374
UE-5C 55 7.965 6.9
4 & 4A 1752 30.723 57
C&C-1 468 97.417 4.8
UE-16d 341 0.428 796
8 587 32.819 17.8
UE-19¢ 505 0.432 1168
U-20 858 2.132 402

The time-dependent capture zones are long and narrow for wells J-12, J-13, UE-5C, combined
4 and 4A, combined C and C-1, and 8. This shape for these capture zones is again due to the relatively
larger regional flow at times combined with lower pumping rates, as was seen for the ultimate
capture zones. Wells 5B, UE-16d, and U-20 have time-dependent capture zones similar to the
expected shapes (as shown in Figure 1b). The time-dependent capture zones for wells 5C and
‘UE-19c are close to circular in shape. The circular shape for a time-dependent zone is due to very
low regional flow compared to the pumping rate of the well.

SUMMARY

Ultimate and time-dependent capture zones were generated based on the best available
information on the hydraulic properties, pumping rates, and well construction. Information on the
hydraulic properties needed for calculating the capture zones was obtained from reports. The
hydraulic head gradient, both magnitude and direction, for each well is based on the water table map
generated by Boughton (1986).

Ultimate capture zones were estimated for the water-supply wells. The ultimate capture zones
were not extended to the groundwater divide because that information is unavailable. Only a finite
length of the ultimate capture zone was shown to demonstrate the general shape of the capture zones.




For water-supply wells J-12, J-13,UE-5C, combined 4 and 4A, combined C and C-1, and 8, the
ultimate capture zones are very narrow. These narrow ultimate capture zones are produced primarily
by the large estimated value for regional flow relative to a low pumping rate.

Time-dependent capture zones were estimated for the water-supply wells. The time-dependent
capture zones are long and narrow for wells J-12, J-13, UE-5C, combined 4 and 4A, combined C
and C-1, and 8. This shape for these capture zones is again due to the large regional flow as was seen
for the ultimate capture zones. Wells 5B, UE-16d, and U-20 have time-dependent capture zones
similar to the expected shapes. The time-dependent capture zones for wells 5C and UE-19c¢ are close
to circular in shape. The circular shape for a time-dependent zone is due to very low regional flow
cbmpared to the pumping rate of the well.

Due to the lack of studies conducted at the NTS regarding the quantification of subsurface
heterogeneity of the basic aquifer properties (e.g., hydraulic conductivity, porosity) and the resulting
transport characteristics for mobile radionuclides, several simplifying assumptions are employed.
These are:

1. homogeneity and isotropy of hydraulic properties (e.g., hydraulic conductivity,
porosity);

2. conservative and advective transport only;
3. uniform hydraulic head gradient and pumping rates; and
4. steady-state flow conditions.

While assumptions 3 and 4 are less likely to significantly alter the estimated capture zones,
assumptions 1 and 2 are known to be violated for the complex hydrogeological settings at the NTS.
At the present time, no information is available such that conditions 1 and 2 do not have to be
assumed; therefore, this study employed the uncertainty in the mean flow magnitude and direction
to indirectly account for the present lack of knowledge regarding the subsurface heterogeneity
structure and other important transport properties. Information from additional studies aimed at
quantifying the subsurface heterogeneity (at various scales) at the NTS is necessary to describe the
groundwater flow and radionuclide transport processes with some confidence.
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Figure 13b. Ultimate capture zones for the 95% reliability level for Wells C and C-1. Heavy

dashed line is outer envelope for the two curves. Filled circle indicates a well.

Standard deviation on the angle is 10.5°.
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Figure 18a. Five—, 10—and 15-year time dependent capture zones for the 50% reliability level
for Well J-13. Filled circle indicates a well.
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Figure 18b. Five—, 10-and 15-year time dependent capture zones for the 67% reliability level
for Well J-13. Filled circle indicates a well.
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Figure 18c. Five—, 10—and 15-year time dependent capture zones for the 95% reliability level
for Well J-13. Filled circle indicates a well.
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Figure 19a. Thirty—, 40— and 50-year time dependent capture zones for the 50% reliability
level for Well 5B. Filled circle indicates a well.
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Figure 19b. Thirty—, 40— and 50—year time dependent capture zones for the 67% reliability
level for Well 5B. Filled circle indicates a well.




Figure 19c. Thirty—, 40- and 50~year time dependent capture zones for the 95% reliability
level for Well 5B. Filled circle indicates a well.
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Figure 20a. Forty—, 50— and 60-year time dependent capture zones for the 50% reliability lev-
el for Well 5C. Filled circle indicates a well.
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Figure 20b. Forty—, 50— and 60-year time dependent capture zones for the 67% reliability lev-
el for Well 5C. Filled circle indicates a well.




Figure 20c. Forty—, 50-and 60-year time dependent capture zones for the 95% reliability lev-
el for Well 5C. Filled circle indicates a well.
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Figure 21a. Thirty—, 40— and 50-year time dependent capture zones for the 50% reliability
level for Well UE-5C. Filled circle indicates a well.
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Figure 21b. Thirty—~, 40— and 50-year time dependent capture zones for the 67% reliability
level for Well UE-5C. Filled circle indicates a well.
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Figure 21c. Thirty—, 40— and 50-year time dependent capture zones for the 95% reliability
level for Well UE-5C. Filled circle indicates a well.
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Figure 22a. Three~, four—and five—year time dependent capture zones for the 50% reliability
level for Wells 4 and 4A. Filled circle indicates a well.
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Figure 22b. Three—, four— and five—year time dependent capture zones for the 67% reliability
level for Wells 4 and 4A. Filled circle indicates a well.
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Figure 22c. Three—, four—and five—year time dependent capture zones for the 95% reliability
level for Wells 4 and 4A. Filled circle indicates a well.
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Figure 23a. Five—, 10-and 15-year time dependent capture zones for the 50% reliability level
for Well UE-16d. Filled circle indicates a well.
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Figure 23b. Five—, 10—~and 15-year time dependent capture zones for the 67 % reliability level
for Well UE-16d. Filled circle indicates a well.

53




Scale 1:42,000

0 1000 2000 3000 4000 SO00 Pee2

g 500 1000 1500 2000 Metens

Figure 23c. Five—, 10-and 15-year time dependent capture zones for the 95% reliability level
for Well UE~16d. Filled circle indicates a well.
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Figure 24a. Five—, 10—and 15-year time dependent capture zones for the 50% reliability level
for Well 8. Filled circle indicates a well.
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Figure 24b. Five—, 10~and 15-year time dependent capture zones for the 67% reliability level
for Well 8. Filled circle indicates a well.
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Figure 24c. Five—, 10-and 15-year time dependent capture zones for the 95% reliability level
for Well 8. Filled circle indicates a well.
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Figure 25a. Forty—, 50-and 60-year time dependent capturé zones for the 50% reliability lev-
el for UE-19c. Filled circle indicates a well.
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Figure 25b. Forty—, 50— and 60-year time dependent capture zones for the 67% reliability lev-
el for UE-19c. Filled circle indicates a well.
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Figure 25¢. Forty—, 50- and 60—year time dependent capture zones for the 95% reliability lev-
el for UE-19c¢. Filled circle indicates a well.




Figure 26a. Five—, 10—-and 15-year time dependent capture zones for the 50% reliability level
for U-20. Filled circle indicates a well.
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Figure 26b. Five—, 10—and 15~year time dependent capture zones for the 67% reliability level
for U-20. Filled circle indicates a well.
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Figure 26c. Five—, 10-and 15-year time dependent capture zones for the 95% reliability level
for U-20. Filled circle indicates a well.
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APPENDIX A

MATHEMATICAL DEVELOPMENT
OF METHODOLOGY FOR
WELLHEAD PROTECTION AREA
DELINEATION UNDER UNCERTAINTY
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CAPTURE ZONE DELINEATION

Consider a hypothetical flow system consisting of a single. fully penetrating pumping well in an
infinite flow domain with a component of uniform regional flow, schematically shown on Figure 1 in
the text.

The complex potential f(z) for the combined flow in the horizontal (x,y) plane is obtained by
superposition (Bear and Jacobs, 1965)

f(@ = —g(cos a — i sin a)z + —%Inz ; z=xtiy (1)

having the velocity potential

P(x,y) = — g(x cos @ + y sin a) + IQ:? In(x? + y?) 2)

and the stream function

Y(x,y) = — g(— x sin a + y cos az)+—2%~ tan‘l(%) 3
where q[LZ/T} is the mean regional flow integrated over the aquifer thickness, QI[L3/T] is the well
pumping rate, and a denotes the angle between x-axis and the direction of uniform regional flow.

The velocity components in x and y direction are v, = — (bn) "lag/ox, vy, = — (bn)~ Lag/ay,
where r is the effective porosity and b is the aquifer thickness.

Assuming that all parameters are known with certainty, the single capture zone can be easily
derived by setting the stream function y equal to zero and solving for

(%) = tan[+ Zane] y>0 (%7) = — tan[+ szzqe} y<O0 4)

where 6 = (-x sin a@ + y cos a). The above expression is the solution for the ultimate (steady state)
capture zone which implies an unlimited pumping and infinite time. Equation (4) is widely used
today (Blandford, 1991) to delineate the pumping well capture zone using the parameters estimated
from the available field data. For the purpose of deriving the time-dependent capture zones, Bear
and Jacobs (1965) followed the equation of pathlines (in the steady flow, pathlines coincide with
streamlines) in the flow field given with dx/v, = dy/v, = dt. The solution of this equation defines at
time ¢ the position of a particle with respect to originating point. The solution is obtained in the
dimensionless form as

exp(X — 1) = cos y + % sin y 8)

where ¥ = 2nqx/Q,7 = 2nqy/Q,andf = 27q%t/(nbQ). This transcendental equation for
time-dependent capture zones is usually solved using some kind of iterative procedure (e.g.,
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McElwee, 1991). Both solutions, (4) and (5), are conditioned on the set of parameters which are
assumed to be perfectly known. A deterministic solution is based on these representative values for
the various model parameters. They usually represent a mean or average value of the system. Since
perfect knowledge in model parameters is seldom the case, the influence of the uncertainty becomes
a major factor.

Modeling capture zones around pumping wells and understanding the physical nature of its
development is fundamental for decision making. The associated risk involved and uncertainty in
its evaluation represent an important component of the modeling effort. Risk analysis based on the
deterministic solution, which results in single representations of the capture zone, may be
insufficient for making decisions about protective areas, and particularly for monitoring measures
to be taken to prevent contamination from reaching the water-supply wells.

In other words, the regional flow ¢ is to be considered a random variable instead of a random
field which requires the identification of the appropriate spatial structure.

METHODOLOGY TO INCLUDE UNCERTAINTY

The ability to obtain the capture zones conditioned on the uncertainty in the mean regional flow
is a first step in delineating WHPA under uncertainty. In the following, the methodology for
analyzing the ultimate capture zone under uncertainty is demonstrated.

Consider the steady state flow condition for the stream function given in (3). Under the
uncertainty in the regional flow g and parameter 8, the stream function y(x,y | g, ) is also an
uncertain function that is conditioned on the values that ¢ and § may obtain. The corresponding
unconditional stream function ¥(x,y,q,0), i.e., the stream function for all possible values of g and
6, is obtained by using the basic relationship between the conditional and unconditional
probabilities, i.e., Y(x,y | g, 0) = y¥(x,5,9,0)/f(q,0), where f{g,0) is the joint probability distribution
function (pdf) of ¢ and 8, obtained in the process of inference of parameter estimates from available
field data. Assuming g and 8 are independent, the joint probability distribution function of g and 8
becomes flg,0) =f(q) f(0). Including the uncertainties in ¢ and € simultaneously to obtain an estimate
of the uncertainty in the stream function would lead to an unmanageable solution, thus the
uncertainties in g and 6 will be treated separately. First, consider the uncertainty in g with € fixed
at its mean value (9> The first two moments of the stream function are now given by

@¥x.y,9,0)) = — ] q0f (g)dq + —%tan’l(%) = — (g)}6) + —%tan“(%) (6)

oy = j [¥(x, 7,9, 0)1F(@)dg — (., 4.0)* = o46)? ™

where (q) and (9) are means, respectively, of the regional flow g and parameter 6, and 03 is the

variance of the flow.




In general, the mean flow is not measured, but rather estimated indirectly using a form of
Darcy’s law, g = TJ. where T is the aquifer transmissivity and J is the hydraulic head gradient. These
parameters are estimated from the scarce field data, thus they are subject to an estimation error which
produces the total uncertainty in the regional flow estimate. If both T and J are lognormally
distributed, then so is g, such that the first two moments of the regional flow are (lnq) = (in N+

(In J) and 0,2,1 g = UﬁlT + a,zn ; + 200,70, , respectively, where g is the correlation coefficient

between In T and In J. The first two moments of g are then readily obtained by converting the
moments into

(q) = exp((lng) + 07,,/2) (8)
for the mean and
o} = exp(2(ing) + o}, )| exp(@},) ~ 1] 9)

for the variance of ¢. In the case of the parameter 8, which contains the regional flow direction angle
a, the mean, (0), 1s calculated based on the mean <a) by

6y = — xsin(@) + ycos(a) (10)

The expected value capture zone is obtained by replacing all uncertain parameters with their
mean values and in this case, the streamline function maintains the same form as the deterministic
solution and is labeled with the probability of 0.5, as shown on Figure 2a in the text. The other
probabilities are produced by evaluating the following expression of the stream function

(¥5,7..0)) + mo, = = (@)6) + ==tan (3] £ mo,0) (1

where m is a real valued number indicating the magnitude of departure from the mean streamline.
Setting the left-hand side of (11) to zero, the probabilistic ultimate capture zone solution can be
written in the following form

) -+ m[ iCE: '"”q><9>] 12

An interpretation of the probabilistic ultimate capture zone solution given above can be made
by looking at the reliability issue which corresponds to a level of confidence. For a normally
distributed variable as seen in Figure 2b in the text, the 67 percent level of confidence corresponds
to the values of =+ 1. In equation (12), using m = -1 would yield a wider ultimate capture zone than
using m = +1. Thus, the ultimate capture zone for the 67 percent reliability level would be generated
using m = —1. For the 95 percent reliability level ultimate capture zone, m would be set equal to —2.
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The uncertainty in the capture zone caused by the uncertainty in & can be estimated in the same
manner based on the reliability level. Assuming o is normally distributed, the chosen reliability level
will lead to an m value that is used in equation (12) to obtain the dimensions of the capture zone and
is also used in the following equation

(@) £ mog (13)

to obtain the two angles corresponding to the same reliability level. The envelope of the capture zone
is obtained by plotting the capture zone determined from equation (12) about the two angles obtained
in equation (13), as shown in Figure 3 in the text. This envelope represents the area of the capture
zone given the uncertainties in g and « at a certain reliability level.
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