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DEFINITION OF TERMS

Advection. The process whereby solutes are transported by the
bulk mass of flowing fluid.

Anthropogenic. Resulting from or relating to activities of
humans.

Aquifer. A formation, group of formations, or part of a formation
that contains sufficient saturated permeable material to yield
significant quantities of water to wells and springs.

Aquifer sensitivity. The relative ease with which a contaminant
applied on or near the land surface can migrate to the aquifer
of interest; aquifer sensitivity is a function of the intrinsic
characteristics of the hydrogeologic setting and is not
dependent on land-use practices and contaminant
characteristics.

Boundary, no-flow. No-flow or inactive model cells are those
for which no flow into or out of the cell is permitted in any
time step of the simulation; no-flow boundaries are used in
models to represent conditions along hydrologic boundaries
such as ground-water divides or low-permeability rock
contacts.

Contaminant. An undesirable substance not normally present,
or an unusually large concentration of a naturally occurring
substance, in water, soil, or other environmental medium.

Contamination. The addition to water of any substance or
property that prevents the use or reduces the usability of the
water.

Diffusion. The process whereby particles of liquids, gases, or
solids intermingle as the result of their spontaneous
movement caused by thermal agitation and, in dissolved
substances, move from a region of larger to one of smaller
concentration.

Discharge. The process of removal of water from the saturated
zone; also the water removed.

Discharge area. An area in which ground water is discharged to
the land surface, surface water, or atmosphere.

Dispersion, mechanical. See Mechanical dispersion.

Flow path. The subsurface course a water molecule or solute
follows in a given ground-water velocity field.

Ground-water vulnerability. The relative ease with which a
contaminant applied on or near the land surface can migrate
to the aquifer of interest; vulnerability is a function of land-
use practices, contaminant characteristics, and aquifer-
sensitivity conditions.

Hydrodynamic dispersion. The spreading and mixing of
chemical constituents in water caused by diffusion and
mechanical dispersion.

Hydrogeologic unit. Any soil, rock unit, or zone that, by virtue
of its hydraulic properties, has a distinct influence on the
storage or movement of ground water.

Internal sink. See Sink, internal
Internal source. See Source, internal

Mechanical dispersion. The mixing that occurs as a
consequence of local variations in velocity around some
mean velocity of flow that arise from heterogeneities at
different scales.

No-flow boundary. See Boundary, no-flow.

Porosity, effective. The amount of interconnected pore space
available for fluid transmission. It is expressed as a
percentage of the total volume occupied by the
interconnecting interstices.

Recharge. The process of addition of water to the saturated
zone; also the water added.

Recharge area. An area in which ground water is recharged
from the land surface or surface water.

Retardation. The extent to which something is held back or
slowed down.

Sink, internal. Hydrologic features such as discharging wells,
gaining rivers, or vegetation that are represented in a
ground-water model to simulate the consumption or outflow
of water.

Sink, weak. See Weak sink cells.

Source, internal. Hydrologic features such as recharging wells,
losing rivers, or precipitation that are represented in a
ground-water model to simulate the generation or inflow of
water.

Steady state. Conditions remain constant through time.

Traveltime. The time required for ground water to travel
between two locations.

Transient flow. The condition in which, at any point in the
ground-water system, the magnitude or direction of flow
changes with time.

Velocity, average interstitial. The average rate of ground-water
flow in interstices expressed as the product of hydraulic
conductivity and hydraulic gradient divided by the effective
porosity.

Weak sink cells. Model-grid cells that contain one or more
internal sinks that do not consume all of the water entering
the cell. The net result is a flow-through cell in which water
enters the cell across some faces and leaves the cell across
other cell faces and through the sink(s).
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Use of a Ground-Water Flow Model with Particle Tracking to
Evaluate Ground-Water Vulnerability, Clark County, Washington

By Daniel T. Snyder, James M. Wilkinson, and Leonard L. Orzol

Abstract

A ground-water flow model was used in conjunction
with particle tracking to evaluate ground-water vulner-
ability in Clark County, Washington. Using the particle-
tracking program, particles were placed in every cell of the
flow model (about 60,000 particles) and tracked backwards
in time and space upgradient along flow paths to their
recharge points. A new computer program was developed
that interfaces the results from a particle-tracking program
with a geographic information system (GIS). The GIS was
used to display and analyze the particle-tracking results.
Ground-water vulnerability was evaluated by selecting
parts of the ground-water flow system and combining the
results with ancillary information stored in the GIS to
determine recharge areas, characteristics of recharge areas,
downgradient impact of land use at recharge areas, and age
of ground water.

Maps of the recharge areas for each hydrogeologic unit
illustrate the presence of local, intermediate, or regional
ground-water flow systems and emphasize the three-
dimensional nature of the ground-water flow system in
Clark County. Maps of the recharge points for each
hydrogeologic unit were overlaid with maps depicting
aquifer sensitivity as determined by DRASTIC (a measure
of the pollution potential of ground water, based on the
intrinsic characteristics of the near-surface unsaturated and
saturated zones) and recharge from on-site waste-disposal
systems. A large number of recharge areas were identified,
particularly in southern Clark County, that have a high
aquifer sensitivity, coincide with areas of recharge from
on-site waste-disposal systems, or both.

Using the GIS, the characteristics of the recharge areas
were related to the downgradient parts of the ground-water
system that will eventually receive flow that has recharged
through these areas. The aquifer sensitivity, as indicated by
DRASTIC, of the recharge areas for downgradient parts
of the flow system was mapped for each hydrogeologic
unit. A number of public-supply wells in Clark County

may be receiving a component of water that recharged in
areas that are more conducive to contaminant entry. The
aquifer sensitivity maps illustrate a critical deficiency in
the DRASTIC methodology: the failure to account for the
dynamics of the ground-water flow system. DRASTIC
indices calculated for a particular location thus do not
necessarily reflect the conditions of the ground-water
resources at the recharge areas to that particular location.
Each hydrogeologic unit was also mapped to highlight
those areas that will eventually receive flow from recharge
areas with on-site waste-disposal systems. Most public-
supply wells in southern Clark County may eventually
receive a component of water that was recharged from
on-site waste-disposal systems.

Traveltimes from particle tracking were used to
estimate the minimum and maximum age of ground water
within each model-grid cell. Chlorofluorocarbon (CFC)-
age dating of ground water from 51 wells was used to
calibrate effective porosity values used for the particle-
tracking program by comparison of ground-water ages
determined through the use of the CFC-age dating with
those calculated by the particle-tracking program. There
was a 76 percent agreement in predicting the presence of
modern water in the 51 wells as determined using CFCs
and calculated by the particle-tracking program. Maps
showing the age of ground water were prepared for all the
hydrogeologic units. Areas with the youngest ground-water
ages are expected to be at greatest risk for contamination
from anthropogenic sources. Comparison of these maps
with maps of public-supply wells in Clark County indicates
that most of these wells may withdraw ground water that is,
in part, less than 100 years old, and in many instances less
than 10 years old.

Results of the analysis showed that a single particle-
tracking analysis simulating advective transport can be
used to evaluate ground-water vulnerability for any part of
a ground-water flow system. The particle-tracking method
can be applied to evaluate current water resources, such as
public-supply wells, or to aid in the identification of sites

Abstract 1



for future development. This method can be used at any
scale or discretization and is directly transferable to other
studies that use the U.S. Geological Survey modular three-
dimensional finite-difference ground-water flow model of
McDonald and Harbaugh (1988) (known as MODFLOW)
to simulate ground-water flow systems. The work pre-
sented here differs from previous work in that, instead of
analysis of a specific area or group of areas within the mod-
eled flow system, this analysis was done on the entire flow
system simultaneously, and the GIS was then used to select
and evaluate areas of interest within the ground-water flow
system. In addition, the coupling of the results of the
numerical modeling and particle-tracking analysis with a
GIS provides an improved capability to analyze and use
the results.

INTRODUCTION

In Clark County, Washington, water for municipal, domestic,
industrial, and agricultural uses is derived almost entirely from
ground-water resources. Because of this dependency on ground
water and concern that the quantity and quality of this resource
be preserved, the Intergovernmental Resource Center, Clark and
Skamania Counties, Washington (IRC), successfully petitioned
the State of Washington to designate Clark County as a “ground-
water management area” in 1987. This designation made Clark
County eligible for funding from the Washington Department of
Ecology to study the ground-water resources of the county and
to develop a ground-water management plan for this resource.
IRC began a cooperative study with the U.S. Geological Survey
(USGS) in 1987 to describe the ground-water flow system in the
Portland Basin of Oregon and Washington, which includes most
of Clark County and to develop a ground-water flow model. In
1990, a new cooperative study was begun to develop a method
of using the ground-water flow model to evaluate ground-water
vulnerability in Clark County.

Clark County is situated in what will be referred to in this
report as the “Portland Basin,” which is defined by geologic,
hydrologic, and political boundaries that identify an area of
about 1,310 mi? (square miles) of northwestern Oregon and
southwestern Washington (fig. 1). The terms “aquifer sensitivity”
and “ground-water vulnerability” are used throughout this report.
Aquifer sensitivity describes the relative ease with which a con-
taminant applied on or near the land surface can migrate to the
aquifer of interest; it is a function of the intrinsic characteristics
of the hydrogeologic setting and is not dependent on land-use
practices and contaminant characteristics. Ground-water vulner-
ability also describes the relative ease with which a contaminant
applied on or near the land surface can migrate to the aquifer
of interest; however, it is also a function of land-use management
practices, contaminant characteristics, and aquifer-sensitivity
conditions. The usage of these terms is consistent with the defini-
tions established for the context of pesticide management by the
U.S. Environmental Protection Agency (1993).

Land- and water-use planners and managers in Clark County,
as well as those in other areas, need to be able to evaluate the

likely effects of past, present, and future land-use decisions on
ground-water quality. With this information, planners and man-
agers could then (1) assess the vulnerability of current ground-
water resources to contamination from existing land uses,

(2) evaluate the vulnerability of areas for future development of
ground-water resources, or (3) determine the effect of planned
land-use activities on ground-water vulnerability.

This study developed, as demonstrated in this report, an
approach that uses information available in ground-water flow
models to evaluate ground-water vulnerability through the use
of particle tracking. Although particle tracking as a modeling tool
has been available for some time, a new computer program was
developed for this study that has the advantage of being able to
store the results of the particle-tracking simulations in a GIS
(geographic information system). The data stored in GIS format
contain spatial and descriptive information about particle paths
and particle starting and ending points. The GIS then was used
to display and analyze the results, which, when combined with
information such as locations of public-supply wells, springs,
gaining stream reaches, aquifer sensitivity, and recharge from
on-site waste-disposal systems, provide new ways to evaluate
ground-water vulnerability.

Purpose and Scope

The purpose of this study was to develop and demonstrate a
method of using a ground-water flow model to evaluate ground-
water vulnerability. The study involved four phases of activity:
(1) use of a ground-water flow model to describe the dynamics of
the ground-water flow system, (2) particle-tracking analysis and
development of an interface to input the results of the particle-
tracking analysis to a GIS, (3) sampling and analysis of ground
water for environmental tracers (chlorofluorocarbons [CFCs]
and tritium) to determine the presence of modern water for
comparison with the particle-tracking results, and (4) use of a
GIS to analyze the results of the particle-tracking analysis to
evaluate ground-water vulnerability. The purpose of this report
is to describe the methods used and to evaluate ground-water
vulnerability in Clark County as an example of the method’s
application.

Approach

This study used a calibrated ground-water flow model and
particle-tracking software to (1) estimate recharge areas for any
part of the ground-water flow system, (2) relate characteristics
such as aquifer sensitivity of the recharge area to downgradient
parts of the ground-water flow system, (3) identify those parts
of the flow system that might become affected by effluent from
on-site waste-disposal systems at recharge areas, and (4) estimate
the age of the ground water for any part of the ground-water flow
system. The methods used for this demonstration project in Clark
County are directly applicable to other ground-water systems that
have been evaluated using the USGS modular three-dimensional
finite-difference ground-water flow model of McDonald and
Harbaugh (1988) (hereafter referred to as MODFLOW).

2 Use of a Ground-Water Flow Model with Particle Tracking to Evaluate Ground-Water Vulnerability, Clark County, Washington
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Figure 1. Location and general features of the Portland Basin, including the Clark County, Washington, study area.
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Particle tracking is a method of calculating the advective
movement of hypothetical water particles through a simulated
ground-water flow system. The particle-tracking program
computes the position of a particle in the saturated zone after
some period of time by using the ground-water velocity
distribution, as determined by a ground-water flow model, and
estimates of effective porosity. A particle can be started and
followed forward in time from any point as it moves down-
gradient towards a discharge area, or it can be tracked backwards
in time from any point upgradient towards a recharge area, as was
done in this study. The paths of the imaginary particles of water
moving through the simulated ground-water system are referred
to as “pathlines.” This study used the USGS three-dimensional
particle-tracking program developed by Pollock (1989), which is
referred to as MODPATH.

The ground-water flow model developed for the Portland
Basin (Morgan and McFarland, 1996) by using the steady-
state conditions for the stresses existing during the period from
198788 was used to provide input to the particle-tracking
program. The results of the particle-tracking program were then
processed by a new software program that stores information in a
GIS database. This database contains all the information calcu-
lated by the particle-tracking program, including spatial informa-
tion such as the path traversed by the particles and starting and
ending positions of the particles. Information such as hydrogeo-
logic unit traversed, traveltime from one location to another, and
particle velocity is also stored. Within Clark County, particles
were placed in every cell of the ground-water flow model. Flow
paths to each cell were determined by tracking the particles back-
wards to their recharge points. A recharge point is defined as the
point at which water enters the saturated part of the ground-water
flow system. Two independent methods of age-dating ground
water using CFCs and tritium were compared with the ability of
the ground-water flow model and the particle-tracking program
to predict the presence of modern water in selected wells in
the Portland Basin. The results of the CFC-age dating also were
used to calibrate effective porosity values for use in the particle-
tracking program.

As an example of the utility of ground-water flow modeling
and particle tracking, the results of the particle-tracking analysis
were used in combination with information already available in
a GIS database to evaluate ground-water vulnerability in Clark
County. In this analysis, only the advective component of con-
taminant transport was considered, and potential contaminants
were assumed to be conservative; that is, contaminant movement
was assumed to be equivalent to that of a particle of water. The
locations of recharge areas were compared with a DRASTIC
analysis (a commonly used method of calculating aquifer sensi-
tivity or the pollution potential of ground water) (Aller and oth-
ers, 1987) prepared by the Intergovernmental Resource Center
(Swanson, 1991) to identify recharge areas where hydrogeologic
conditions are most conducive to entry of a contaminant into the
ground-water flow system. Areas that may potentially be contam-
inated by on-site waste-disposal systems also were compared
with recharge areas to distinguish recharge areas that currently
may be threatened. Ground-water vulnerability also was evalu-
ated by creating maps that depict the characteristics of recharge

areas to selected areas of the ground-water flow system. The flow
paths and discharge areas for ground water that is recharged

in areas of high aquifer sensitivity or areas of potential contami-
nation from on-site waste-disposal systems were delineated for
each aquifer. These maps were used to illustrate a critical defi-
ciency in DRASTIC— the failure to account for the dynamics
of the ground-water flow system. DRASTIC analysis alone does
not incorporate information about the direction and velocity of
ground-water flow; DRASTIC indices calculated for a particular
location thus do not necessarily reflect the conditions of the
ground-water resources at the recharge areas to that particular
location. The particle-tracking results also were used to create
maps of the minimum and maximum traveltimes from recharge
points to any cell in the Clark County part of the model. These
maps provide a method of estimating the potential for a contami-
nant introduced at the recharge area to reach a particular part of
the ground-water flow system within a specified period of time.

Previous Studies

The movement of contaminants in ground water can be
evaluated by using analytical methods as well as by using models
that simulate either advective or advective-dispersive transport.
The basic concepts of solute transport are presented by Reilly
and others (1987). Although advection models cannot be used
to compute solute concentrations in ground water, they represent
a valuable intermediate step between ground-water flow models
and more costly and complex advective-dispersive solute-trans-
port models. Examples of previous work to evaluate the impact
of land-use activities on ground-water flow systems using only
the advective component of solute transport are abundant in the
literature. Methods range from analytical flow models to three-
dimensional numerical modeling. Bair and others (1991) used
particle tracking in combination with analytical flow modeling
to delineate traveltime capture areas of wells. A good illustration
of the use of two-dimensional numerical modeling in the analysis
of patterns and rates of ground-water flow is provided by Buxton
and Modica (1992). Shafer (1987) used two-dimensional numeri-
cal modeling in combination with particle tracking to calculate
time-related capture zones. Morrissey (1989) compared the
results of three-dimensional numerical modeling of the recharge
area contributing water to a pumped well with other methods. An
excellent example of the use of a three-dimensional numerical
model in conjunction with particle tracking to evaluate recharge
areas is provided in a study by Buxton and others (1991). Other
studies that used three-dimensional numerical modeling and
particle tracking include Bair and others (1990), Delin and
Almendinger (1991), Bair and Roadcap (1992), Springer and
Bair (1992), and Barlow (1994a and 1994b).

The work presented here differs from previous work in that
instead of analysis of a specific area or group of areas within the
modeled flow system, this analysis was done on the entire flow
system simultaneously, and the GIS was then used to select and
evaluate areas of interest within the ground-water flow system.
In addition, the coupling of the results of the numerical modeling
and particle-tracking analysis with a GIS provides an improved
capability to analyze and use the results.
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Description of the Study Area

Clark County encompasses 628 mi? in southwestern
Washington and is bounded by the Lewis River to the north, the
Columbia River to the south and west, and the foothills of the
west side of the Cascade Range to the east (fig. 1). Clark County
lies within a sediment-filled structural basin known as the
Portland Basin. The hydrogeology of the Portland Basin has been
the focus of several recent investigations by the U.S. Geological
Survey (McCarthy and Anderson, 1990; Swanson and others,
1993; Collins and Broad; 1993; Snyder and others, 1994; Morgan
and McFarland, 1996; McFarland and Morgan, 1996) that form
the foundation for much of the work presented here.

The topography of Clark County is characterized by flat-
lying, alluvial lands along the Columbia River and its tributaries
that are broken by low rolling hills or buttes with benches and
hilly areas that rise to meet the foothills of the Cascade Range to
the east and northeast. Altitude of the land surface ranges from
about 10 feet along the Columbia River to about 3,000 feet in the
foothills of the Cascade Range. The Columbia River flows west-
ward out of the Columbia River Gorge until it passes the city
of Vancouver, where it flows northward. The tributaries to the
Columbia River that drain Clark County include the Lewis, East
Fork Lewis, Lake, Little Washougal, and Washougal Rivers and
Cedar, Salmon, Burnt Bridge, and Lacamas Creeks.

The city of Vancouver, the major urban area of Clark
County, had a population of about 128,000 in 1997. Other cities
and towns include Camas, Washougal, Battle Ground, Ridge-
field, La Center, and Yacolt. The total population of Clark County
in 1997 was about 317,000.

The climate of Clark County is temperate with dry, moder-
ately warm summers and wet, mild winters, although the topog-
raphy of the area produces considerable variations in the local
climate. The average temperature for Vancouver is about 52°F
(degrees Fahrenheit) and ranges from about 38°F in January
to about 66°F in July. Precipitation in Clark County ranges from
about 41 in/yr (inches per year) near Vancouver to over 100 in/yr
in the western Cascade Range. About 58 percent of Clark County
is forested, about 21 percent consists of urban lands, about
15 percent consists of agricultural lands, and about 6 percent is
classified as other land-use types.

Geologic Setting

The overviews of the geology and hydrology of the Portland
Basin presented in the following sections summarize more
detailed descriptions in reports by (1) Swanson and others
(1993), who discuss the thickness, extent, and lithology of hydro-
geologic units in the basin, (2) McFarland and Morgan (1996),
who describe the ground-water flow system of the basin, includ-
ing its boundaries, hydraulic characteristics, and components of
recharge and discharge, and (3) Morgan and McFarland (1996),
who discuss the geology and hydrology as it relates to simulation
of the ground-water flow system using numerical modeling.

The northwest-trending Portland Basin was formed by struc-
tural deformation of the underlying Eocene and Miocene volca-
nic and marine sedimentary rocks. Late Miocene and younger
fluvial and lacustrine sediments are overlain by unconsolidated

Pleistocene catastrophic flood deposits and Holocene Columbia
River alluvium (McFarland and Morgan, 1996; Swanson and
others, 1993). The consolidated and unconsolidated basin-fill
sediments are thickest adjacent to the Columbia and Willamette
Rivers, where they may be as much as 1,800 feet thick.

Hydrogeologic Units

Hydrogeologic units in the Portland Basin, as defined by
Morgan and McFarland (1996) and used in their model of the
ground-water flow system, may comprise one or more geologic
units. From youngest to oldest the eight hydrogeologic units they
delineated within the basin include the:

(1) unconsolidated sedimentary aquifer (US);
(2) Troutdale gravel aquifer (TG);

(3) confining unit 1 (C1);

(4) Troutdale sandstone aquifer (TS);

(5) confining unit 2 (C2);

(6) sand and gravel aquifer, upper coarse-grained subunit
(8C);

(7) sand and gravel aquifer, lower fine-grained subunit (SF);
and

(8) older rocks (OR).

A ninth unit, the undifferentiated fine-grained sediments
(UF), is mapped where the Troutdale sandstone aquifer is
missing and confining units 1 and 2 cannot be differentiated. The
undifferentiated fine-grained sediments may be as young as
confining unit 1. The two-letter abbreviations listed after each
unit name are used throughout this report to facilitate discussion
and may appear in place of, or in addition to, the unit name.

For the purpose of simplifying discussion and display of the
particle-tracking analyses, the results from several hydrogeologic
units were combined. References to the undifferentiated fine-
grained sediments in the remainder of the report will include
confining units 1 and 2; the sand and gravel aquifer upper coarse-
grained and lower fine-grained subunits will be collectively
referred to as the sand and gravel aquifer (SG) (fig. 2).

Morgan
and THIS
McFarland REPORT
(1996)
us us
TG TG
Cc1
UF TS TS UF
c2
scC G
SF
OR OR

Figure 2. Comparison of hydrogeologic
unit terminology for the Portland Basin.
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Ground-Water Occurrence and Movement

Recharge to the Portland Basin is primarily through the
infiltration of precipitation. However, runoff into drywells, and
on-site waste-disposal systems are locally important sources
of recharge. Estimated recharge over the modeled area of the
Portland Basin from these three sources ranges from 0 to 49 in/yr
with a mean of 22 in/yr (Snyder and others, 1994). Irrigation
return flow and losing streams may constitute locally important
sources of seasonal recharge, but are insignificant on a regional
scale. Large capacity wells located near the Columbia River also
can induce recharge from the river to the shallow alluvial aqui-
fers (McCarthy and others, 1992; Morgan and McFarland, 1996).

Movement and discharge of ground water is primarily con-
trolled by the topography of the basin, which creates regional,
intermediate, and local ground-water flow systems. The Colum-
bia River represents the regional discharge area for the ground-
water flow system in Clark County. Much of the ground water
discharging to the river from Clark County enters the system in
upland recharge areas along the western Cascade Range, moves
downward and horizontally towards the river, and finally moves
upward to discharge to the river. The Lewis River, East Fork
Lewis River, and Salmon Creek are examples of discharge areas
for intermediate ground-water flow systems. Local ground-water
flow systems are much smaller with distances on the order of
only hundreds of feet between recharge and discharge areas
(Morgan and McFarland, 1996).

Ground-water discharge in the Portland Basin is primarily
to streams, rivers, wells, and springs (McFarland and Morgan,
1996). The largest component of ground-water discharge in
the Portland Basin is to streams and rivers. Ground-water with-
drawals from wells in Clark County are primarily used for indus-
try and public supply, with smaller amounts used for irrigation
and domestic purposes (Collins and Broad, 1993). The major
springs in southwestern Clark County are located along the north
side of the Columbia River between Vancouver and Prune Hill.
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GROUND-WATER FLOW MODEL
Description

A three-dimensional, regional ground-water flow model of
the Portland Basin (including most of Clark County), constructed
and calibrated to steady-state time-averaged conditions for the
period 1987—88 during a previous USGS study (Morgan and

McFarland, 1996), was used in this investigation. Morgan and
McFarland (1996) used the USGS modular three-dimensional
finite-difference ground-water flow model by McDonald and Har-
baugh (1988) with enhancements by Orzol and McGrath (1992) to
simulate ground-water flow and to test and refine the conceptual
understanding of the flow system in the Portland Basin. The active
cells of the model grid cover 981 mi? of the Portland Basin and
include most of Multnomah County, Oregon, and about one-half
of Clark County, Washington, as well as parts of Clackamas,
Washington, and Columbia Counties in Oregon and Skamania
County in Washington (fig. 3). The y-axis of the model is oriented
28.8 degrees west of north to align it with the predominant direc-
tion of ground-water flow. The finite-difference model of the basin
was constructed by dividing the nine hydrogeologic units delin-
eated by Morgan and McFarland (1996) into eight model layers.
Each model layer is subdivided by a rectilinear grid, which con-
sists of 3,040 active cells that have a uniform grid-cell spacing

of 3,000 feet (a cell area of 0.32 mi%) and a variable thickness.
Hydrogeologic units are not restricted to a single model layer, but
may span multiple model layers. The map and section of the satu-
rated hydrogeologic units used in the ground-water flow model
are shown in figure 3.

The hydraulic characteristics of the rocks and sediments
that form aquifers and confining beds of the ground-water system
control the direction and velocity of ground-water movement
within the system. Estimates of horizontal hydraulic conductivity
were made by McFarland and Morgan (1996) from multiple-
well aquifer tests, single-well tests, and published data. These
distributions were used as initial values that were subsequently
modified during calibration of the numerical model to achieve a
best fit between simulated and observed data. The median values
of hydraulic conductivity range from about 0.1 ft/d (feet per day)
for the older rocks to about 100 fi/d for the unconsolidated
sedimentary aquifer. Vertical anisotropy ratios of hydraulic
conductivities (horizontal to vertical) were estimated for each
hydrogeologic unit from published values for similar classes of
rock materials and then were modified during calibration of the
numerical model. The vertical anisotropy ratios determined from
calibration were 1,000:1 for the older rocks and all fine-grained
units (C1, C2, UF, and SF) and 100:1 for the primary aquifer
units (US, TG, TS, and SC) (Morgan and McFarland, 1996).

The water budget determined by use of the ground-water
flow model indicates that recharge to the ground-water flow
system from the infiltration of precipitation accounts for 86
percent of the 1,670 ft/s (cubic feet per second) inflow to the
basin. Runoff into drywells contributes 4 percent, on-site waste-
disposal systems contribute 2 percent, seepage from smaller
rivers and streams contributes 5 percent, and seepage from the
Columbia and Willamette Rivers and other sources (inflows)
contribute 3 percent (Morgan and McFarland, 1996). Of the
1,670 ft’/s of ground-water discharge in the basin, 58 percent is
discharged to smaller rivers and streams, 27 percent is discharged
to the Columbia and Willamette Rivers, 10 percent is discharged
to wells, and less than 5 percent is discharged to springs and other
sinks (outflows).
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As yet unpublished, results from other analyses using the
ground-water flow model and particle-tracking program also
indicate that the regional flow moves upward from the older
rocks, beneath the Columbia River, through the overlying units,
and discharges at the water table west of the Columbia River in
the area of Sauvie Island between the Multnomah Channel and
the Columbia River, between the Willamette River and the
Columbia Slough, and between the Columbia Slough and the
Columbia River (fig. 1).

Comparison of the maps of ground-water ages in a hydro-
geologic unit with the location of public-supply wells open to
that unit can be used to identify public-supply wells that may
be withdrawing water that recharged in areas that may have been
exposed to contamination. The public-supply wells in southwest-
ern Clark County and in the vicinity of Camas and Washougal
that are open to the unconsolidated sedimentary aquifer may be
withdrawing water that has a component that is less than 10 years
old on the basis of the minimum ground-water age (fig. 16A).

A large number of the wells open to the Troutdale gravel aquifer
may be discharging water that is less than 100 years old,

and some of these may discharge water less than 10 years old
(fig 16B).

A comparison of the locations of wells containing anthropo-
genically contaminated ground water in Clark County with the
age of ground water, as determined by the particle-tracking pro-
gram, provided a valuable check on the reliability and usefulness
of this method for evaluating ground-water vulnerability. From a
sampling of 20 wells in Clark County in 1988, Turney (1990)
found substantial concentrations of organic compounds (includ-
ing pesticides) in samples from 4 wells and the detection of trace
levels of organic compounds in 6 other wells. Turney (1990) also
reported that the Washington State Department of Social and
Health Services had detected trace levels of organic compounds
in samples collected in 1988 from two additional wells. Of the 12
wells that showed the presence of organic compounds, 10 are
located within the area of the ground-water flow model. The
particle-tracking program calculated a minimum ground-water
age of less than 100 years for the water within the model cells
representing the open intervals for 8 of the 10 wells. The mini-
mum ground-water ages for the other two wells were calculated
to be less than about 170 years. Turney (1990) states that ‘“***
the presence of any of these organic compounds in ground water
is due to anthropogenic activities and indicates some degree
of contamination.” The agreement between the occurrence of
anthropogenic contamination in areas of the ground-water flow
system where the ground water is young suggests that ground-
water age is an important factor to consider when evaluating
ground-water vulnerability.

SUMMARY AND CONCLUSIONS

A three-dimensional, regional ground-water flow model of
the Portland Basin, Oregon and Washington (including most of
Clark County), constructed using MODFLOW during a previous
USGS study, was used in this investigation. This model was used
with the particle-tracking program MODPATH to calculate three-
dimensional pathlines and traveltimes of water particles moving

through the simulated flow system. MODPATH was modified for
this study to output data and results in the form of GIS (ARC/
INFO) digital maps. These digital maps have associated digital
attribute files that contain information such as starting and ending
particle positions, hydrogeologic unit, traveltime, distance, and
velocity. The modified version of MODPATH, known as
MODTOOLS, does not change the method used to calculate
particle pathlines or attributes, but enhances the ability to display
and analyze the results of the particle-tracking program. This is a
significant improvement, because it enables the use of the data-
base, statistical, and display capabilities of the GIS and facilitates
comparison with other types of spatial information.

For the particle-tracking analysis, each of the greater than
10,000 active model-grid cells in Clark County was populated
with 6 particles, one at the center of each cell face, resulting in a
total of about 60,000 particles. The particle-tracking program
was used to track each particle backwards in time, through the
simulated flow system, upgradient to its recharge point. The GIS
then was used to select recharge points for specific parts of the
ground-water flow system, summarize traveltime information,
and relate characteristics of the recharge areas to downgradient
parts of the flow system.

Chlorofluorocarbon (CFC)-age dating was used to compare
traveltime estimates with the results of the particle-tracking pro-
gram at 51 wells in the Portland Basin. There was a 76 percent
agreement in predicting the presence of modern water in the 51
wells, as determined by using CFC-age dating and particle-track-
ing techniques. The effective porosity values used for the parti-
cle-tracking program were calibrated by comparing ground-water
ages determined through the use of the CFC-age dating with
ground-water ages calculated by the particle-tracking program,
using different values of effective porosity. On the basis of results
of these analyses, values of effective porosity of 1.09 times the
baseline values provided the best agreement between the ground-
water ages determined by the particle-tracking program and the
CFC-age dates.

Recharge points for each hydrogeologic unit generally coin-
cide with topographic highs or outcrops of the unit. Maps of the
recharge points for each hydrogeologic unit were then overlaid
with maps depicting aquifer sensitivity, as determined by DRAS-
TIC (a measure of the pollution potential of ground water, based
on the intrinsic characteristics of the near-surface unsaturated
and saturated zones) and recharge from on-site waste-disposal
systems. A large number of recharge areas were identified,
particularly in southern Clark County, that have a high aquifer
sensitivity, coincide with areas of recharge from on-site waste-
disposal systems, or both.

Using the GIS, the characteristics of the recharge areas were
related to the downgradient parts of the ground-water system that
will eventually receive flow that has recharged through these
areas. The aquifer sensitivity, as indicated by DRASTIC, of the
recharge areas for downgradient parts of the flow system was
mapped for each hydrogeologic unit. A number of public-supply
wells in Clark County may be receiving a component of water
that recharged in areas that are more conducive to contaminant
entry. These maps illustrate a critical deficiency in the DRASTIC
methodology—the failure to account for the dynamics of the
ground-water flow system. DRASTIC indices calculated for a
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particular location thus do not necessarily reflect the conditions
of the ground-water resources at the recharge areas for that
particular location. Each hydrogeologic unit was also mapped

to highlight those areas that will eventually receive flow from
recharge areas with on-site waste-disposal systems. Most public-
supply wells in southern Clark County may eventually receive a
component of water that contains recharge from on-site waste-
disposal systems.

Traveltimes for ground water were used to estimate the
minimum and maximum age of ground water within each model-
grid cell for all the hydrogeologic units. Areas with the youngest
ground-water ages are expected to be at greatest risk to contami-
nation from anthropogenic activities. Comparison of these maps
with maps of public-supply wells in Clark County indicates that
most of these wells may withdraw ground water that has a com-
ponent less than 100 years old and, in many instances, less than
10 years old. Eight of 10 wells shown in previous studies to have
water containing anthropogenic contamination were calculated
to have a minimum ground-water age of less than 100 years,
as calculated by the particle- tracking program. The agreement
between the location of anthropogenic contamination with areas
of the ground-water flow system where the ground water is
young provides a valuable check on the reliability and usefulness
of the particle-tracking program, and indicates that ground-water
age is an important factor to consider when evaluating ground-
water vulnerability.

The study was based on assumptions and limitations
similar to those of the ground-water flow model (Morgan and
McFarland, 1996) and the particle-tracking program. Among
these assumptions is the simulation of the ground-water flow
system as steady state using the 198788 time-averaged condi-
tions such as climate, land use, and water use. Care must be used
when interpreting the results, as changes in any of these condi-
tions will influence the location of recharge areas, pathlines, and
the age of ground water.

Results show that a single particle-tracking analysis simu-
lating advective transport can be used to evaluate ground-water
vulnerability for all or part of a ground-water flow system.

This method can be applied to evaluate current ground-water
resources, such as prioritizing wells for site-specific evaluation
or upgradient water-quality monitoring, or to aid in the evalua-
tion of undeveloped areas. The method can be used at any scale
or discretization, and is directly transferable to other areas that
use MODFLOW to simulate ground-water flow systems. Using
the particle-tracking program with all of the cells in the ground-
water flow model (or at least in the area of interest, such as Clark
County) populated with particles and storing the results in a GIS
format precludes, or at least reduces, the need to perform multi-
ple particle-tracking analyses for distinct areas. GIS personnel
and resource managers could select the parts of the ground-water
flow system of interest and compare the results of the particle-
tracking analysis with ancillary information stored in the GIS

to determine recharge areas, characteristics of recharge areas,
downgradient impact of land use at recharge areas, and age

of ground water. This increased accessibility, combined with

the flexibility of GIS, will facilitate the application of ground-
water vulnerability analyses and ground-water modeling to the
management of ground-water resources.
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