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Evaluation of Approaches for Managing Nitrate
Loading from On-Site Wastewater Systems near

La Pine, Oregon

By David S. Morgan', Stephen R. Hinkle', and Rodney J. Weick?

Abstract

This report presents the results of a study by the U.S.
Geological Survey, done in cooperation with the Oregon
Department of Environmental Quality and Deschutes County,
to develop a better understanding of the effects of nitrogen
from on-site wastewater disposal systems on the quality of
ground water near La Pine in southern Deschutes County
and northern Klamath County, Oregon. Simulation models
were used to test the conceptual understanding of the system
and were coupled with optimization methods to develop the
Nitrate L oading Management Model, a decision-support tool
that can be used to efficiently evaluate alternative approaches
for managing nitrate loading from on-site wastewater systems.
The conceptual model of the system is based on geologic,
hydrologic, and geochemical data collected for this study, as
well as previous hydrogeologic and water quality studies and
field testing of on-site wastewater systems in the area by other
agencies.

On-site wastewater systems are the only significant
source of anthropogenic nitrogen to shallow ground water
in the study area. Between 1960 and 2005 estimated nitrate
loading from on-site wastewater systems increased from 3,900
to 91,000 pounds of nitrogen per year. When all remaining
lots are developed (in 2019 at current building rates), nitrate
loading is projected to reach nearly 150,000 pounds of
nitrogen per year. Low recharge rates (2—3 inches per year)
and ground-water flow velocities generally have limited the
extent of nitrate occurrence to discrete plumes within 20-30
feet of the water table; however, hydraulic-gradient and age
dataindicate that, given sufficient time and additional loading,
nitrate will migrate to depths where many domestic wells
currently obtain water. In 2000, nitrate concentrations greater
than 4 milligrams nitrogen per liter (mg N/L) were detected in
10 percent of domestic wells sampled by Oregon Department
of Environmental Quality.

1U.S. Geological Survey
20regon Department of Environmental Quality

Numerical simulation models were constructed at transect
(2.4 square miles) and study-area (247 square miles) scalesto
test the conceptual model and evaluate processes controlling
nitrate concentrations in ground water and potential
ground-water discharge of nitrate to streams. Simulation
of water-quality conditions for a projected future build-out
(base) scenario in which all existing lots are developed using
conventional on-site wastewater systems indicates that, at
equilibrium, average nitrate concentrations near the water
table will exceed 10 mg N/L over areas totaling 9,400 acres.
Other scenarios were simulated where future nitrate loading
was reduced using advanced treatment on-site systems and
a development transfer program. Seven other scenarios were
simulated with total nitrate loading reductions ranging from 15
to 94 percent; simulated reductionsin the area where average
nitrate concentrations near the water table exceed 10 mg N/L
range from 22 to 99 percent at equilibrium. Simulations also
show that the ground-water system responds slowly to changes
in nitrate loading due to low recharge rates and ground-water
flow velocity. Consequently, reductionsin nitrate loading
will not immediately reduce average nitrate concentrations
and the average concentration in the aquifer will continue to
increase for 25-50 years depending on the level and timing of
loading reduction. The capacity of the ground-water system
to receive on-site wastewater system effluent, which is related
to the density of homes, presence of upgradient residential
development, ground-water recharge rate, ground-water flow
velocity, and thickness of the oxic part of the aquifer, varies
within the study area.

Optimization capability was added to the study-area
simulation model and the combined simul ation-optimization
model was used to evaluate alternative approaches to
management of nitrate loading from on-site wastewater
systems to the shallow aluvial aquifer. The Nitrate Loading
Management Model (NLMM) was formulated to find the
minimum reductions from projected future loading required
to maintain or restore ground-water nitrate concentrations
or ground-water discharge of nitrate to streams below user-
specified levels. Sensitivity analysis of the NLMM showed
that loading primarily is constrained by nitrate concentration
in the shallow part of the oxic ground-water system, within
5-10 feet of the water table.
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Introduction

Rural residential areas near La Pine in southern
Deschutes County and northern Klamath County, Oregon
(fig. 1) have experienced rapid growth in recent years.

More than 9,000 residentia lots, ranging in size from 0.5

to 10 acres, arein the area where existing and future homes
will rely on individual on-site wastewater systems and wells
for wastewater disposal and water supply. Most existing
wells have screened intervals within 50 ft of land surface and
extract water from alluvial sands and gravels that constitute
the primary aguifer in the area. The water tableis shallow,
typicaly isless than 20 ft below land surface, and in some
low-lying areas rises seasonally to within 2 ft of land surface.
Sandy soils derived from pumice contain little organic matter
and allow rapid infiltration of on-site wastewater effluent.

The vulnerability of the shallow aquifer hasled to
concern by County and State land-use and environmental -
health regulators that ground-water quality may be impaired if
development continues at planned densities using conventional
on-site wastewater systems. (In this report, conventional
on-site systems include standard, pressure-distribution, and
packed-bed [sand] filter systems). Another potential concern
isthe quality of local streams. The Deschutes and Little
Deschutes Rivers, which flow through developed areas near
LaPine, have been listed as “water-quality impaired” for
temperature and turbidity; nutrient loading from ground water
has been identified as a potential contributor to excessive algal
growth in some reaches (Anderson, 2000; Jones, 2003) that
may exacerbate water-quality concerns.

On-site wastewater systems are the principal source of
nitrogen to the shallow ground-water system in the La Pine
area (Century West Engineering, 1982; Oregon Department
of Environmental Quality, 1994; Hinkle and others, 2007a).
On-site wastewater systems do not remove nitrogen from
wastewater; however, most nitrogen is converted from organic
nitrogen and ammonium to nitrate before it reaches the
saturated part of the ground-water system (water table). Once
in the saturated zone, nitrate generally is stable in the presence
of oxic ground water (ground water that contains dissolved
oxygen). Adsorption or chemical reactions within the flow
system do not readily remove nitrate. Nitrate is a human health
concern because it can cause methemoglobinemia (Blue-
Baby Syndrome) in infants (http://www.atsdr.cdc.gov/HEC/
CSEM/nitrate/). Nitrogen also is an environmental concern
as apotential source of nutrient enrichment to streams.
Nutrient enrichment contributes to algal blooms detected
in the Deschutes and Little Deschutes Rivers. The U.S.
Environmental Protection Agency (USEPA) has established

10 mg N/L as the maximum allowabl e nitrate concentration

in drinking water for public water supply systems. Oregon, by
statute, has established a nitrate concentration of 7 mg N/L as
the value at which action may be taken to control water-quality
degradation by regulatory means.

The present location of the city of LaPine (fig. 1) wasthe
first concentrated devel opment within the study area. Thefirst
building permits recorded in what was then called the “ core
area” date from 1910. In 2006, the core area was incorporated
asthe city of LaPine. Degradation of ground-water quality
by on-site wastewater systems was first documented in the
core areain 1979 by Oregon Department of Environmental
Quality (ODEQ) after samples from 46 wells revealed that
water from 8 wells contained nitrate concentrations greater
than 10 mg N/L (Cole, 2006) and a maximum of 26 mg N/L.
Nitrate concentrations in ground water as much as 41 mg N/L
were detected in afollow-up study in 1982 (Century
West Engineering, 1982). These results led to an ODEQ
administrative rule requiring community sewage collection,
treatment, and disposal for the core area. In 1993, ODEQ
sampled 36 wellsin residential areas near La Pine as part
of its statewide Ambient Groundwater Monitoring Program
and detected nitrate concentrations greater than 2 mg N/L in
19 wells. They concluded that elevated concentrations were
caused by anthropogenic influences (on-site wastewater
systems) (Cole, 2006). Concentrations were greater than
10 mg N/L in 4 (11 percent) of the 36 wells sampled. In 1994,
Deschutes County requested that ODEQ further evaluate
ground-water quality in the area. Water from more than 120
domestic and public water-supply wells was sampled in 1994
and 1995 and ODEQ delineated several areas of elevated
nitrate concentrations underlying the most densely devel oped
parts of the region (R.J. Weick, ODEQ, written commun.,
1998; Cole, 2006). As part of the 1995 assessment, ODEQ
constructed simplified nitrate transport models which included
basi ¢ assumptions on nitrogen chemistry. The ODEQ transport
models predicted that nitrate concentrations would exceed
drinking water standards within 20 years of full build-out (R.J.
Weick, ODEQ, written commun., 1998; Cole, 2006).

In 1999, a nitrate concentration threshold of 5 mg N/L
was selected for the La Pine area by the Deschutes County
Working Group on Groundwater Issues for the South
Deschutes Basin to serve as a “ proactive target to protect
the Basin's groundwater quality.” The working group a so
recommended that ODEQ “...address these problems and
concerns by considering the adoption of a geographic rule...
to protect the Basin's groundwater resource.” (http://www.
co.deschutes.or.us/downl oad.cfm?Downl oadFile=507DDA 68-
BDBD-57C1-902813CCF281DDFOQ).
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In 1999, Deschutes County and ODEQ identified the
need for an improved understanding of the processes that
affect the transport and fate of nitrogen in the LaPine area
before making decisions among alternatives for managing
ground-water quality. To help achieve that understanding,
Deschutes County and ODEQ applied for and received
funding from the USEPA to evaluate methods to protect
ground-water quality in the area (Oregon Department
of Environmental Quality, 20044) as part of the La Pine
National On-Site Wastewater Demonstration Project (NDP).
The objectives of the NDP also included (1) assessing the
effectiveness of advanced treatment (denitrifying) systems for
on-site wastewater and (2) devel oping a more complete and
useful understanding of processes that affect nitrogen in the
ground-water system. The second objective was the subject
of acooperative study by the ODEQ, Deschutes County
Community Development Department (CDD) and the Oregon
Water Science Center of the U.S. Geological Survey (USGS).

The primary objective of this study was to develop
athorough understanding of the hydrologic and chemical
processes that affect the movement and fate of nitrogen within
the shallow aquifers of the La Pine region. A secondary
objective was to provide a method for analyzing the effects
of existing and future development on water quality.

This understanding will provide local and State resource
management agencies with information and tools needed

to determine the probable effects of present and future land
use on nitrogen concentrations in the shallow aquifer and on
nitrogen loading from ground water to the Deschutes and
Little Deschutes Rivers.

Purpose and Scope

This report describes conceptual, ssmulation, and
management models of the ground-water system near the
community of LaPinein central Oregon. The description
of the conceptual model provides a background for the
development of the simulation and management models and
includes the geologic framework, hydrologic processes, and
processes affecting nitrate transport and fate. The description
of the simulation model includes a discussion of how the
processes and boundaries of the system were represented in
a computer simulation model, how the model was calibrated,
and the results of predictive simulations. The simulation model
was enhanced as a decision-support tool (management model)
by incorporating optimization techniques that allow usersto
identify management solutions that will meet water quality
goals. The discussion of the management model includes
a description of the method of incorporating optimization
techniques with the simulation model, the formulation of
the management problem, and analysis of the sensitivity
of optimal management solutions to the values of various
constraints.

Description of Study Area

The La Pine study area encompasses about 250 mi?
within the Deschutes River drainage basin in central Oregon
(fig. 1). The areais drained by the Deschutes River and
tributaries including the Little Deschutes, Spring, and Fall
Rivers. Land-surface elevation ranges from about 4,000 ft near
the Deschutes River at the northern boundary of the study
area, to nearly 5,700 ft at the peaks of volcanic buttesin the
northwestern corner of the study area. Most of the study area
liesin therelatively low-relief aluvial plain of the Deschutes
and Little Deschutes Rivers at el evations between 4,150 and
4,300 ft. The populated areas in the study area include low and
medium density rural-residential subdivisions adjacent to and
between the Deschutes and Little Deschutes Rivers extending
northward from La Pine to the community of Sunriver (fig. 1).
The subdivisions are surrounded by Federal lands managed by
the U.S. Forest Service and Bureau of Land Management.

The study area boundaries were selected to include the
most densely populated parts of southern Deschutes County
and northern Klamath County, where on-site wastewater
systems are the predominant method of wastewater disposal
for existing and future residential development. The
boundaries also were selected to include the principal area of
the shallow alluvia aquifer that provides drinking water for
most of the population in the La Pine area. The data collection
and analysis for this study was focused in the 247 mi? area of
the study-area flow and transport simulation model (fig. 1).

Residential development in the area began to accelerate in
the 1960s (Century West Engineering, 1982) and almost 3,000
new residential lots were created in the 1970s in response
to demand for vacation homes and full-time residences.
Although lots range in size from 0.5 to more than 10 acres,

58 percent of lotsin the study areain 2000 were less than

1 acre and 82 percent were less than 2 acres. The population
of the areawas less than 1,000 in 1960, and increased to about
5,600 in 1981 (Century West Engineering, 1982), and was
approximately 14,000 in 2000 (U.S. Bureau of the Census,
2000).

Land useis primarily low- to medium-density residential.
Commercial and medium density residential areas arein the
incorporated City of La Pine (including the LaPine “core
area” and Wickiup Junction area) and industrial development
isimmediately east of the core area. Agricultural lands cover
less than 4 percent of the study area and most of that areais
nonirrigated pasture (Tim Berg, Deschutes County Community
Development Department, written commun., 2004).

The climate of the area primarily is controlled by
eastward moving air masses from the Pacific Ocean.
Orographic precipitation in the Cascade Range resultsin more
than 200 in/yr in some locations, although precipitation rates
in the lower part of the Deschutes River basin average as little
as 10 in/yr. Mean annual (1971-2000) precipitationinthe La
Pine arearanges from 16 to 24 in. (Daly and Gibson, 2002).
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Geologic Setting

The La Pine study area of the upper Deschutes River
basin is a sediment-filled graben feature that lies within the
geologically complex transition area between three geologic
provinces: the Cascade Range, the Basin and Range Province,
and the High Lava Plains. The La Pine study area shares
attributes characteristic of each of these geologic provinces.
The Cascade Range forms the western margin of the La Pine
study area. Newberry volcano forms the eastern study area
margin and transition between the extensional Basin and
Range Province and the High Lava Plains. North to north-
northwest trending and northeast trending en echelon faults
define the eastern boundary of the graben forming the La Pine
study area.

The Cascade Range is a constructional feature of north-
south trending eruptive centers that extends from northern
Californiato southern British Columbia and has been
volcanically active for the past 35 million years (Sherrod and
Pickthorn, 1989). In central Oregon, these volcanic eruptive
centers are stratovol canoes, such as the North, Middle, and
South Sister, and Mount Jefferson, all with elevations greater
than 10,000 ft (Lite and Gannett, 2002).

The Basin and Range Province is aregion of crustal
extension that covers most of the western United States and
is characterized by north to northwest trending sub parallel
fault-bounded down-dropped grabens forming fault-block
ranges with basins typically 10-20 mi wide. In central
Oregon, the La Pine graben is defined by north-northwest
trending and northeast trending down-dropped faults (Allen,
1966; MacL eod and Sherrod, 1992) forming the sediment-
filled 10-15-mi wide subbasin with characteristics similar
to those of Basin and Range extensional features along the
northwestern transitional boundary in northeastern California
and northwestern Nevada.

The north—south trending graben that underliesthe La
Pine study areais estimated to have down-dropped 1,800 to
2,400 ft based on gravity and aeromagnetic anomalies (Couch
and Foote, 1985; MacL eod and Sherrod, 1992) Formation
of the basin began during the mid-Pleistocene between
0.6 and 1 my (million years) ago (Couch and Foote, 1985;
Gettings and Griscom, 1988; Sherrod and Pickthorn, 1989;
MacL eod and Sherrod, 1992; MacL eod and others, 1995)
and subsequently has been filled with several hundred feet of
sediment. Nearly 1,400 ft of sediment have been penetrated by
deep water-supply wells drilled in the study area. Descriptions
of sediment lithology in drillers’ reports for water wells
indicate that graben formation was concurrent with volcanism

Conceptual Model of Ground-Water System 5

and late Pleistocene glacial outwash deposition. Periods of
active volcanism and quiescence and fluvial and lacustrine
deposition during graben development created a complex
sequence of intercalated lava flows, ignimbrites, and alluvial
deposits. The depositional history is further complicated by
fluvial-lacustrine deposition during the Pleistocene.

Many basin-fill sedimentsin the La Pine study areaare
fine-grained lacustrine silt and clay. Within these fine-grained
deposits are fine to coarse fluvial sand and gravel channel-
fill deposits and discontinuous cinder, pumice- and ash-fall
beds. Methane, anmonium, and reduced iron detected in
water well samples (Hinkle and others, 2007a) from these
fine-grained deposits indicate a predominant quiescent marsh
and lake depositional environment with episodic volcanic
deposition. This low-energy depositional environment may
be related to the onset and devel opment of Newberry volcano
about 0.7 my ago. MacL eod and others (1995) indicated that
Newberry lavas backed up against Cascade Range lava flows,
blocking the channel of the Deschutes River which created a
lake and marsh environment over much of the study area. A
pumice bed exposed near the top of the lacustrine deposits
and about 35 ft (10.8 m) below the fluvial/lacustrine contact
at Pringle Falls on the Deschutes River is0.22 t0 0.17 my old
(Herrero-Bervera and others, 1994).

About 0.2 my ago the depositional environment probably
underwent an abrupt change from lacustrine to predominantly
fluvial with deposition of heterogeneous silt, fine to coarse
sand, gravel, and pumaceous sand and gravel. These
deposits are likely associated with Pleistocene glaciation
of the Cascade Range and Newberry Volcano. These high-
energy deposits are capped by a study area wide 3-5 ft-thick
pumice- and ash-fall deposit from the Mt. Mazama eruption
of 7,627 + 150 years ago (Zdanowicz and others, 1999). The
Deschutes, Little Deschutes, and Fall Rivers have reworked
and down-cut through the Mt. Mazama pumice and ash-fall
deposit. The high degree of heterogeneity noted in lithologic
descriptionsin drillers' reports indicate an active fluvial
depositional environment in the central and southern parts of
the La Pine study area and deposition more characteristic of a
lacustrine environment in the northern part of the study area.
Based on interpretation of more than 460 water-well logs,
fluvia silt, sand, and gravel deposits were determined to range
in thickness from less than 10 ft in the northern study area,
to as much as 100 ft in the central and southern parts of the
study area (fig. 2). A thin veneer of gravel overlying a paleosol
was observed in several monitoring wellsin the study area.
The presence of the paleosol may represent post-Pleistocene
glacial soil development. The thin sand and gravel veneer
overlying the paleosol may represent the brief early Holocene
glacial event that predates the mid-Holocene Mt. Mazama
eruption.
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Figure 2. Generalized geology and hydrogeologic units of the La Pine region, Oregon.



Three-Dimensional Hydrogeologic Model

A detailed characterization of subsurface heterogeneity
can substantially improve the reliability of models of
ground-water contaminant transport (Fogg, 1986; Anderson
1987; Johnson and Dreiss, 1989). In this study, standard
hydrogeologic interpretation and analysis techniques,
including construction of two-dimensional geologic sections
and surface maps, were used in conjunction with transition
probability geostatistics to develop a three-dimensional
hydrogeologic model that represents the heterogeneity of the
complex glaciofluvia system.

Subsurface Geologic Data

The primary source of subsurface geologic data was
the nearly 5,400 drillers' reports available (as of 1999) for
domestic and public water supply wellsin the study area.
Although these reports are plentiful, the quality of lithologic
descriptions in the reports is inconsistent. The spatial
distribution of domestic wells also isnot ideal for developing
adetailed, three-dimensional geologic model of the ground-
water system; as would be expected, domestic wells are
concentrated in areas of residential development and tend to be
completed at the shallowest depth that a satisfactory yield can
be obtained. A subset of 346 wells was visited as part of this
and previous studies (Gannett and others, 2001) to determine
accurate locations and collect water-level and other data. The
subset of wells visited was selected to provide the best spatial
distribution within the study area and good descriptions of
geologic materials penetrated by the well. Drillers' reports for
an additional 118 wells were selected to provide information
in areas where field-located wells were not available. Although
these wells were not visited, the drillers' reportsincluded
superior descriptions of geologic materials and well locations
could be accurately estimated using tax lot information.

Descriptions of geologic materials were transcribed to
a database from the drillers' reports using a standardized set
of lithologic descriptors developed for this study. A two-
letter descriptor was assigned to the primary lithology, and,
if needed, secondary lithology reported by the driller for
each depth interval. For example, if the driller reported a
layer of “gravel with sand” between 40 and 80 ft, the interval
was assigned a primary descriptor of GR for gravel and a
secondary descriptor of SA for sand. This system retained
most of the detail of the original description by the driller and
allowed for comparison and analysis of lithology between
wells. Thirty-six descriptors were used to describe primary
and secondary lithology. Combinations of the primary and
secondary descriptors resulted in 157 unique lithologic
descriptors for the 464 wells used in the analysis.
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Lithologic Unit Sections and Fluvial Sediment
Mapping

The 157 unique lithologic descriptors were grouped
into six lithologic units. Five lithologic units comprised
unconsolidated sediments: clay-silt, pumice-sand, sand,
sand-gravel, and gravel. The sixth lithologic unit represented
consolidated and semi-consolidated vol canic rocks such
as basalt, basaltic andesite, and tuff. The lithologic unit
data for each well were stored in a Geographic Information
System (GIS) database that facilitated data interpretation and
construction of 34 two-dimensional cross sections through the
study area showing the thickness and extent of the primary
lithologic units. Locations of the sections are shown in figure 2
and selected sections are shown on plate 1.

Although deep wells are somewhat sparse in the study
area, the sections show that as much as 100 ft of fluvial silt,
sand, and gravel overlie predominately fine-grained lacustrine
sediments throughout the study area (plate 1). A relatively
sharp transition exists between the overlying fluvial sediments
and the basal lacustrine silt and clay, basalt, and volcaniclastic
deposits. The elevation of the top of the lacustrine sediments
was mapped using data from the 464 wells (fig. 2). Infrequent
sand and gravel lenses as well as pumice and ash beds are
present within the basal lacustrine sediments, but because of
their discontinuous nature, they are not regionally significant
sources of water to wells. The thickness of the fluvial
sediments that constitute the primary aquifers in the study area
was computed by subtracting the elevation of the top of the
basal lacustrine sediments from land surface elevation (fig. 2).
The greatest thicknesses of fluvial sediments are in the central,
east-central, and south-central parts of the study areawhere
higher elevations occur within the study area. Deposition
of Pleistocene alluvial sediments from fans emanating from
Newberry volcano contributes to the thickness of coarse
sediments on the eastern margin of the study area. The total
thickness (unsaturated and saturated) of fluvial sediments
exceeds 60 ft over much of thisarea. The fluvial sediments
are thinner in three areas: (1) within the floodplain of the
Little Deschutes River where they have been eroded, (2) at the
margins of the study area where they overlie shallow tuffs and
basaltic and andesitic volcanic rocks, and (3) in the northern
part of the study area where lacustrine sediments are closer to
the surface (fig. 2).

Interpretation of the geologic data during construction
of the two-dimensional sections revealed that thereisa
greater degree of heterogeneity within the fluvial part of the
system than could be delineated using traditional methods
of interpretation using drillers’ reports as the primary data
source. Thedrillers' reports were useful for defining the
vertical heterogeneity at each well location; however, because
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of the distance between wells and the uncertainty in the
lithologic descriptions, it was not possible to accurately
represent the lateral heterogeneity of the fluvial hydrofacies.
Another consideration was the difficulty in constructing a
fully three-dimensional hydrogeol ogic model from the two-
dimensional representationsin the lithofacies sections.
Important information on the nature and proportion
of lithologic units and dimensions and interconnectedness
of depositional features was gained through the process of
constructing the lithologic unit sections. Thisinformation
and the location of the lower boundary of the fluvial aquifer
system were used as supplemental information in the
development of the three-dimensional hydrogeologic model
described in the next section.

Transition Probability Geostatistical Modeling

A transition probability geostatistical approach was
used to model the heterogeneity of the fluvial sediments that
constitute the shallow aquifer near La Pine. The method was
applied using the suite of programs, Transition Probability
Geostatistical Software (T-PROGS), documented by Carle
(1999). T-PROGS implements a transition probability/Markov
approach to geostatistical analysis and simulation of spatial
distributions of categorical variables (such as hydrofacies).
The approach uses the probabilities of lateral and vertical
transitions between hydrofacies to define spatial variability.
The transition probabilities, volumetric proportion of facies,
and mean lengths of depositional features are the parameters
used to fit athree-dimensional Markov chain model to
geologic datafrom drillers' logs and subjective knowledge
based on an understanding of the depositional environment.
Once a satisfactory Markov chain model is obtained, it is used
in sequential indicator simulation with simulated annealing
to produce realizations of the subsurface facies distributions
that are conditioned using the observed geologic data. One
advantage of the transition probability method is the ability to
easily incorporate subjective or “soft” geologic information
into the Markov chain model. Details on the theoretical
development of the transition probability method, as wells as
examples and comparisons with other methods, are given in
Carle and Fogg (1996, 1997), Carle and others (1998), and
Weissmann and others (1999).

The transition probability method was used to model the
distribution of facies within the fluvial sediments only. The
lacustrine sediments were not included because the transition
probability method is predicated on the assumption that all
the sediments within the model ed area were emplaced under
similar depositional conditions.

A hydrofaciesis defined as one or more lithologic units
that have similar hydraulic characteristics. Three hydrofacies
were used in the hydrogeologic model: (1) clay-silt, (2) sand,
and (3) gravel. The five lithologic units used to subdivide the
fluvial sedimentsin the sections on plate 1 were reduced to
three hydrofacies by combining units with similar hydraulic
characteristics. The clay-silt hydrofacies represent flood
plain deposits with low hydraulic conductivity. The sand
hydrofacies include varying amounts of silt and represent
levee and proximal overbank deposits with moderate hydraulic
conductivity. The gravel hydrofacies includes varying amounts
of sand and represents channel deposits with high hydraulic
conductivity.

In the rare case where there are abundant, high
quality core data, geophysical logs, and detailed lithologic
descriptions, the parameters for the Markov model can be
estimated directly from bivariate statistics (variograms) for
the hydrofacies. More commonly, asin the La Pine study
area, most available geologic data are obtained from drillers
reports. Another limitation of the well data stems from the lack
of correspondence between the scale of depositional features
(for example, channel deposits) that have mean lengths of
10s or 100s of feet, and the spacing of data points (wells)
that may be 100s or 1,000s of feet. The disparity in the scales
of the system and the data available to characterize it makes
quantifying lateral transition probabilities based solely on well
data difficult. However, the transition probability approach
provided a means of including the geologic knowledge gained
through the process of devel oping the two-dimensional
lithologic unit sections.

The mean lengths of the high-hydraulic conductivity
gravel hydrofacies and the low hydraulic conductivity clay-
silt hydrofacies were estimated by manually measuring the
length of lithologic unitsinterpreted in the 34 lithologic unit
sections (examples shown on plate 1) and computing average
lengths for each hydrofaciesin the lateral (strike and dip) and
vertical dimensions. The depositional strike was aligned with
the northeast-southwest strike of the study area (fig. 2). The
estimates of lateral mean lengths for the gravel hydrofacies
based on the lithologic unit sections were larger than expected
for channel depositstypically found in fluvial systems
analogous to the Little Deschutes and Deschutes River
systemsin the La Pine study area. The lateral mean lengths for
the gravel hydrofacies were reduced based on measurements
of present channel geometry, and meander and oxbow features
identified from aerial photography. The estimated mean
lengths for the gravel hydrofacies were modified through
atrial and error process until the Markov chain model
produced a hydrofacies realization that was consistent with
geomorphologic observations.



The volumetric proportions of the hydrofacies were 10,
50, and 40-percent for gravel, sand, and clay-silt, respectively.
The sand hydrofacies was selected as the “background”
category because it represented the highest proportion of
materialsin the system. The transition probabilities (table 1)
need only be specified for the nonbackground hydrofacies.
The probabilities are expressed as decimal percentages; for
example, there is a 30-percent probability of transitioning
from the gravel faciesto the clay-silt faciesin the strike or dip
direction, but only a 15-percent probability of transitioning
from clay-silt to gravel.

The grid used to create the fluvial hydrofacies model had
cell dimensions of 500 ft horizontally along the depositional
strike and dip and 5 ft vertically. These cell dimensions
were sufficiently small to allow good representation of the
gravel and clay-silt facies (within the sand matrix) with mean
horizontal and vertical lengths of 1,500-8,100 ft and 8-10 ft,
respectively (table 1). The overall dimensions of the modeled
region are 138,000 by 50,000 ft along the depositional
strike and dip, and 120 ft along the vertical dimension.

The T-PROGS program was used with the Markov chain
parameters to generate the three-dimensional distribution of
the fluvial hydrofacies. The elevation of the base of the fluvia
sediments was contoured using drillers’ log data; and cells
within the hydrogeol ogic model below the base of the fluvial
sediments were assigned to the lacustrine hydrofacies. The
surficial geologic map (fig. 2) was used to assign cellsto the
basalt hydrofacies and land surface elevation from a DEM
was used to “remove” cells from the hydrogeologic model that
were above land surface. Sections through the compl ete three-
dimensional hydrogeologic model are shown in figure 3.

Once the appropriate parameters for the Markov Chain
model are determined, many equally probable realizations
of the hydrostratigraphy of the fluvial hydrofacies can be
simulated using the T-PROGS program. Each realization
would be consistent with the data from drillers’ logs
and interpretations made during construction of the two-
dimensional sections used to estimate the mean lengths.

Table 1. Markov chain model parameters and transition
probabilities in the final hydrofacies model.

. Mean length (feet)
Hydrofacies

Strike Dip Vertical
Gravel 3,000 1,500 10
Clay-silt 8,100 5,600 8

Hydrofacies Transition probability

(From—>To) (decimal percentage)
Gravel—»Clay-silt 0.3 0.3 0.4
Clay-silt—»Gravel A5 A5 25
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The capability to generate many realizations of the
hydrostratigraphy represents a potentially powerful tool

for evaluating the effects of hydrogeologic uncertainty on
simulation models. Using multiple realizations, uncertainty
in simulated nitrate concentrations resulting from
uncertainty in the hydrogeologic model could be evaluated.
While time consuming, this capability could provide
important information on the sensitivity of model results to
hydrogeol ogic uncertainty.

This capability would be especially useful for
contaminant transport models in highly heterogeneous
systems with large contrasts in hydraulic conductivity between
hydrofacies where the objective was to simulate individual
contaminant plumes. This approach was not used in the
current study because (1) although the fluvial sedimentsin the
LaPine study area are somewhat heterogeneous, the hydraulic
conductivities of the hydrofacies that compose them fall within
arelatively small range; and (2) the purpose of the model in
this study was to estimate mean concentrations over relatively
large areas as atool for evaluating watershed-scale wastewater
management approaches. Variahility at the scale of individual
model cells caused by uncertainty in the hydrogeol ogic model
would not impose significant limitations on the use of the
model.

Hydraulic Conductivity

Hydraulic conductivity is the characteristic of a porous
medium that describes its ability to transmit water, and is
expressed in units of length per unit time (for example, feet per
day). The hydraulic conductivity of most geologic materials
isvertically anisotropic; that is, hydraulic conductivity is
greater in the horizontal direction than in the vertical direction.
Simulation of three dimensional ground-water flow, as was
done for this study, requires estimates of both the horizontal
and vertical components of hydraulic conductivity. Horizontal
hydraulic conductivity estimates were made for alluvia
sediments and vol canic rocks using data from well-yield tests
reported in 221 drillers’ reports and slug tests donein 24
monitoring wells constructed for this study.

Transmissivity is another measure of the ability of
porous materials to transmit water, and is equal to the product
of hydraulic conductivity and the saturated thickness of the
material. Transmissivity has units of length squared per time
(for example, feet squared per day) and can be estimated using
the Theis nonequilibrium equation and solving as reported in
Vorhis (1979). Minimum data required from the well-yield
test include pumping rate, drawdown, and time pumped. Only
field-located wells with complete construction information
that included well depth, casing diameter, and open or
screened intervals were used in the analysis. The method of
Vorhis (1979) yields a solution to the Theis equation in which
transmissivity is expressed as a function of storage coefficient.
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Appropriate transmissivity values were selected by assuming a
storage coefficient in the range normally assumed for confined
aquifers (0.001) for deep wells and a storage coefficient
(specific yield) in the range normally assumed for unconfined
aquifers (0.10) for shallow wells. Wells were assigned
unconfined storage coefficientsif their open intervals did not
extend more than 30 ft below land surface in the northern part
of the study area or 50 ft in the southern part (south of the
confluence of Paulina Creek and the Little Deschutes River)
(fig. 1). Horizontal hydraulic conductivity was estimated at
each well by dividing the estimated transmissivity by the
length of the perforated and (or) uncased intervals of the well.
Horizontal hydraulic conductivities computed using
the well-yield test datarange from 0.15 to 2,500 ft/d, with a
geometric mean of 60 ft/d and median of 21 ft/d. Gannet and
others (2001) reported similar results from an analysis of 175
well-yield testsin the La Pine basin, in which the median
transmissivity was 901 ft?/d. If atypical effective aquifer
thickness of 50 ft is assumed, the transmissivity reported
by Gannett and others (2001) is equivalent to a hydraulic
conductivity of 18 ft/d. If well-yield data are reported
accurately, the principal sources of error using this approach
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are head losses due to poor well construction and uncertainty
in storage coefficient estimates. Sensitivity analysis showed
that transmissivity, and therefore hydraulic conductivity,
computed for arange of storage coefficients spanning three
orders of magnitude (10 to 10 differed by an average of
50 percent. Uncertainty related to storage coefficient is not
considered an important source of error. Overestimation of
hydraulic conductivity can occur using this method if awell
only partially penetrates a thick, homogeneous aquifer in
which substantial vertical flow toward the well can occur. The
effects of partial penetration are not likely to be important

in datafrom wellsin the La Pine study area because the
heterogeneity of the alluvial sedimentswould limit vertical
flow near the well.

Slug tests were done at 24 monitoring wells installed
along two transects for this study. One transect was located in
the northern part of the study area near South Century Drive
and the other was located in the south-central part of the
area near Burgess Road (fig. 1). The Burgess Road transect
included tests of 17 wells at 6 sites and the South Century
Drive transect included tests of 8 wells at 6 sites (table 2).

Table 2. Hydraulic conductivity estimates from slug test data from wells near LaPine, Oregon.

[Slug tests were conducted in April and September 2000. Latitude and Longitude: in degrees, minutes, seconds; North American Datum of 1927. Altitude:
referenced to National Geodetic Vertical Datum of 1929. Abbreviations: USGS: U.S. Geologica Survey. Symbols: —, no data]

USGS site . State . Hydraulic
identification Project well Local No. identification Latitude Longitude Altitude  Depth conductivity
name (feet) (feet)

No. No. (feet per day)
434202121301501 Burgess5.1 22.00S/10.00E-02BBC01 DESC 52678 43°42'01.89"  121°30'15.21"  4,210.9 239 15
434202121301502 Burgess5.2 22.00S/10.00E-02BBC02 DESC 52677 43°42'01.89"  121°30'15.21" 4,211.1 36.9 24
434202121301503 Burgess5.3 22.00S/10.00E-02BBC03 DESC 52676 43°42'01.89"  121°30'15.21"  4,210.9 49.0 .6
434203121305401 Burgess4.1 22.00S/10.00E-03ABCO1 DESC52681 43°42'02.68"  121°30'53.68" 4,223.6 26.5 18
434203121305402 Burgess4.2 22.00S/10.00E-03ABC02 DESC52679 43°42'02.68"  121°30'53.68" 4,223.3 33.2 58
434203121305403 Burgess4.3 22.00S/10.00E-03ABC03 DESC52680 43°42'02.68"  121°30'53.68" 4,223.3 49.3 6.4
434206121311701 Burgess3.1 22.00S/10.00E-03BBD01 DESC 52684 43°42'05.78"  121°31'17.04" 4,233.4 225 11
434206121311702 Burgess3.2 22.00S/10.00E-03BBD02 DESC52682 43°42'05.78"  121°31'17.04" 4,233.3 30.5 45
434206121311703 Burgess3.3 22.00S/10.00E-03BBD03 DESC 52683 43°42'05.78"  121°31'17.04" 4,233.4 38.6 55
434206121312901 Burgess2.1 22.00S/10.00E-03BBB01 DESC 52688 43°42'05.67"  121°31'28.92"  4,239.2 231 17
434206121312902 Burgess2.2 22.00S/10.00E-03BBB02 DESC52686 43°42'05.67"  121°31'28.92"  4,239.0 30.0 23
434206121312903 Burgess2.3 22.00S/10.00E-03BBB03 DESC 52687 43°42'05.67"  121°31'28.92"  4,239.0 36.3 -
434206121312904 Burgess2.4 22.00S/10.00E-03BBB04 DESC52685 43°42'05.67"  121°31'28.92"  4,239.0 52.3 7.7
434213121295901 Burgess6.1 21.00S/10.00E-35CDC1 DESC 53163 43°42'12.64"  121°29'59.34"  4,198.6 14.7 9.0
434213121295902 Burgess6.2  21.00S/10.00E-35CDC2 DESC 53159 43°42'12.64"  121°29'59.34"  4,198.7 45.0 13
434213121324101 Burgess1.1 22.00S/10.00E-05AAAO01 DESC52690 43°42'13.02"  121°32'41.42" 4,257.7 34.7 64
434213121324102 Burgess1.2 22.00S/10.00E-05AAA02 DESC52689 43°42'13.02"  121°32'41.42" 4,257.6 50.5 33
434910121275501 Century 1.1  20.00S/11.00E-19CCC1 DESC 53166 43°49'10.08"  121°27'55.27"  4,178.2 121 12
434910121275502 Century 1.2  20.00S/11.00E-19CCC2 DESC 53178 43°49'10.08"  121°27'55.27"  4,178.0 68.3 3
434945121273501 Century 2 20.00S/11.00E-19BDB DESC 53184 43°49'44.61"  121°27'35.32" 4,175.4 111 8.8
435007121272701 Century 3 20.00S/11.00E-18CDC1 DESC53175 43°50'07.04"  121°27'27.31" 4,173.9 89 97
435026121272101 Century 4 20.00S/11.00E-18CAA DESC53185 43°5025.67"  121°27'20.64" 4,174.1 10.7 57
435030121271401 Century 5 20.00S/11.00E-18ACC1 DESC53160 43°50'29.75"  121°27'14.15"  4,172.9 11.7 5.2
435035121270801 Century 6.1 20.00S/11.00E-18ACA1 DESC 53164 43°50'34.68"  121°27'08.15" 4,171.9 10.7 31
435035121270802 Century 6.2 20.00S/11.00E-18ACA2 DESC 53158 43°50'34.68"  121°27'08.15" 4,171.8 64.0 .8
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The wells ranged from 8.9 to 68 ft deep and were completed
with 2-ft long screens. Falling- and rising-head tests were
run with initial-head displacements of 1-2 ft. Test data were
analyzed using the method of Bower and Rice (1976), with
the assumptions that the effects of storage can be ignored and
the change in saturated thickness of the aquifer is negligible.
Horizontal hydraulic conductivities computed using the slug
test data range from 0.3 to 98 ft/d, with a geometric mean of
25 ft/d and median of 15 ft/d (fig. 4, table 2). The 10th and
90th percentile values of hydraulic conductivity (0.6 and

60 ft/d) span only two orders of magnitude which, even when
considering that the tests selectively target coarser materials,
suggest that hydraulic conductivity is relatively uniform in the
area compared to some alluvia environments. The 10th-90th
percentile range in hydraulic conductivity for the well-yield

100 T T T T T T T T T

Slug test data
(n=24)

0.1 1 1 1 1 1 1 1 1 1

10,000 T T T T T T T T T

Well yield test data
(n=221)

1,000

HYDRAULIC CONDUCTIVITY. IN FEET PER DAY

100

Figure 4. Distributions of estimated hydraulic
conductivity values from slug tests and well-yield data.

| | | | |
0 10 20 30 40 50 60 70 80 90 100
PERCENTAGE OF OBSERVATIONS WITH
HYDRAULIC CONDUCTIVITY LESS THAN INDICATED VALUE

test data was 4 to 94 ft/d. The 10th percentile hydraulic
conductivity is greater for this data set because the slug tests
are conducted on water-supply wells selectively screened

to the most permeable sediments and more thoroughly
developed.

Median values from well-yield and slug test data were
similar (21 and 15 ft/d, respectively). Geometric mean
hydraulic conductivity values were greater for the well-yield
test data (60 ft/d) because several basalt wellsincluded large
(> 100 ft/d) hydraulic conductivity values that skewed the
mean (fig. 4). The agreement between the median values from
both data sets indicates that both estimation methods provide
good information on the hydraulic characteristics of the basin-
fill sediments.

Ground-Water Recharge

The shallow alluvia ground-water system in the study
areaisrecharged primarily by infiltration of precipitation
(rainfall and snowmelt), with lesser amounts resulting
from lateral ground-water inflow and effluent from on-site
wastewater systems. Gannett and others (2001) estimated
ground-water recharge to the upper Deschutes River basin
from infiltration of precipitation using a water balance model
(Deep Percolation Model) developed by Bauer and Vaccaro
(1987). The water balance model is based on empirical
relations that quantify processes such as interception and
evaporation, snow accumulation and melt, plant transpiration,
and runoff. The model computes a complete daily water
balance for the soil zone using measured precipitation and
temperature and data describing land cover, vegetation, and
soil properties. The water balance was computed within
rectangular areas (cells), each with an areaof 1.3 mi2. A
detailed description of application of the water balance model
to the upper Deschutes River basin, including model input, is
available in Boyd (1996) and a summary of the results for the
entire upper basin is given in Gannett and others (2001).

Computed recharge from the water balance model was
used to specify theinitial spatial distribution of recharge
within the boundaries of the simulation model. Based on
calibration of simulation modelsin the La Pine area (see
“Nitrate Fate and Transport Simulation Models”), the
recharge distribution was reduced slightly; the final calibrated
distribution is shown in figure 5. The mean annual recharge
distribution ranges from about 2 to 20 infyr with the greatest
recharge occurring in the upland areas; however, most of the
model arealies at lower elevations adjacent to the Deschutes
and Little Deschutes Rivers where mean annual rechargeis
about 2 in/yr (fig. 5). The mean annual recharge rate for the
simulation model is 3.2 infyr (58 ft¥/s).
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Effluent from on-site wastewater systems also contributes
to recharge of the shallow ground-water system. The annual
rate was estimated for 1999 when there were about 5,200
on-site wastewater systems in the study area. The average
daily volume of effluent produced per system depends on the
number of occupants and their water-use habits. Deschutes
County monitored several on-site systems as part of the La
Pine National On-Site Demonstration Project and determined
that the average daily effluent volume was 45 gallons per day
per person (B. Rich, written commun., Deschutes County,
2003). La Pine households averaged 2.55 personsin 2000
(U.S. Bureau of the Census, 2000), so each household would
produce an average of 115 gal/d. In 1999, about 5,200 on-site
systems would have contributed 0.6 Mgal/d, (0.9 ft¥/s), of
recharge to the ground-water system.

Ground-Water Flow

Hydraulic head, or smply head, is a measure of the force
that drives ground-water movement. Ground water flows from
areas of high head to areas of low head. In an unconfined
aquifer, such asthe shallow alluvia depositsin the La Pine
study area, the elevation of the water table represents the
head at the upper surface of the aquifer. The rate of changein
head with distance is called the hydraulic gradient, whichis
the slope of the water table. Ground water in deeper aquifers
may be confined by lower permeability layers (for example,
silt or clay). Ground water in confined aquifers may be under
pressure, such that when awell penetrates the aquifer, ground
water will risein the well casing to levels above the top of
the aquifer. The hydraulic gradient in the vertical directionis
positive if head increases with depth, which indicates ground
water is flowing upward; conversely, it is negative if head
decreases with depth, and ground water is flowing downward.

Water-level measurements were made in 192 wellsin
June 2000. Water levels from 170 wells with screened intervals
in the upper 100 ft were used to construct a contour map of
the water-table surface (fig. 5) used to calibrate the simulation
model. Ground water in the shallow part of the system in the
LaPine study area generally flows toward the rivers, which
generaly are gaining in the study area. Water-table contours
also indicate that shallow ground water moves toward low-
lying Long Prairie south of the LaPine core area (fig. 1).

The water table istypically within 20 ft of land surface
in the study area. The shallowest depths to water in the study
area are along the lower reach of the Deschutes River and the
entire Little Deschutes River. In many areas, the water tableis
within 5 ft of land surface and seasonally inundates low lying
areas adjacent to the streams during high flows in the spring.

Ground-water levels vary with time in response to
changesin rates of recharge to and discharge from the ground-
water system. To characterize seasonal and shorter variations,

bi-monthly water-level measurements were made in 48 wells
and digital recorders measured water levels every 2 hours

in 9 additional wells. Most wells were monitored between
March 2000 and December 2001; however, several wellsin
the bi-monthly network also were monitored between 1994
and 1998 as part of a previous study of the upper Deschutes
basin (Gannett and others, 2001). Two long-term observation
wells aso are in the study area and are measured by the
Oregon Water Resources Department (OWRD). These wells,
one of which has been measured quarterly since 1945, provide
insights on the effects of withdrawals (pumping), decadal-
scale climate variation, and other influences.

Three well hydrographs are shown in figure 6 to illustrate
general observations regarding the response of ground-water
levelsto seasonal and long-term variation in recharge. Basic
information for all wells included in the monitoring network
islisted in table 3. Additional information for these wells,
including the complete history of water-level data, is available
from the USGS National Water Information System (NWIS) at

http://waterdata.usgs.gov/or/nwis.
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Figure 6. Water levels in selected wells in the La Pine,
Oregon, study area.


http://waterdata.usgs.gov/or/nwis

Table 3. Basin information for water-level monitoring wells in the

La Pine, Oregon, study area.

[Abbreviations: USGS, U.S. Geologica Survey. Frequency: B, bi-monthly; R,

recorder (every 2 hours)]

State
identification
No.

USGS site
identification No.

Local No.

Frequency

DESC 52676
DESC 52677
DESC 52678
DESC 52684
DESC 52690
DESC 53158
DESC 53164
DESC 53656
DESC 53660
DESC 937
DESC 968
DESC 1450
DESC 1529
DESC 1727
DESC 6593
DESC 6959
DESC 7618
DESC 7620
DESC 7740
DESC 9173
DESC 9303
DESC 9314
DESC 9655
DESC 9889
DESC 50418
DESC 52533
DESC 52679
DESC 52680
DESC 52681
DESC 52682
DESC 52683
DESC 52685
DESC 52686
DESC 52687
DESC 52688
DESC 52689
DESC 53159
DESC 53160
DESC 53163
DESC 53166
DESC 53174
DESC 53175
DESC 53177
DESC 53178
DESC 53184
DESC 53185
DESC 53651
DESC 53652
DESC 53653
DESC 53655
DESC 53657
DESC 53658
DESC 53659
DESC 53661
KLAM 136
KLAM 138
KLAM 51668

434202121301503
434202121301502
434202121301501
434206121311701
434213121324101
435035121270802
435035121270801
434328121304603
434657121274101
433756121335501
434810121305201
433850121302301
434700121285701
434731121341001
434516121295101
434400121291401
434501121272401
434400121275801
434217121263801
433948121300101
434752121343101
434534121323801
433959121300801
434041121330701
435104121282301
433847121302301
434203121305402
434203121305403
434203121305401
434206121311702
434206121311703
434206121312904
434206121312902
434206121312903
434206121312901
434213121324102
434213121295902
435030121271401
434213121295901
434910121275501
435007121272702
435007121272701
435030121271402
434910121275502
434945121273501
435026121272101
434029121292401
434026121314301
434026121314302
434328121304601
434328121304602
434212121335301
433703121305101
434226121282302
433231121360301
433152121281301
433625121354401

22.005/10.00E-02BBC03
22.005/10.00E-02BBCO02
22.00S/10.00E-02BBC01
22.00S/10.00E-03BBDO1
22.00S/10.00E-05AAA01
20.00S/11.00E-18ACA2
20.00S/11.00E-18ACA1
21.005/10.00E-27DBB3
21.005/11.00E-06CBA
22S/10E-30DDD
20S/10E-34ABC
22S/10E-22DDD
21S/10E-01BCD
20S/10E-31DDC
21.005/10.00E-14CDD
21S/10E-23DDD
21S/11E-18CDA3
21S/11E-19CCC
21.005/11.00E-32CCC
22S/10E-14CCA
20.00S/10.00E-31DBB
21.00S/10.00E-16BBB
22S/10E-14CBB02
22.00S/10.00E-08DCC
20.005/10.00E-12DCB
22.005/10.00E-22DAA2
22.005/10.00E-03ABC02
22.00S/10.00E-03ABCO03
22.00S/10.00E-03ABCO1
22.00S/10.00E-03BBD02
22.005/10.00E-03BBD03
22.005/10.00E-03BBB04
22.005/10.00E-03BBB02
22.005/10.00E-03BBB03
22.005/10.00E-03BBB01
22.00S/10.00E-05AAA02
21.00S/10.00E-35CDC2
20.00S/11.00E-18ACC1
21.00S/10.00E-35CDC1
20.00S/11.00E-19CCC1
20.00S/11.00E-18CDC2
20.005/11.00E-18CDC1
20.005/11.00E-18ACC2
20.00S/11.00E-19CCC2
20.00S/11.00E-19BDB
20.00S/11.00E-18CAA
22.005/10.00E-11DCC
22.005/10.00E-16AAB1
22.005/10.00E-16AAB2
21.005/10.00E-27DBB1
21.005/10.00E-27DBB2
22.005/10.00E-06AAB
22.00S/10.00E-34DCC
21.00S/10.00E-36ACD2
23S/09E-36BBC
23S/10E-36DDC
23.00S/09.00E-01DAC
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Recharge to the ground-water system from infiltration
of precipitation and snowmelt occurs primarily in winter and
early spring when evaporation and transpiration losses are at
aminimum and available moisture is at a maximum. When
recharge to the ground-water system exceeds discharge,
ground water is added to storage and water levelsrise. The
response of hydraulic head to the annual recharge pulsein
the winter and early spring is attenuated in deeper wells, such
as KLAM 136 (fig. 6); however, the annual recharge pulse
causes seasonal water-level increases of asmuch as5ftin
shallow wells like DESC 53655 (fig. 6). The effects of longer-
term variation in climate are evident in shallow and deep
wells. Shallow (DESC 53655) and deep (KLAM 136) wells
responded to the wet years from 1996 to 1998, although the
response in the deep well was delayed and more gradual. The
long-term monitoring well DESC 7620 isrelatively shallow
(100 ft) and shows that several wet and dry periods have
occurred in the basin since the mid-1940s (fig. 6). The dry
periods have an average length of 11 years. Based on the long-
term hydrograph at well DESC 7620, water levels measured at
wellsin June 2000 and used to construct the water-table map
in figure 5 are representative of long-term (1945-2005) mean
water levelsin the shallow part of the ground-water system.

Ground-Water Discharge

Ground water dischargesto streams, springs, and wells,
and by evapotranspiration. Discharge to streams and springs
isthe primary pathway for ground water to leave the shallow
aquifersin the study area. Discharge to streams occurs as
diffuse seepage through the streambed (below the water line),
as discrete springs or spring complexes that form tributaries
(for example, Fall River), and as seepage along the stream
bank (above the water line). Evapotranspiration, which
includes bare soil evaporation as well as transpiration by
plants, is another mechanism for discharge where the water
tableis shallow. Pumping by wells also accounts for part of
the overall discharge from the shallow aquifersin the study
area.

Streams and Springs

The direction and rate of flow between ground water and
streamsis directly related to the direction and magnitude of
the hydraulic gradient between the stream and the ground-
water system. For ground water to discharge to a stream,
the ground-water level must be greater than the stage of the
stream. The rate of discharge to the stream is proportional to
the difference between the ground-water level and the stream
stage.
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Ground water discharge to streams and springs was
estimated from gain-loss surveys of the Deschutes and Little
Deschutes Rivers between October 1995 and October 2000.
Gain-loss surveys, sometimes termed “ seepage studies’, are
used to measure increases or decreases in streamflow between
upstream and downstream measurement sites that can be
attributed to exchange of water between the stream channel
and the underlying ground-water system. The gain-loss
surveys were conducted by measuring streamflow at intervals
of 1to 10 mi on the Deschutes River between Wickiup Dam
(river mile [RM] 226.7) and Benham Falls (RM 181.4) and
on the Little Deschutes River between Wagon Trail Ranch
(RM 43.0) and immediately upstream of the mouth (RM
0.5). Gaging stations are located below Wickiup Dam and
at Benham Falls on the Deschutes River and at RM 26.7 on
the Little Deschutes River (fig. 7). Tributary inflow to the
Deschutes River was measured from Fall, Spring, and Little
Deschutes Rivers, and tributary inflow to the Little Deschutes
River was measured from Paulina Creek and Long Creek. The
gain or loss to or from each reach was computed by summing
the upstream and tributary inflow to the reach and deducting
the downstream outflow and diversions. Any positive residual
was assumed to be discharge from ground water; negative
residuals were assumed to represent stream leakage (recharge)
to ground water. Streamflow measurements and estimated
gains and losses for surveysin October 1995, February 1996,
March 2000, and October 2000, are listed in table 4.

The gain-loss surveys of the Deschutes River show
net gains of 143 and 166 ft¥/sin 1996 and 2000. Most gains
occur downstream of Harper's Bridge, RM 191.7, where large
springs discharge near river level from basalt aquifers. Spring
discharge to this reach was about 170-180 ft¥/s (15-20 percent
of flow) in the two gain-loss surveys. Between Wickiup Dam
(RM 226.7) and Harper’s Bridge the 1996 and 2000 surveys
show a possible net loss of 1040 ft¥/s. Between Harper's
Bridge and General Patch Bridge, surveys showed net |osses
of 54 and 24 ft¥/sin 1996 and 2000, respectively. Although
the seepage results show apparent losses in this reach they are
similar in magnitude to the estimated error of measurement
(3238 ft%/s). Other data (contours showing horizontal
hydraulic head gradients toward the river and upward vertical
gradients measured below the river bed) indicate that ground
water discharges to theriver in this reach and seepage data
lack the accuracy to measure the gain in flow. Upstream of
General Patch Bridge, the Deschutes River receives ground-
water discharge of as much as 25 ft¥/s, with most entering
the river downstream of the La Pine State Recreation Area.
The 10-mi reach upstream of Pringle Falls showed little or no
ground-water interaction in 1996 and 2000.

Overdll, little net gain or loss was measured in flow of
the Deschutes River upstream of Harper’s Bridge, relative
to the total discharge of theriver. Thisis probably due to

the low permeability of the ash and tephra deposits that
constitute much of the streambed and lack of major springs
discharging directly to the channel in this reach. However,
exchange between the river and the ground-water system may
be occurring at a smaller scale that cannot be resolved by
gain-loss surveys in which measurements are several miles
apart. The multitude of meander loops likely are hydraulically
connected by old channel deposits that may provide ground-
water flow pathways where stream water can leave the channel
and re-enter downstream.

The Little Deschutes River downstream of RM 43
showed net gains ranging from 6.7 to 19.8 ft¥sin the gain-loss
surveys conducted in October 1995, March 2000, and October
2000. All three surveys showed that the reach between Bridge
Drive (RM 15.9) and South Century Drive (RM 5.5) received
ground-water discharge; the gainsin the reach ranged from
5.9 to 25.2 ft¥/s (0.6 to 2.4 ft3//mi), although the measurement
error was nearly equal to the apparent 25.2 ft¥/s gain in March
2000. Gains ranging from 2.9 to 28.5 ft¥/s (0.2 to 1.8 ft3/s/mi)
also were measured in the 16.3 mi reach upstream of the
gaging station (at RM 26.7). The reach from South Century
Drive (RM 5.5) to just upstream of the mouth (RM 0.5) had
little or no gain or loss in the October surveys (1995 and
2000); however, the March 2000 survey indicated a 35 ft¥/s
lossin thisreach.

Long Creek is an intermittent tributary to the Little
Deschutes that drains the area between Highways 97 and 31 to
the south of La Pine. Thistopographically low area probably
is an abandoned channel of the Little Deschutes River. Aerial
photography showing lush vegetation throughout summer
indicates that this area has a shallow water table and likely is
aground-water discharge area. In atypical year, Long Creek
flows until the water-table declines bel ow the streambed in
June-July and then remains dry until the water table risesin
response to winter-spring recharge.

The October surveys probably were representative of
average conditions (neutral or slight gains) on the lowermost
reach of the Little Deschutes River, whereas the March
2000 survey probably was affected by high flows (about
300 ft¥/s) that occurred during the seepage measurements.
The area between the Deschutes River and Little Deschutes
immediately upstream of their confluence is underlain by
10-15 ft of pumice, sand, and fine gravel that overlie adense,
low-permeability clay. The top of the clay is exposed in the
banks of the Deschutes and Little Deschutes Rivers a few feet
above the water surface at low flow. In late spring, ground-
water seepage is visible on the bank at the contact between the
sand and gravel and the clay. At high stream stage, as during
the March 2000 survey, surface water would move from the
channel into the exposed sand and gravel while the hydraulic
gradient between the stream and ground water is temporarily
reversed (stream stage is greater than the ground-water level).
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Figure 7. Gaining and losing reaches of the Deschutes and Little Deschutes Rivers and locations of measurement sites for

gain-loss surveys between October 1995 and October 2000 in the La Pine, Oregon, study area.
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The surveys on the Little Deschutes River in October
1995 and October 2000 are surprisingly dissimilar considering
that the discharge and measurement error were relatively
low for each survey. The apparent net gain in October 2000
was nearly three times that measured in October 1995. The
difference between the results of the two surveyslikely is
explained by the water-table elevation at the time of each
survey. In 1995, the basin had undergone several years of
less than-normal precipitation and ground-water levels had
fallen by nearly 20 ft over the previous decade in long-term
observation well DESC 7620 (fig. 6). The lowering of the
water table reduced the hydraulic gradient between the shallow
ground water and the stream and, therefore, the ground-water
discharge to the stream also was reduced. Between 1995 and
2000, ground-water levels recovered almost 15 ft, and based
on the gain-loss surveys, ground-water discharge to the Little
Deschutes River increased from 7 to nearly 20 ft%s.

In October—November 2000, a survey was made of the
vertical hydraulic head gradient between the shallow ground-
water system and the Deschutes and Little Deschutes Rivers.
The purpose of the survey was to identify the locations
of gaining and losing reaches of the Little Deschutes and
Deschutes Rivers at amore detailed scale than possible using
the gain-loss surveys in which discharge measurements were
made at |ocations separated by as much as 10 mi. Hydraulic
gradient alone cannot be used to determine the volumetric
rate of flow between a stream and the aquifer. Stream-channel
profiles and bed lithology data (appendix A) also were
collected during the survey and later used to estimate the
stream bed conductance parameters required by the simulation
model. The simulation model was used to estimate the rate
of ground-water flow into or out of the stream; the simulated
rates were compared with estimates from the seepage surveys
during model calibration. Head gradient measurements were
made at 12 sites on the Deschutes River between RM 192.5
and RM 218.4 and 20 sites on the Little Deschutes River
between RM 2.0 and RM 42.6 (appendix A). The average
distance between head gradient measurements was 2 river
miles. M easurements were made using a portable hydraulic
potentiometer that was driven 1-3 ft into the streambed. The
relative head difference between the stream and ground water
was measured to the nearest 0.01 ft using a manometer. The
design of the potentiometer and details on the procedure
for measuring head gradientsis given in Winter and others
(1988). The dimensionless vertical hydraulic head gradient
was computed at each location by dividing the head difference
(ground-water level minus stream stage) by the depth of the
center of the potentiometer screen below the stream bed.

Ground-water discharge was indicated at 18 of 20
measurement sites on the Little Deschutes River and at all 12
sites on the Deschutes River (appendix A). Vertical hydraulic
gradients ranged from -0.003 to 0.075 on the Little Deschutes
River (negative gradients indicate downward flow from the
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river) and 0.010 to 0.060 on the Deschutes River. All gradients
were upward (indicating ground-water discharge to the river)
except for two sites on the Little Deschutes River (RM 28.1
and 29.5; fig. A1, table A1) where neutral or slight downward
gradients were measured.

Evapotranspiration

Ground-water discharge to the atmosphere can occur
by evaporation from bare soil and transpiration from the
leaves of phreatophytes (plants whose roots draw water from
the saturated zone). The rate of evaporation from bare soil
diminishes rapidly with increasing depth to the water table
and is negligible if the water table is more than 10 ft below
land surface (Brutsaert, 1982, p. 236). Transpiration rates are
dependent on the type and density of phreatophytes, climatic
conditions, quality of water, and depth to water (Robinson,
1958, p. 16). These processes usually are considered together
and referred to as evapotranspiration, or ET.

In June 2000, the water table was within 10 ft of land
surface over an area of about 22 mi2. The potential ET (PET)
rate is the maximum possible rate for the local climate
conditions if water is nonlimiting. As part of aregiona
ground-water budget, Gannett and others (2001) estimated that
the PET for the saturated zone in the La Pine study areawas
22 in/yr, which is equivalent to about 1.6 ft3/s/mi2. Thisrate
would occur only if the water table was at or near land surface
with full coverage of phreatophytes. Under these conditions,
the maximum rate of ground-water discharge from the study
areaby ET would be 35 ft¥/s. Because the water tableis not at
land surface and the coverage of phreatophytesis considerably
less than 100 percent, a more reasonable estimate of total ET
from the study areaisin the range of 10 to 20 ft¥s.

Wells

Eleven public-water supply systems (Oregon Department
of Human Services, 2005) served about 1,650 peoplein the
study areain 2000. The largest water purveyor, the La Pine
Water District, serves 800 residents in the central core area of
LaPine. A private water system serves about 350 residents
of neighborhoods north of South Century Drive, between the
Deschutes and Little Deschutes Rivers. Several other small
water systems serve about 500 residents of mobile home and
recreational vehicle parks scattered throughout the study area.
About 12,350 residents, about 90 percent of the popul ation,
obtained their water from individual, privately-owned wellsin
2000. Local water use data for self-supplied rural residentsin
the study area was not available. Mean per capita withdrawals
for self-supplied rural domestic usein Oregon is estimated
to be 110 gal/d (Hutton and others, 2004); however, given
the limited amount of irrigated landscaping in the La Pine
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area, this value probably is not applicable. Deschutes County
monitored wastewater effluent discharge at homesin the area
as part of the La Pine Demonstration Project and determined
the average per capitarate was 45 gal/d (Oregon Department
of Environmental Quality, 2004b). To estimate domestic
well withdrawals, it was assumed that outside water use was
equal to 25 percent of total use, making the total per capita
withdrawal rate equal to 60 gal/d. Assuming this rate for
each of the 14,000 residents, about 0.84 Mgal/d (1.3 ft¥/s)
were withdrawn in 2000. Infiltration of effluent from on-site
wastewater systems returns is about 45 gal/d per capita

(0.63 Mgal/d total) to the ground-water system as recharge at
the water table, resulting in net withdrawals of 0.21 Mgal/d
(0.32 ft¥/s).

Nitrogen Fate and Transport

As part of this study, Hinkle and others (2007a) applied
geochemical and isotopic tools at various scales to provide
aframework for understanding aquifer-scale nitrate source,
transport, and fate. (Other wastewater contaminants, such as
viruses and pharmaceuticals, were evaluated by Hinkle and
others [2005].) The conceptual model resulting from this work
was used to devel op the transport simulation model.

Nitrogen concentration data, tracer-based apparent
ground-water ages, ratios of N/Cl-, N isotope data, and
ground-water flow directions indicate that on-site wastewater
effluent is the only significant anthropogenic nitrogen source
to shallow ground water in the area. High concentrations of
ammonium were measured in samples from deep ground
water. Nitrogen isotopes, N/Cl- and N/C ratios, tritium-
age data, and hydraulic-head gradients support a natural,
sedimentary organic matter source for the high concentrations
of ammonium in the deep aquifer, as opposed to an origin
from on-site wastewater derived nitrogen.

Most residential development in the La Pine area
has occurred since 1960, with accelerated growth during
1990-2005. As aresult, loading of nitrate from on-site
wastewater systemsis arelatively recent phenomenon that,
in combination with low ground-water recharge rates, has
resulted in high concentrations of nitrate near the water
table. Low recharge rates and flow velocities have, for now,
generaly restricted nitrate occurrence to discrete plumes
within 2030 ft of the water table. Concentrations of nitrate
typicaly are low in deeper, older ground water due to the
nature and timing of nitrate loading and transport, and to loss
by denitrification. Denitrification is the process of reducing
nitrate into gaseous nitrogen. The process is performed by
bacteria when dissolved oxygen (which is amore favorable
electron acceptor) is depleted, and bacteria turn to nitrate in
order to oxidize organic carbon or other electron donors.

Denitrification was identified as an important
geochemical processin the study area by Hinkle and others
(20074), who reported various supporting evidence, including
nitrate/chloride relations, presence of excess N, enriched in
N, presence of N,O, and nitrate losses within a framework
of progressively reduced ground water, reflecting classical
geochemical evolution. Ground water in the study area evolves
from oxic to increasingly reduced conditions with increasing
depth below the water table. Suboxic conditions are achieved
in 15-30 years, and the boundary between oxic and suboxic
ground water is sharp. Nitrate is denitrified near the oxic-
suboxic boundary.

The denitrification process was simulated by specifying
the location of the oxic-suboxic boundary within the ground-
water system and applying the assumption that nitrate is
rapidly converted to nitrogen gas asit is transported across
the boundary. The location of the boundary was mapped
within the study-area using data from 256 wells where
dissolved oxygen concentrations were available (Hinkle and
others, 2007a). Oxic ground water was defined as water with
dissolved oxygen concentrations greater than to 0.5 mg/L. The
boundary between oxic and suboxic water was constrained at
each sampling site using information on the depth to the water
table and well construction. The elevation of the oxic/suboxic
boundary cannot be exactly determined at wells; however,
the elevation can be constrained if depth to the water table
and the top of the screened interval of the well are known.
The presence of suboxic water indicates that the boundary
lies above the top of the screened interval and the presence of
oxic water indicates that the boundary lies below the top of
the screened interval. In the latter case, the well may yield a
mixture of oxic and suboxic water if the boundary lies within
the screened interval, or the water may be entirely oxic if the
boundary lies below the screened interval. In areas where
data were sparse, an understanding of general patterns of
occurrence of oxic and suboxic water was used to infer the
location of the boundary. The general absence of oxic water
below a depth of 50 ft below the water table helped constrain
the depth over large parts of the study area. Similarly, the
general absence of suboxic water in ground water within 10 ft
of the water table constrained the minimum thickness of the
oxic part of the aquifer. However, one limitation of the data
was the absence of wells in near-stream areas to constrain
the boundary location. The thickness of the oxic part of the
aquifer was contoured (fig. 8) and used to specify the location
of the oxic-suboxic boundary in the transport model. The
thickness of the oxic part of the aquifer decreases as ground
water moves toward discharge areas along the Deschutes
River, Little Deschutes River, and Long and Paulina Creeks.
Thisis consistent with the aging of ground water as it moves
along flow paths terminating at surface-water featuresin
the area. Details of the implementation of the boundary are
presented in the description of the simulation model.


http://en.wikipedia.org/wiki/Redox
http://en.wikipedia.org/wiki/Nitrate
http://en.wikipedia.org/wiki/Bacteria
http://en.wikipedia.org/wiki/Oxygen
http://en.wikipedia.org/wiki/Bacterium
http://en.wikipedia.org/wiki/Organic_matter
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Figure 8. Estimated thickness of oxic ground-water layer in the shallow aquifer in the La Pine, Oregon, study area.
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Nitrogen Loading from On-Site Wastewater
Systems

The annua rate of nitrogen loading to the shallow
aquifer system from on-site wastewater systems was
estimated for 1960—2005. The simulation model was run
for 1960-99 using the estimated annual loading rates as
input and simulated nitrate concentrations were compared
with measured concentrations. Previous investigations
(Century West Engineering, 1982; Oregon Department of
Environmental Quality, 1994) have concluded that the only
significant anthropogenic source of nitrogen to the ground-
water system in the La Pine study areais effluent from on-site
wastewater systems. As previously described, Hinkle and
others (2007a) also cite severa lines of geochemical evidence
supporting the conclusion that on-site wastewater systems are
the dominant anthropogenic nitrogen source. This conclusion
also is consistent with the low level of agricultura activity,
limited number of livestock, and infrequent use of turf (and
therefore fertilizer) in residential landscaping in the study
area (Century West Engineering, 1982; Oregon Department of
Environmental Quality, 1994; Hinkle and others, 2007a).

Annual nitrogen loading to ground water from on-site
wastewater-system effluent was estimated for each tax lot in
the study area annually from 1960 to 1999. The population
of the study area prior to 1960 was sufficiently small that
nitrogen loading was considered negligible. Nitrogen loading
estimates were compiled by tax lot, but later aggregated
across larger areas for input to the simulation model.

Sources considered for nitrogen loading estimates included
residential, schools, motels, restaurants, and recreational
vehicle and trailer parks. Tax lot data (location, property
class, improvement class, year built) were provided by
Deschutes County (Tim Berg, Deschutes County Department
of Community Development, written commun., 2001)

and Klamath County (Jim McClellan, Klamath County
Department of Management Information Services, written
commun., 2001). Nitrogen loading was assumed to begin
when lots were devel oped and end when lots were connected
to a centralized sewer system (see areas served by centralized
sewersin figure 1). Dates of sawer installation were provided
by ODEQ (Dick Nichols, ODEQ, written commun., 2001)
and La Pine Special Sewer District (Andy Newton, La Pine
Specia Sewer District, oral commun., 2001). Nitrogen loads
were calculated for each of the approximately 5,200 lots that
were devel oped and used on-site wastewater systems in 1999.

Nitrogen loading for homes was assumed to equal the
product of the average number of persons per household
(2.55 persong/household in the study area[U.S. Bureau
of the Census, 1960, 1970, 1980, 1990, 2000]); average
volume of effluent discharged to the on-site system by
each person (45 gal/person/d or 170 L/person/d [U.S.
Environmental Protection Agency, 1980; Oregon Department
of Environmental Quality, 2004b]), and average nitrogen
concentration in on-site wastewater system effluent (61 mg
N/L in the study area[B. Rich, ODEQ, written commun.,

2001]). Nitrogen discharged from on-site wastewater systems
also was assumed to be completely oxidized to nitrate in

the unsaturated zone beneath the drain field. Using these
assumptions, the estimated potential average nitrogen loading
per homeis 21 Ib N/yr (9.7 kg N/yr).

The potential for nitrogen loss in the unsaturated zone
was evaluated by sampling packed-bed (sand) filter on-site
systems in the upper Deschutes Basin. Inflow to and outflow
from the sand filters was sampled at 15 sites in two networks.
The first network consisted of 10 sand filters, installed 0.9 to
9.1 years prior to sampling. The second network consisted of 5
new sand filters. The first network was sampled once (October
2001) and the second network was sampled approximately
bi-monthly for 3 years after installation (October 2000 —
November 2003). Samples were analyzed by ODEQ as part
of the LaPine NDP for nitrate, ammonium, total Kjeldahl
nitrogen, and chloride. Nitrogen concentrations were adjusted
for dilution and evaporation using chloride concentrations.
The adjusted nitrogen concentrations from the first sand-filter
network indicated median and mean nitrogen losses of 31
percent and 29 percent, respectively (ODEQ, unpub. data,
2004). Data from the second network showed that the sand
filters underwent a period of maturation after installation.
Using data from samples collected more than one year after
installation, adjusted nitrogen concentrations from the second
sand-filter network indicated median and mean nitrogen
losses of 11 percent (Oregon Department of Environmental
Quiality, 2004b). The artificial unsaturated zone created by a
sand-filter on-site system would be expected to function much
like the natural unsaturated zone beneath standard on-site
systemsin the study area and similar rates of nitrogen loss
would be expected beneath standard and sand-filter on-site
wastewater systems. Based on the range of nitrogen loss
indicated in the sand-filter sampling study (approximately
10 to 30 percent), nitrogen losses in the unsaturated zone
were assumed to average 25 percent for conventional on-site
systems (including standard, pressure-distribution, and sand-
filter systems) for computing loading rates. Nitrogen loss of
25 percent in the unsaturated zone would reduce the assumed
nitrogen concentration of effluent asit enters the saturated part
of the ground-water system (water table) from 61 mg N/L to
46 mg N/L. For the same effluent volume, the resulting annual
nitrogen loading to the ground-water system would be reduced
from 21 Ib N/yr (9.7 kg N/yr) to 16 Ib N/yr (7.3 kg N/yr).

Nitrogen loading estimates were further adjusted to
account for seasonal residency. For many years a significant
number of homes in the study area were second homes or
vacation rentals occupied only part of the year. In 1980, about
46 percent of the population in the study area was seasonal
(Century West Engineering, 1982). Seasonal residents made
up an estimated 20 percent of study area population in 2000
(Keven Bryan, La Pine Postmaster, oral commun., 2000;
Carla Crume, La Pine Chamber of Commerce, oral commun.,
2000). To account for seasonal residents in the estimates of
nitrate loading it was assumed that (1) a seasonal resident did
not occupy their home for 6 months of the year, (2) seasonal



residents were 46 percent of the population from 1960 to
1980, and (3) the percentage of seasonal residents decreased
from 46 to 20 percent between 1980 and 1999. Adjusted for
seasonal residency, residential nitrate loading estimates ranged
from 12 to 14 Ib/yr (5.6 to 6.5 kg/yr) per home between 1960
and 1999.

About 9,300 residential lots in the study area depend
(or will depend) on on-site systems for wastewater disposal.
Nearly 8,200 lots are in Deschutes County and the remaining
1,100 lots are in Klamath County. About 1,800 additional
undeveloped lots in Deschutes County may not be suitable for
on-site wastewater systems due to extremely shallow water-
table conditions (Tim Berg, Deschutes County Community
Development Department, written commun., November 2005).
Another 485 lots in Deschutes County will be served by a
central sewer system scheduled to be completed in 2008 and
are not included in these totals (B. Rich, Deschutes County
Community Development Department, written commun.,
November 2005). As of 1999, homes with on-site systems
had been built on 4,800 and 390 lots in Deschutes County and
Klamath County, respectively. Assuming an average nitrogen
loading rate of 14 Ib/yr (6.5 kg/yr) per home, total residential
loading in 1999 was 74,000 Ib/yr (33,750 kg/yr). According
to Deschutes County records, about 1,000 new homes were
built between 2000 and 2005; this represents about 26 percent
of the 2000 inventory of 3,900 lots in the Deschutes County
part of the study area. Building data were not available for
the Klamath County part of the study area for 2000—2005,
however if the same growth rate is assumed, an additional
180 new homes would have been built during this period. The
estimated number of homes in the study areain 2005 was
6,370 with nitrogen loading of 91,000 Ib/yr (41,400 kg/yr).
The remaining inventory of lots suitable for on-site systems
in 2005 was 2,930, which could potentially add 42,000 Ib/yr
(19,000 kg/yr) of nitrogen loading from on-site systems. These
residential loading estimates are based on the assumption that
20 percent of residents were seasonal in 1999 and 2005. If
all residents were full-time, the average nitrogen loading per
home would be 16 Ib/yr (7.3 kg/yr) and the total loading from
on-site systems after all lots (9,300) were developed would be
about 150,000 Ib/yr (67,900 kg/yr), or about 164 percent of the
2005 estimate.

Aswith homes, nitrogen loading for schools, motels,
restaurants, and recreational vehicle and trailer parks was
assumed to equal the product of the number of people using
the facilities, average volume of effluent generated per person,
and the average nitrogen concentration in on-site system
effluent (also assumed to be 46 mg N/L for these facilities).

In most instances, estimates of the number of people served
by on-site systems in study area schools, motels, restaurants
(datain terms of restaurant seats), and recreational vehicle
and trailer parks were obtained from employees at the
facilities and from the Deschutes County Department of
Environmental Health. Data could not be obtained directly
from some motels and recreational vehicle and trailer park
sites; in these instances, data obtained from similar sites were
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applied. Average volumes of effluent generated in schools
were reported to be 3.2 gal/d (12 L/d) per elementary school
student and 5.3 gal/d (20 L/d) per middle school student (John
Rexford, Operations Manager, Bend-La Pine Public School
District, written commun., 2001); volumes for high school
students were assumed to be the same as for middle school
students. A volume of 14 gal/d (53 L/d) per restaurant seat
(obtained by adjusting the value reported by Frimpter and
others [1990], to estimated study area restaurant use) was used
in estimates for restaurants. A volume of 34 gal/d (130 L/d)
per person was used for motels (Tchobanoglous and Burton,
1991), and 45 gal/d (170 L/d) per person (same as for homes)
for recreational vehicle and trailer parks. In 1999, nitrogen
loading from nonresidential sources totaled about 6,600 Ib/yr
(3,000 kglyr).

Annual and cumulative nitrogen loading to the ground-
water system from 1960 through 2005 are shown in figure 9.
Annual rates for 1960-99 were estimated using the method
described above. The 2005 loading rate was based on updated
information on the number of homes built as of 2005; the
20002004 loading rates were estimated by assuming that
the number of homes (and loading) increased linearly during
the period and nonresidential loading remained constant at
the 1999 rate of 6,600 Ib/yr (3,000 kg/yr). Loading increased
at amoderate rate as the population grew from 1960 to the
mid-1970s. In the late 1970s, a surge in building (and nitrogen
loading) occurred prior to enactment of more restrictive rules
for on-site systems. Construction of a sewer system for the
central business district of LaPinein 1989 caused only a
minor reduction in overall nitrogen loading that was followed
by rapid population growth and concurrent loading into the
2000s. In 2005, the cumulative mass of nitrogen added to
the ground-water system since 1960 was more than 2 million
pounds (900,000 kg). As the number of homes contributing
nitrogen to ground water increases, the cumulative mass of
nitrogen added to ground water rapidly increases. One-half
of the total mass of nitrogen added during the 45-year period
(1960-2005) was added during the last 12 years (1993-2005)

(fig. 9).
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Figure 9. Annual and cumulative estimated nitrate
loading from on-site wastewater systems in the La Pine,
Oregon study area, 1960—2005.
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Nitrate Fate and Transport Simulation
Models

Computer models were used to simulate the physical and
chemical processes affecting the fate of nitrate in the shallow
aquifer system near La Pine. The purpose of developing the
models was to (1) test concepts of how hydrogeologic and
geochemical processes affect the movement of nitrate through
the ground-water system, and (2) provide tools that could be
used to evaluate future water-quality conditions and aternative
management options. This section describes the process of
constructing and calibrating simulation models at two scales:
(1) atransect model used to estimate model parameters and
boundary conditions along a ground-water flow path where
there is a detailed understanding of the flow system and
geochemical evolution of ground-water, and (2) a study-
areamodel covering the area where there are water-quality
management concerns.

This section includes: (1) discussion of the overall
modeling approach used to construct and calibrate the transect
and study-area models, (2) discussion of model parameters
that must be specified for both models and how the values
were estimated and modified during calibration, (3) discussion
of hydrologic stresses specified for both models, (4) a detailed
description of boundaries, discretization, and calibration of the
transect model, and (5) a detailed description of boundaries,
discretization, and calibration of the study-area model.
Alternative management options were evaluated first by using
the study-area model to simulate prescribed scenarios and then
by coupling the study-area model with optimization methods.
The coupled simulation and optimization model is referred to
asthe Nitrate L oading Management Model (NLMM).

Modeling Approach

The study-area model includes 247 mi?2 of southern
Deschutes and northern Klamath Counties (fig. 10) where
either existing or planned future devel opment uses on-site
wastewater systems. The study-area model was used to
simulate the long-term effects of historical and future nitrate
loading from on-site wastewater systems on ground-water
quality in the study area.

The transect model is more detailed and includes 2.4 mi?
of the shallow aguifer system near Burgess Road (fig. 10).
The transect model was used during the calibration process to
(2) test basic concepts of ground-water flow and nitrate fate
and transport, and (2) refine estimates of model parameters
through calibration in part of the study area where abundant
geologic, hydrologic, and chemical datawere available to
constrain the model.

A regiona ground-water flow model of the 4,500 mi?
upper Deschutes River basin was devel oped by Gannet and
Lite, (2004) to address issues of water supply and ground-
water/surface-water interaction. The model does not have the
capability to simulate transport of nitrogen and the resolution
(grid cell size) of the model grid is not adequate near LaPine
to make this model an effective tool for addressing issues
related to on-site wastewater systems. The regional model
was used, however, to specify initial values of parameters and
boundary conditions for the study area and transect models.

Thefirst step in devel oping the transect and study-area
models was to construct a ground-water flow model and
simulate the velocity and direction of ground-water movement.
This velocity distribution then was used in a solute-transport
model to simulate the advection and dispersion of nitrate
in the ground-water system. Steady-state flow conditions
were assumed for the ground-water velocity distribution;
that is, it was assumed that there were no changesin storage
and the direction of ground-water flow and velocity did not
significantly change during the simulation period. The steady-
state flow models (transect and study area) were calibrated
using observations (measurements) of hydraulic head, ground-
water discharge rates to rivers, and chlorofluorocarbon (CFC)
based time-of-travel estimates (Hinkle and others, 2007a). The
accuracy of the transport model was evaluated by simulating
nitrate loading during the 40-year period 196099 and
comparing statistical distributions of observed and simulated
ground-water nitrate concentrations.

Ground-water flow and nitrate transport were simulated
using the programs MODFL OW-96 and MT3DMS. The
U.S. Geological Survey’'s MODFLOW model (Harbaugh and
McDonald, 1996) is anumerical simulation program capable
of simulating hydraulic heads and ground-water flow within a
three-dimensional system. The MT3DMS simulation program
(Zheng and Wang, 1999) uses the velocity field computed by
MODFLOW to simulate the movement of dissolved chemical
speciesin ground water due to advection and dispersion.
MT3DMS also is capable of simulating the effects of chemical
reactions on the concentration of dissolved species.

The study-area and transect models devel oped for this
study consist of a set of datainput files that specify the
boundary and initial conditions, the hydraulic and transport
parameters, and the hydraulic and chemical sources and
sinks specific to the study area. These input files provide
the data required by the model programs (MODFL OW-96
and MT3DMS) to solve a complex set of partial differential
equations that compute ground-water head and flux as well as
solute concentration and flux in the subsurface.



25

Nitrate Fate and Transport Simulation Models

121°40' 35' 30 25' 121°20°
I I I I
97
EXPLANATION
o 60 T.
g:ﬁ;l L 70 80 |19
30 1 S Boundary conditions
[ River cell
3 ; I Spring cell
@ Sunriver pring cell
[ Evapotranspiration cell
6 ; & 1 0 5 MILES
RIVE 4)&9 ~ f I ]
704 ’L@ g} 0 5 KILOMETERS
< . Q
0= T.
—\\/\/\89 5 7] ZSO
@ 9 o 1 § '
5 o 5 N
s 100 | = N
110 Ny ":,
Ay
7 »
N & S
g
130 W
River
45 130 Fi 73 .
\! S — T
@ 5 21
& S.
1 ?
Extent of
X 1 transect model L
Burgess Road p:; AN
ul/n'a-v-v Creek
190 r
ickiu 200 . <t 5
40 . WS Pl Finley}
Reservoir ) 91 A% 11
Y e n 22
0 220 Masten Road 6"’1?‘8 S
230
31
240 o’ | ! _ |/ DESCHUTES\CO.
2 do KLAMATH CO\z, I
§ o
260 =
43° Base modified from U.S. Geological
B 270 S - Sumey
Q w7 1:500,000 state base map, 1982 with
~ 2:,; digital data from U.S. Bureau of the
.x 5. Census, TIGER/Line (R), 1990 and
<[| U Geological Survey Digital Line
1 Graphs published at 1:100,000
Publication projection is
97 1 Lambert Conformal Conic
Standard parallels 42°20' and 44°40',
T.  central meridian -120°30'
24 Datumis NAD83
S.
R. 11 E.

sda& -
¥
R.9E. R.10E.
Figure 10. Spatial relations between the upper Deschutes Basin regional ground-water model, the La Pine study area model, and

the transect model.



26 Evaluation of Approaches for Managing Nitate Loading from On-Site Wastewater Systems near La Pine, Oregon

Model Parameters

Several parameters must be specified for each cell ina
model. These parameters, hydraulic conductivity, porosity, and
dispersion coefficient, define the characteristics of the porous
medium (geologic materials) that control the movement of
ground water and the fate and transport of nitrate.

Hydraulic Conductivity

Initial values of hydraulic conductivity for the five major
lithofacies in the hydrogeol ogic model were estimated using
(2) results from 24 slug tests done for this study, (2) analysis
of 221 well-yield tests reported by drillers, and (3) literature
values. The three fluvial hydrofacies, clay-silt, sand, and
gravel, were assigned values of 3, 25, and 57 ft/d, respectively,
based on mean values from the slug tests. The lacustrine
clay-silt hydrofacies was assigned avalue of 1 ft/d. Theinitial
value for the basalt hydrofacies was 800 ft/d based on values
used by Gannett and Lite (2004) in the La Pine study area. The
initial values of vertical hydraulic conductivity were derived
by adopting the horizontal to vertical anisotropy ratio of 1,000
used in the regional model for the La Pine study area (Gannett
and Lite, 2004). The resulting initial values of vertical
hydraulic conductivity were 0.001, 0.003, 0.025, 0.057, and
0.8 ft/d for the lacustrine clay-silt, fluvial clay-silt, fluvia
sand, fluvial gravel, and basalt hydrofacies, respectively.
Initial values of horizontal and vertical hydraulic conductivity
were assigned to each cell in the model on the basis of the
hydrofacies represented in the cell.

Porosity

Effective porosity is defined as the amount of
interconnected pore space and fracture openings available for
the transmission of fluids, expressed as the ratio of the volume
of interconnected pores and openings to the volume of rock
(Lohman, 1972). Effective porosity generally is smaller than
the total porosity of the porous medium, reflecting that some
pore spaces may contain immobile water with zero ground-
water seepage velocity (Zheng and Wang, 1999). However, as
discussed in some detail by Zheng and Bennett (1995), this
so-called effective porosity cannot be readily measured in
the field due to the complexity of the pore structure. Rather,
it generally must be interpreted as alumped parameter and
estimated during calibration by comparison of simulated and
observed solute movement or ground-water travel time. An
initial value of 0.30 was used for the effective porosity of all
five hydrofacies.

Dispersion

The solute transport model includes the process of
dispersion to account for factors such as diffusion, flow path
tortuosity, and heterogeneities in the porous media that cause
velocities to deviate from the average seepage velocity. The
geostatistical method used to simulate the distribution of
hydrofacies allowed the model to represent a great deal of the
large scale heterogeneity in hydraulic properties. The scale of
heterogeneities incorporated in the hydrogeol ogic model was,
however, limited to the scale of the model grid (200 and 500 ft
laterally for the transect and study-area models, respectively,
and 5 ft vertically for both models). Because much of the
heterogeneity occurs at scales that cannot be represented by
agrid cell, the dispersion coefficient was used to represent
the smaller (sub-grid cell) scale heterogeneity of the system.
Additional factors, such astemporal variationsin recharge
rates and flow directions that affect solute transport often
are incorporated into simulations as dispersion (Goode and
Konikow, 1990).

Dispersion is represented by three dispersivity
coefficients—one for longitudinal dispersivity, which
represents dispersion along the primary flow axis, and two
for transverse dispersivity values, which represent dispersion
in the horizontal and vertical directions normal to the axis of
flow. MT3DMS allows the user to specify the longitudinal
dispersivity for each model layer and to set the transverse
horizontal and transverse vertical dispersivity values as a
fraction of the longitudinal dispersivity. Theinitial value for
the longitudinal dispersivity was set to 50 ft to represent sub-
grid cell heterogeneity. Typically, the horizontal transverse
dispersivity is much smaller than the longitudinal dispersivity
and the vertical transverse dispersivity is smaller still
(Zheng and Bennett, 1995). Initial values for the transverse
dispersivity were set to 5 and 0.5 ft for horizontal and vertical,
respectively. The final, calibrated longitudinal, transverse,
and vertical dispersivity values were 60, 6, and 0.06 ft,
respectively.

Model Stresses

Model stresses are the flows in and out of the ground-
water system that are specified or simulated by the model.
The stresses include recharge, discharge to springs and by
evapotranspiration (ET), and exchange between streams
and the ground-water system. Discharge by pumping wells
is another stress, however it was not included in the model
because seventy-five percent of domestic well pumping
isreturned as recharge from on-site wastewater systems.



Recharge is the only specified stressin the models; other
stresses are simulated by the model based on relations between
head in the ground-water system and stream or springs
elevation or the rooting depth of plants that discharge ground
water by ET.

Specified flux and head-dependent flux boundary
conditions were used to simulate movement of water
between the ground-water system and streams, springs, and
the atmosphere. Recharge by infiltration of precipitation
was represented by specifying flux to the water table using
the recharge (RCH) package (Harbaugh and McDonald,
1996). Streams and rivers, springs, and evapotranspiration
were represented using head-dependent flow boundary
optionsin MODFLOW-96 (RIV, DRN, and EVT packages).
The locations of cells designated as head-dependent flux
boundaries are shown in figure 10.

Recharge

The distribution of recharge by infiltration of
precipitation and snowmelt was estimated for the upper
Deschutes basin by Gannett and others (2001) using the Deep
Percolation Model (DPM) of Bauer and Vaccaro (1987).

The basin was modeled using a grid with cell dimensions

of 6,000 ft per side. Gannett and Lite (2004) used estimated
1993-95 mean annual recharge to simulate steady-state
conditions. The 1993-95 recharge distribution was used as
theinitial estimate of recharge to the study-area model; values
for each cell were derived by overlaying the study-area model
grid with the DPM model grid using aGIS (fig. 5). Neither
recharge from on-site systems nor withdrawals by domestic
wells were included in the model because, in the context of
the overall water budget, these components are essentially
equal and offsetting. Reductions in water level near pumping
wells are not represented in the study-area model using this
approach. Individual domestic wells may influence ground-
water flow within localized areas (afew cells), but they
would not have a significant effect on the direction and rate
of ground-weter flow at the scale the model isintended to be
used.

Rivers

Ground-water discharge to and recharge from streams
was simulated with the river (RIV) package of MODFLOW-96
(Harbaugh and McDonald, 1996). Data required by the RIV
package include: mean stream stage, stream-channel elevation,
and streambed conductance for each cell that contains a
stream. All major streamsin the study area were simulated
using this method (fig. 10).

All stream-channel elevations were estimated using a
10-m digital elevation model (DEM). The mean stage was
estimated to be 4 ft above the streambed in the Deschutes
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River, 2 ft above the streambed in Paulina Creek and Little
Deschutes River, and 1 ft above the streambed in Long Creek.
Streambed conductance (SC) is cal cul ated using the equation:

KA
b

SC =

where
Kvis the vertical hydraulic conductivity of the
streambed (LT),

Ais the area of the streambed within the cell (L*), and
bis the thickness of the streambed (L).

Conductance values were variable depending on the
hydrofacies of the cell and the area of the stream within
the cell. Theinitial conductance values were cal culated by
assuming that the vertical hydraulic conductivity of streambed
sediments was 1/100th of the horizontal hydraulic conductivity
of the cell. Streambed thickness was set to 1 ft throughout the
model.

Springs

Ground-water discharge to springs was simulated with
the drain (DRN) package of MODFL OW-96 (Harbaugh
and McDonald, 1996). Data required by the DRN package
include the spring elevation and conductance for each cell
that contains a spring. This package was used to represent
discharge from springs at the contact between the basin-
fill sediments and volcanic rocks on the west side of the
Deschutes River between the confluence with Spring River
and the northern boundary of the model (fig. 10). All spring
elevations were estimated using a 10-m digital elevation
model (DEM) data. The conductance parameter has the same
dimensions (L?T?) as the streambed conductance; however,
the parameter cannot be easily related to measurable physical
characteristics of the springs. Initial values of conductance
ranged from 5,000 to 10,000 ft?/d and were adjusted during
calibration.

Evapotranspiration

Discharge from the water table by evapotranspiration
(ET) was simulated using the EVT package of MODFL OW-96
(Harbaugh and McDonald, 1996). ET can occur where plants
with roots extending to the water table (phreatophytes) use
ground water for transpiration or where the water tableis
close enough to land surface to alow direct evaporation from
bare soil. The EVT package uses the assumption of alinear
relation between ET discharge and depth to the water table.
Data required to define thisrelation are the potential ET rate
(LT?), depth below land surface at which ET ceases (extinction
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depth), and land surface elevation (L). The potentia ET rate
was specified as 1.0 ft/d, the extinction depth was 5 ft, and the
land surface elevation was specified from DEM data. Only
cellswhere the water table was estimated to be within 10 ft of
land surface were activated in the EVT package (fig. 10). The
nitrate concentration in ground water used by plantsin the ET
process was specified as zero because the (1) part of model-
simulated ET that is due to plant transpiration (as opposed to
evaporation from bare soil) could not be determined, and (2)
nutrient uptake by phreatophytes is species dependent and not
well constrained.

Transect Model

The transect model was developed for a part of the
ground-water system near Burgess Road (fig. 10). Thisarea
was selected for detailed scale modeling because it was
the site of intensive data collection and study of changes
in ground-water age and chemistry along a ground-water
flow path transect (Hinkle and others, 2007a). The 3.5-mi
long transect model comprises 17 wells at 6 sites (2—4 wells
per site) aligned with the predominant direction of ground-
water flow (fig. 11). In addition to ground-water age and
chemistry data, hydraulic head, lithologic data, and hydraulic
conductivity data were available from the transect wellsto
construct and calibrate the transect model.

Boundaries and Discretization

The boundaries of the transect model (fig. 11) were
selected to coincide with hydrogeol ogic boundaries of the
local flow system. The western boundary of the model isa
no-flow boundary defined by the ground-water divide that
coincides with the surface-water drainage divide between the
Deschutes and Little Deschutes Rivers. The north and south
boundaries of the model are streamline boundaries that parallel
the principal direction of ground-water flow from the drainage
divide to the Little Deschutes River. The Little Deschutes
River, a discharge area, was simulated as a head-dependent
flux boundary. The initial conceptual model of the system
included a deep regional component of upward ground-water
flow across the lower model boundary. The concept for the
lower boundary was evaluated by applying a specified flux
across the lower model boundary based on data from the
regional ground-water flow model by Gannett and Lite (2004).
The upward flux estimates from the regional model did not
allow a good simulated match to observed conditions (head
and flux) when hydraulic conductivity and recharge values
were within reasonable ranges based on independent data.
Little or no upward flow from a deep regional source is heeded
to simulate the observed distribution of head and estimated
ground-water flux to the Little Deschutes River. Upward
vertical gradients were measured in well pairsin the area and

geochemical evidence indicates that ground-water discharge
to areas near the rivers may have a deep regional component
(Hinkle and others, 20074). Seepage estimates and simulations
using the transect model, however, indicate that the magnitude
of regional discharge must be small compared to local
recharge to the shallow alluvia aquifer. The lower boundary of
the transect model was specified as a no-flow boundary.

The numerical methods used by MODFLOW and
MT3DM S to solve the equations for ground-water flow and
solute transport require that the ground-water system be
divided into discrete rectangular volumes, called cells. The
rows, columns, and layers of cells that make up the three-
dimensional array are collectively referred to as the model
grid. The center of each cell defines a point at which the
hydraulic head and solute concentration is simulated. The
simulated head and concentration values are taken to represent
the average values within the cell.

The longest dimension of the model grid was aligned
to the principal direction of ground-water flow from west to
east. The grid consists of 18 rows, 92 columns and 15 layers
of cells, with each cell having dimensions of 200 ft in the row
and column directions and 5 ft in the vertical direction. The
three-dimensional transect model was 3.5 mi in the east-west
(column) direction, 0.7 mi wide in the north-south (row)
direction (normal to the principal direction of flow), and 75 ft
thick in the vertical (layer) direction (fig. 11).

A three-dimensional hydrofacies model of the fluvial
and lacustrine sediments within the transect flow model
was constructed using the methods previously described for
constructing the hydrofacies model for the study-area model.
A sectional view through the model along row 8 is shown
in figure 11C and illustrates the heterogeneity of the fluvial
sediments. Transition probability geostatistical methods were
used with the same model parameters (mean lengths, transition
probabilities, and proportions) as were used for the study-area
hydrofacies model, however the transect hydrofacies model
was discretized into cells with the same dimensions as the
transect simulation model.

Calibration and Sensitivity

The MODFLOW model wasfirst calibrated to steady-
state flow conditions using head data from the June 2000
synoptic well measurement. Data were available from 26
wellswithin the transect model area (fig. 11); 17 wells were
piezometers installed as part of the Burgess Road transect
study and 9 were existing domestic water-supply wells.

Observations (either measurements or estimates)
of ground-water discharge to streams were available to
constrain model calibration; however, flux between the Little
Deschutes River and the shallow ground-water system was
difficult to characterize because of uncertainty in the seepage
measurements. The apparent gains and losses for the 13-mi
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reach downstream of the gaging station (14063000) ranged
from a 2.6 ft¥/s gain in October 1995 to a 1.6 ft¥/slossin
October 2000 (table 4). These 1995 and 2000 estimates were
less than the estimated error of measurement (+ 3.9 ft¥/s and
+6 ft¥/s, respectively). A third seepage measurement in March
2000 indicated a 12 ft¥sloss in this reach, but this loss was
based on measurements at relatively high flow conditions
(about 300 ft¥/s) with alarger associated error. For calibration
purposes, October low-flow data were interpreted to indicate
that net seepage to or from thisreach (1) is small relative to
flow, and (2) probably variesin direction as well as magnitude
depending on annual or seasonal head relations between
shallow ground water and the stream. A key component of
the conceptual model of the shallow flow system is that, on
annual or longer time scales, there is net discharge to the
Little Deschutes River. On this basis, arange of discharge

to the stream for the transect model area was computed

using the October 1995 seepage (2.6 ft3/s) as the minimum
and the sum of seepage and estimated error of measurement
(6.5 ft¥/s) as the probable maximum for the range. Dividing
seepage and estimated error of measurement by the length of
the reach (13 mi) yielded arange of 0.20 to 0.50 ft¥/s/mi and
the resulting range of expected mean annual ground-water
discharge to the 1.3 mi reach of the Little Deschutesin the
model areawas 0.3 to 0.7 ft¥s (rounded).

During the calibration process, parameters such as
horizontal and vertical hydraulic conductivity, recharge, and
streambed conductance were adjusted, using atrial-and-
error procedure, to obtain the best fit between observed and
simulated head and stream flux values. The transect model
also was used to evaluate estimates of upward vertical flux
across the lower boundary from the regional flow model.

Horizontal hydraulic conductivity (K,) and vertical
hydraulic conductivity (K ) values were assigned to each
cell according to the hydrofacies represented in the cell. The
probable range of K, based on well-yield data and slug tests
and the calibrated K, value that yielded the best model fit
arelisted in table 5. The probable range of vertical hydraulic

conductivity for each hydrofacies was computed assuming that
the probable range of the horizontal to vertical anisotropy ratio
was 10 to 10,000 for the hydrofaciesin the model area. The
vertical anisotrophy ratio in the final model was equal to 100
for al hydrofacies.

Streambed conductance was estimated on the basis
of the assumption that the vertical hydraulic conductivity
in streambed sediments was 1/100th of the horizontal
conductivity of the hydrofacies in the model cell. A series of
simulations were made to test model sensitivity to streambed
conductance values. Conductance values were modified
by adjusting the ratio of streambed K, to aquifer K, over a
range of 0.001 to 0.1, but the transect model was relatively
insensitive to this parameter.

Recharge estimates for the transect model arearange
from 1.5to 2.1 in/yr. The lower end of the range was estimated
by using awater balance model for the upper Deschutes Basin
(Gannett and others, 2001); the upper end of the range was
computed by using CFC-derived age data from the Burgess
Road transect study (Hinkle and others, 2007a). The best
model fit was obtained with a slightly higher recharge rate
of 2.3in/yr.

Hydraulic heads and discharge to the stream simulated
by the transect model were most sensitive to recharge and
horizontal hydraulic conductivity of the fluvial clay-silt
and lacustrine clay-silt hydrofacies. The fluvia sediments
arerelatively thinner than the lower permeability lacustrine
sediments near the river and this tends to reduce the composite
transmissivity of the aquifer system. The location, thickness,
and extent of clay-silt hydrofacies within the fluvial sediments
arerelatively unimportant factors controlling ground-water
flow because the contrast in hydraulic conductivity between
the gravel, sand, and clay-silt hydrofaciesis small compared
to the contrast between the fluvial and lacustrine hydrofacies.
Fitting simulated to observed heads was accomplished
by adjusting values of hydraulic conductivity for each
hydrofacies, until a best model fit was obtained by trial and
error.

Table 5. Values of horizontal and vertical hydraulic conductivity for
hydrofacies based on field data and model calibration in the La Pine, Oregon,

study area.

[Abbreviations: K|, horizontal hydraulic conductivity K , vertical hydraulic conductivity]

Horizontal hydraulic
conductivity, K,

Vertical hydraulic
conductivity, K,

Hydrofacies (feet per day) (feet per day)
Probable Calibrated Probable Calibrated
range value range value
Fluvial clay-silt 1-20 5 0.001-2 0.05
Fluvia sand 10-100 40 0.01-10 40
Fluvial gravel 75-150 75 0.075-15 75
Lacustrine clay-silt 0.1-10 10 0.0001-1 10
Basalt 100-2,500 150 0.01-250 15




The calibrated parameter values (table 5) and boundary
conditions produced a good model fit to head and flux
observations. Contours of simulated water-table elevation
compare well with observed water-table elevations at 15 wells
(fig. 11A) where measured heads represent the water table.
The root mean square error (RMSE) of the head residuals
at the 26 well locations was 2.7 ft. Model fit was dlightly
better (RMSE = 2.3 ft) at the 17 transect wells, where head
measurements were more accurate because (1) measuring
point elevations at the wells were surveyed, whereas elevations
at other wells were estimated from topographic maps, and
(2) short (2-ft) screensin the transect wells provided better
observations of head within the 5-ft thick model cells, whereas
screens in other wells were longer and spanned multiple
model layers. The simulated heads have a dlight bias that
results in a steeper slope of the water table toward the Little
Deschutes River. The bias probably could be reduced with
further calibration if the configuration of the lacustrine-fluvial
sediment boundary were modified; however, there was no
basis (using existing geologic data) to modify the hydrofacies
model and the bias was small and did not significantly affect
average simulated flow velocities.

Simulated Travel Time and Comparison with
Ground-Water Age

Estimates of ground-water age were used to further
constrain the calibration of the transect model. Ground-water
age estimates at 17 wellsin 6 locations along the Burgess
Road transect (fig. 11B, C) were derived from analysis of
CFCs (Hinkle and others, 20074). A particle tracking program,
MODPATH, (Pollock, 1994) was used to determine the
simulated travel time of ground-water from recharge locations
at the water table to the well screens where CFC samples were
collected from the 17 transect wells. The simulated travel
times were compared with the CFC-derived age estimates to
evaluate the accuracy of the simulated ground-water velocity
distribution.

MODPATH uses the cell-to-cell fluxes simulated by
MODFLOW to compute velocity field and path lines of
individual “particles’ of water that may be started at any
location and tracked either forward to their discharge location
or backward to their recharge location. The only additional
parameter required by MODPATH (that is not required by
MODFLOW) is effective porosity. Effective porosity was
assumed to be 0.3 for each hydrofacies within the model. For
thisanalysis, 1,000 particles were placed in each of the 17
model cellsthat contained the screen of atransect well. The
particles were tracked backward to their recharge locations
at the water table (fig. 11C). Because of limitations of the
tracking program, particles could not be placed at the exact
location of the well screens within each cell, but were placed
at the center of the cell and distributed along a vertical line 5-ft
long (the thickness of the cell).
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Simulated ground-water travel time distribution is shown
in figure 11B for row 8 of the transect model. The simulated
distribution shows a pattern similar to the distribution of
CFC-derived ages from the 17 transect wells. Generally,
ground-water travel times are less than 10 years within the
upper 5-15 ft of the saturated zone and travel times within
30-50 ft of the water table are less than 50 years. Simulated
ground-water travel times are notably greater than CFC ages
at well 4.3, the deepest at site 4. Travel times are difficult
to predict at this site because the screen for well 4.3 is near
the upper surface of the fine-grained, lacustrine clay-silt
hydrofacies. The model predictsthat “older” water will occur
at this location because slow-moving water from the lacustrine
sediments re-enters the fluvial sediments asit follows flow
paths toward the discharge areas along the river. At the
discharge end of the flow path, near the Little Deschutes River,
older water occurs at shallower depths as it moves upward to
discharge to theriver. The relation between ground-water age
and depth depicted in the section (fig. 11B) is analogousto the
relation between dissolved oxygen concentration and depth
described by Hinkle and others (2007a).

Study-Area Model

Initial estimates for many parametersin the study-
area model were derived from calibration and testing of the
transect model. The study-area model was first calibrated
for simulation of ground-water flow using observations of
head and discharge to streams. As with the transect model
calibration, simulated heads were compared with water-
level datafrom the synoptic measurement of 228 wellsin
June 2000 (fig. 5). Simulated ground-water discharge to
streams was compared with estimates of discharge from
gain-loss measurements (fig. 7, table 4). The measured head
and discharge data were assumed to represent the long-term
average (steady-state) conditions in the ground-water system.
Once the study-area flow model was calibrated, the simulated
ground-water flow directions and velocity were used to
simulate the transport and fate of nitrate. Transport of nitrate
from on-site wastewater systems was simulated for 1960-99
using the estimated annual nitrate loading rates. The transport
model was evaluated by comparing the statistical distribution
of simulated nitrate concentration with statistical distributions
of measured nitrate concentrations from analyses available
mostly from domestic wells.

The transport model calibration period was divided into
40 1-year stress periods. During each 1-year period, the nitrate
loading rate in each model cell was specified. The specified
rate was dependent on the number and type (domestic,
commercial, etc.) of on-site wastewater systems present.
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Boundaries and Discretization

The model grid for the La Pine study-area model includes
an area of 247 mi?2 (fig. 10). The grid is elongated along a
northeast-southwest trend that coincides with the orientation
of the structural basin, major drainages, and the depositional
strike and dip of the basin-fill sediments. The axes of the grid
also are orthogonal to the principal directions of ground-water
flow. There are 276 rows, 100 columns, and 24 layersin the
model grid. The lateral dimensions of each cell are 500 ft in
both the x and y directions. The upper 23 layers of the model
were each 5 ft thick and the bottom layer was 100 ft thick. The
coordinates of the lower |eft corner of the grid are 4,609,651
ft east and 696,295 ft north (Oregon State Plane north) and the
grid isrotated 15 degrees clockwise.

The fluvia sand and gravel aquifers that supply most
drinking water to wells in the area lie within the upper 100 ft
of sediments. Between depths of 10 to 100 ft, depending on
location in the study area, there is atransition from the coarser
fluvial sediments to predominately fine-grained lacustrine
sediments (fig. 2, pl. 1). As previously described, the fluvial
deposits are heterogeneous and include fine-grained facies of
clay, silt, and silty-sand. Similarly, coarse facies occur within
the lacustrine deposits, although they tend to be isolated
lenses. The simulation model was constructed to include the
upper 120 ft of sediments so that the model would include the
entire thickness of fluvial sediments. Each of the 24 model
layers had a thickness of 5 ft throughout the grid. The grid
for the study-area flow and transport model was defined to
exactly match the dimensions of the grid used to prepare the
three-dimensional hydrogeologic model described earlier in
this report.

Long-term well hydrographs (fig. 6) indicate that ground-
water flow in the shallow part of the system isin a state of
dynamic equilibrium. Seasonal and interannual variations
in water level and ground-water storage are due to climatic
variation, but no long term trend is evident in mean water
levels. The June 2000 synoptic water level measurements
(fig. 5) were assumed to represent the mean annual head
distribution for the system and were used as the head
observations used as calibration targets for the steady-state
study-area and transect flow models.

The lateral and bottom boundaries of the model were
selected to include the most densely developed part of the
study area and the shallow aluvial deposits that form the
primary aquifers. The lateral and bottom boundaries of the
model do not coincide with specific hydrologic or geologic
boundaries such as geologic contacts or ground-water flow
divides. The potential magnitude of flow across the lateral
and lower model boundaries was evaluated by model testing
and sensitivity analysis with both the transect and study area
models. The upper boundary of the model is the water table,
which isthe top of the saturated part of the ground-water flow
system.

The study area transport model used steady-state flow
velocitiesto simulate nitrate fate and transport. Nitrate loading
from on-site wastewater systems was simulated for 1960-99
in forty 1-year periods. The loading for each period was
computed using building records and other information as
previously described (fig. 9). Nitrate loading was specified
in the transport model using the mass-loading option in the
source/sink mixing package of MT3DMS (Zheng and Wang,
1999). The mass loading rate to each cell, in kilograms per
day, was specified at the water table for each year of the
simulation. Initial nitrate concentrations were assumed to be
zero at the beginning of the simulation in 1960.

Based on the conceptual model for denitrification (Hinkle
and others, 20074), the transition zone from oxic to suboxic
conditions was represented as a sharp boundary that does not
vary significantly with time. Although the redox boundary
would be expected to migrate as solid-phase electron donors
are consumed by dissolved oxygen and nitrate reduction, the
effectiveness of this approach for characterizing current zones
of nitrate stability and instability is supported by analysis of
data collected by ODEQ (Hinkle and others, 2007a). Hinkle
presents field data from the area showing that 95 percent of
samples with nitrate concentrations greater than 1.0 mg N/L
taken from wells with known construction were screened at
least partly within the mapped (fig. 8) oxic zone.

The position of the boundary within the models was
specified by subtracting the thickness of the oxic part of the
aquifer (fig. 8) from the water-table elevation (fig. 5) to obtain
the elevation of the oxic-suboxic boundary. The boundary
was assumed to bein each vertical stack of cells at the top of
the first fully suboxic cell. The boundary was implemented in
MT3DMS by using the ICBUND array to specify a constant
concentration of zero in suboxic cells (Zheng and Wang,
1999).

Calibration and Sensitivity

Calibration of Ground-Water Flow

Ground-water fluxes across the lateral and lower
boundaries of the study-area model initially were specified
on the basis of the regional ground-water flow model
developed by Gannett and Lite (2004). The uppermost layer
of the regional model was 100 ft thick and represented both
aluvia deposits and basalts. The regional model simulates
large subsurface flow through the permeabl e basalts that
underlie the northern part of the study area (fig. 2). Most
of the flow remains within the basalts of the regional flow
system and discharges to the Deschutes River and tributaries
north of the study area (Gannett and others, 2001). Some of
the flow through the basalts, however, discharges to springs
that contribute to the Deschutes, Fall, and Spring Riversin
the northwestern part of the study-area model. These springs



generaly are located where high permeability basalts abut
lower permeability sediments, forcing ground water to
discharge at land surface (Gannett and others, 2001).

Where aluvia deposits occur at the lower and lateral
boundaries of the study area model, the flux simulated
between the regional and study-area models was generally
small. Thisis consistent with results of testing the transect
model that indicated upward leakage across the lower
boundary was not required to match the observed head
distribution and ground-water discharge to streams when using
reasonable values for recharge and hydraulic conductivity.
Thisresult indicates that upward leakage is small compared to
local recharge from infiltration of precipitation.

When the simulated flux across the lower and lateral
model boundary was included in the simulation, the study-area
model had numerical stability problemsin the northern part
of the model area, which is underlain by basalt. The stability
problems were characterized by large fluctuations in simulated
heads that were probably caused by (1) alarge flux through a
relatively thin section (120 ft) of the basalts, and (2) adjacent
model cells with large contrasts in hydraulic conductivity
(high hydraulic conductivity basalts in immediate contact with
low conductivity aluvial deposits).

To test the sensitivity of model results to specified flux at
the lateral and lower model boundaries, a simulation was made
specifying zero flux at these boundaries. Simulated heads
and flux to streams were determined to be insensitive to the
regional model boundary flux where basalts were not present.
Few data points were available to constrain the headsin the
basalt uplands and, therefore, even though simulated heads
were affected in the basalts, it is difficult to assess how well
or poorly they match actual heads. The simulated discharge
to springs along the Fall, Spring, and Deschutes Riversin
the northern part of the model area also were affected, but
the model showed much better stability. Nearly all potential
concerns related to nitrate from on-site wastewater systems
are focused on parts of the study area underlain by aluvia
deposits. Simulation of flux through the basalts and of
discharge from large springs at the basalt-alluvium contact
was of lessimportance and did not inhibit the ability of
the model to simulate conditionsin the alluvia deposits;
therefore, to attain better model stability in the part of the
model representing basalts, the zero-flux boundary condition
was used for the lower and lateral boundaries of the study-area
model.

The contours defining the simulated steady-state
potentiometric head surface retain the general features of the
surface defined by contours of measured heads from the 2000
synoptic measurement (fig. 12). Both simulated and observed
flow directions (inferred from contours) support other data
(vertical head gradient and gain-loss measurements) that
indicate, on an annual basis, ground water dischargesto nearly
all stream reachesin the study area.
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The model simulated the general direction of ground-
water flow (northeast) accurately in the area between the
Deschutes and Little Deschutes Rivers in southeast T20S/
R10E and northeast T21S/R10E; however, the model did not
simulate as steep a horizontal hydraulic gradient as indicated
by the contours of observed heads shownin figure 12. The
location of this area between the two rivers and at the focal
point of ground-water flow for alarge part of the study
area, make it difficult to characterize the mean annual head
distribution. Seasonal differencesin the stage of the Deschutes
and Little Deschutes Rivers can cause relatively large seasonal
variations (5-10 ft) in ground-water levels. The period of
high river stage in spring coincides with the peak recharge
period for the shallow aquifer. These conditions lead to larger
horizontal head gradients, particularly in this area, when the
water levels used to construct the contoursin figure 12 were
measured (June 2000). The simulated recharge and river
stage conditions represent mean annual conditions, as do the
simulated heads, whereas the contours shown in figure 12 may
represent a seasonal extreme. The transient influence of the
rivers makes it difficult to accurately simulate ground-water
flow velocity and direction in this area; however, the model
simulates the mean annual direction of flow and velocity
reasonably well. On-site wastewater systems are not used in
thisareaso it is not likely that the model would be used to
predict concentration in this area. Long Creek was represented
in the model using head-dependent flux boundaries for ET and
streams to account for discharge in the topographically low
area; the effects of ground-water discharge are reflected in the
V-shaped simulated and observed contours (fig. 12).

The mean absolute error for the 170 head observations
was 7.0 ft, or about 5 percent of the range of observed heads.
The difference between simulated and observed head ranged
from -20 to 45 ft (fig. 13). The largest differences generally
were at wells with long open intervals, in which the measured
head represents a composite head for alarge thickness of the
system. The simulated heads used for comparison in such
cases were for the model layer closest to the center of the open
interval of the well. The differences between simulated and
observed head generally were less than 10 ft in the central part
of the study area, between the Deschutes and Little Deschutes
Rivers. Errorsin the simulated heads will result in errorsin the
ground-water velocity field that in turn will affect simulation
of nitrate transport. These errors would affect simulated
concentrations at small scales, but would not affect the average
simulated nitrate concentration over large areas.

Recharge to the water table, which was 98 percent of total
recharge, was the only specified component of the simulated
water budget. The mean annual recharge rate of 58 ft3/s was
equivalent to an average of 3.2 in/yr within the study area
model. The other components of recharge and discharge were
simulated using head-dependent boundary conditions, as
previously described. The simulated recharge from streams
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Figure 12. Contours of simulated and observed heads (June 2000) for the La Pine, Oregon, study area.
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(June 2000) from the La Pine, Oregon, study area.

was small (1.3 ft¥/s) and was from afew isolated stream
reaches where simulated heads were | ess than the specified
stage of the stream. Because the simulated system is assumed
to be at steady state (no long-term change in storage), total
dischargeis equal to recharge. Ground-water discharge to
streams accounts for 67 percent (39.5 ft¥/s) of total discharge.
Simulated discharge to the Little Deschutes River is 15 ft¥/s
which is within the range of 7 to 20 ft¥/s expected on the
basis of measured discharge (table 4). Simulated ground-
water discharge to the Deschutes River was 12 ft®/s and was
consistent with measurement data for reaches upstream of
river mile 199.7. Downstream of river mile 199.7 on the
Deschutes River and on the Fall River, most ground-water
discharge emanates from the large springs where basaltic rocks
arein contact with the lower permesability alluvia sediments.
Recharge by subsurface inflow to the basaltic rocks that feed
these springs was not simulated in the study-area model. The
simulated discharge to ET of 16 ft¥/sfell within the estimated
range of 1020 ft¥/s and was distributed within the floodplain,
where shallow water-table conditions persist through the dry
months (fig. 10).

Comparison of Simulated and Measured Nitrate
Concentrations

The study-area transport model simulates nitrate
concentrations in ground water and in ground-water discharge
to the near-stream environment. Simulated concentrations
are averages for the 500-ft wide by 500-ft long by 5-ft thick
model cells. With cells covering nearly 6 acres and minimum
lot sizes of 0.5 acre, each cell can contain as many as about
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10 homes. Nitrate data collected for this study from closely
spaced sampling locations near the Burgess Road transect
model (Hinkle and others, 2007a) indicate that even in
mature, high-density residential areas, nitrate plumes have
not coalesced to a great degree, and concentrations are highly
variable at the scale of an individual model cell. Because

of the high variability of nitrate concentrationsin acell,
concentrations at individual wells cannot be simulated with the
study-area model. The inability to delineate the edges of, and
concentrations within, individual solute plumesisalimitation
of transport models at the watershed scale. Thislimitation
does not affect this study because the information from

the model is intended to help understand and predict water
quality conditions at scales larger than individual plumes

or wells; however, it does limit the degree that measured
nitrate concentration data from wells can be used for direct
comparison with simulated concentrations.

To assess of the ability of the study-area model to
represent the primary processes that affect nitrate movement
in the ground-water system, the statistical distribution
of simulated nitrate concentrations was compared with
distributions for two sets of measured nitrate concentrations
from wells. The first measured dataset was from a synoptic
sampling of 192 wells in June 2000 by ODEQ (Hinkle
and others, 20074). Only data from the 109 wells where
ground water was oxic (dissolved oxygen concentration was
greater than 0.5 mg/L) were used in the comparison because
denitrification has been shown to be an important process
where ground water is suboxic (Hinkle and others, 20073).
The second observed dataset was collected under a program
administered by Oregon Department of Human Services
Health Division (DHS), which requires that water from
domestic wellsis tested whenever a property is sold. Nitrate
analyses from 1,572 such tests were available for homesin the
LaPine area (Rob Keller, ODEQ, written commun., August
2006). The DHS data were collected from 1989 to 2004.
Dissolved oxygen concentrations are not analyzed as part of
the DHS program so it was not possible to discriminate wells
that pump from the suboxic part of the system.

The simulated nitrate concentrations used for comparison
were from the end of the simulation period (1999) and were
taken from 1,398 cells randomly selected from locations
where active on-site wastewater systems existed. Only cells
that contained oxic ground water were selected (because
suboxic cells would have simulated concentrations of zero
by default) and more than one cell could be selected from
more than one layer in the same row/column. The statistical
distributions of measured nitrate concentrations and the
simulated concentrations are similar (fig. 14). The maximum
simulated nitrate concentration was 29 mg N/L, with amean
of 2.0 mg N/L, and a median of 0.8 mg N/L, and 10 percent
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Figure 14. Measured and simulated nitrate concentrations
in the La Pine, Oregon, study area, 1999.

of concentrations greater than 6 mg N/L. The maximum of
the ODEQ June 2000 synoptic nitrate concentration data

was 26 mg N/L, with amean of 1.6 mg N/L, and amedian

of 0.3 mg N/L, and 10 percent of concentrations greater

than 4 mg N/L. The maximum of the DHS real estate

nitrate concentration data was 22 mg N/L, with a mean of

1.6 mg N/L, and amedian of 0.5 mg N/L, and 10 percent

of concentrations greater than 4.5 mg N/L. The primary
difference in the three nitrate concentration distributions was
the slightly greater proportion of high valuesin the simulated
concentration distribution. This differenceislikely dueto
simulated values being sampled from the entire thickness

of the oxic part of the system, including cells near the water
table where nitrate loading occurs and concentrations are
greatest. Samples from the measured datasets were collected
from wells where the screened intervals typically were below
the water table and would be less likely to include water

with high nitrate concentrations. Good agreement between
the summary statistics of the measured and simulated nitrate
concentrations (mean, median, 90" percentile, and maximum)
indicates that the simulated mass of nitrate in the ground-water
system at the end of the 196099 period, is similar to the mass
indicated by available sample data. This agreement increases
confidence that the primary processes affecting the fate and
transport of nitrate in the ground-water system are represented
in the simulation model. Even though the model does not

simulate concentrations at individual wells, it is a useful tool
for assessing the effects of on-site systems on average ground-
water nitrate concentrations at the scale required for evaluation
of management alternatives for protecting ground-water
quality.

The spatia distribution of simulated nitrate concentration
at the water tablein 1999 is shown in figure 15 and closely
mirrors the locations of on-site wastewater systems (fig. 1).
The effect of ground-water movement on nitrate concentration
is evident where areas of high concentration are elongated
parallel to the primary directions of ground-water flow,
such asimmediately south of Burgess Road. The effect of
denitrification on the smulated distribution is evident where
concentrations sharply decrease along easterly ground-water
flow paths that terminate at the Little Deschutes River, such
asin central T21S R10E (fig. 15). The sharp concentration
gradient is coincident with an area where the oxic part of the
system decreases in thickness (compare fig. 8). This decrease,
along with the downward component of advective transport,
forces alarge fraction of the nitrate in the system to be
transported into the suboxic zone and lost to denitrification.

At the end of the simulation period (1999), the rate
of nitrate (as N) loading to the ground-water system
was 82,000 Ib/yr (37,000 kg/yr). The simulated rate of
denitrification in the suboxic part of the system was 31,000 Ib/
yr (13,900 kg/yr) and the simulated discharge of nitrate to the
near-stream environment was 8,000 Ib/yr (3,650 kg/yr). The
remaining 43,000 Ib/yr (19,400 kg/yr) was added to storage
in the shallow ground-water system. Nitrate added to storage
increased the mean concentration in the ground-water system
from essentially zero in 1960 to a mean of 2 mg N/L in 1999.

Management Scenario Simulations

Simulation models often are devel oped with the goal
of using them for predicting future effects of management
strategies. The study-area model was initially used in what is
referred to as atrial-and-error prediction mode. In this mode,
future scenarios are designed in which the nitrate loading
input to the model is varied according to a hypothetical
set of management strategies that could be imposed. The
locations and rates of loading over time are specified as input
to the simulation model and the model predicts the resulting
distribution of nitrate concentrations in the aquifer and the
discharge of nitrate to the streams. The scenario results
then are compared to assess whether management strategies
succeeded in meeting water-quality goals. Thisisreferred to
as atrial-and-error procedure because often many simulations
must be made to find management strategies that meet
water quality goals. The results of the scenario simulations
are presented here for later comparison to results of the
simul ation-optimization approach.
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The calibrated simulation model was used to predict
the effects of eight decentralized wastewater management
scenarios on ground-water and surface-water quality. Scenario
number 1 was defined as the “base” scenario which would
be used to evaluate the effects of a*“no action” management
strategy and serve as a benchmark for evaluating the benefits
of other management alternatives. Under the base scenario,
homes built on approximately 4,100 undevel oped lots
remaining in 2000 used conventional on-site wastewater
systems. Conventional systems were assumed to produce the
same effluent concentration (46 mg N/L) and loading as used
during the 1960-1999 model calibration simulations. The
remaining seven scenarios were defined by Deschutes County
using two primary management options to reduce nitrate
loading: (1) atransferable development credit (TDC) program
to reduce the number of on-site wastewater systemsin the
area, and (2) advanced treatment on-site wastewater systems.
Deschutes County has modified the TDC program since the
scenarios were defined; however the goal of the original TDC
program was to reduce the number of on-site septic systemsin
the area by shifting, or transferring, development to areceiving
area served by a community sewer and water system.

Advanced treatment on-site wastewater systems capable
of removing nitrogen were extensively field-tested as part of
the LaPine NDP (Barbara Rich, ODEQ, written commun.,
2003). Based on data from the field testing program, three
levels of nitrogen reduction performance were evaluated using
the simulation model. Three reduction levels, expressed as a
percentage of the nitrate concentration in effluent reaching
the water table from conventional systems (46 mg N/L),
were used: 57, 78, and 96 percent. These reductions would
be equivalent to effluent nitrate concentrations at the water
table of 20, 10, and 2 mg N/L, respectively. Four additional
scenarios were defined where advanced treatment systems
were combined with a TDC program in which devel opment of
1,500 lots was moved to areceiving area served by centralized
sewer.

Additional assumptions for the scenarios included:

» Development would continue at the 199099 rates of
250 homes per year until full build-out (in 2019);

* All new homes would use advanced treatment on-site
wastewater systems; |ots where new homes were built
each year were randomly determined,;

« Locations of existing homes where conventional
on-site wastewater systems were upgraded to advanced
treatment systems were randomly selected in each
year;

» Upgrades were done at arate of 94 per year (based on
historic rate of system repair permits issued by county)
until all on-site wastewater systems had been upgraded
(2056); and

* For scenarios involving TDCs, 1,500 lots were
randomly selected from a pool of 2,600 candidates
provided by Deschutes County.

Descriptions of the scenarios and the resulting nitrate
loading rates are summarized in table 6.

Each scenario was simulated for 140 years beginning
in 2000. The historical nitrate loading rates (1960-99) are
compared with estimated future loading rates (2000-2139) for
each scenario in figure 16.

Under the base scenario (number 1, table 6), all available
lots (as of 2000) were projected to be developed by 2019, and
figure 16 shows that estimated nitrogen loading continued to
increase until that time, after which loading remained constant
at arate of 147,000 Ib/yr. Simulation of the base scenario
showed that nitrate concentrations continued to increase
long after the maximum loading rate was reached in 2019.
This s because the amount of nitrate entering the ground-
water system will exceed the amount leaving the system until
equilibrium is reached. Equilibrium occurs when loading
is balanced by the sum of the rates of denitrification and
discharge of nitrate to streams. The simulation model suggests
that it could take more than 140 years to reach equilibrium for
scenario 1. At equilibrium, 78 percent of nitrogen entering the
system (114,000 Ib/yr) will be transported to the suboxic part
of the aquifer and removed by denitrification. The remaining
22 percent (33,000 Ib/yr) will be transported into the near-
stream areas adjacent to the Little Deschutes and Deschutes
Rivers. This should be considered an upper bound on the
amount of nitrate reaching the rivers because the current study
areamodel cannot account for processes (denitrification,
plant uptake, microbial uptake) that may remove nitrate from
ground water before it dischargesto therivers.

The simulated nitrate concentrations for scenario 1
exceeded 10 mg N/L over large areas prior to equilibrium,
however at equilibrium, the nitrate concentration near the
water table averaged more than 10 mg N/L over areas totaling
about 9,400 acres (table 7, fig. 17).

The results of the other seven scenarios showed
improved water-quality conditions for each level of increased
nitrate loading reduction. Simulations indicate significant
improvements in overall ground-water quality for all
performance levels tested if all new homes use advanced
treatment on-site wastewater systems and all existing homes
replace conventional on-site wastewater systems with
advanced treatment on-site wastewater systems. For the
20 mg N/L nitrate performance level without a TDC program
(scenario 3) the area where nitrate concentrations exceed the
10 mg N/L drinking-water standard is reduced by 80 percent
to about 1,900 acres (table 7, fig. 18) at equilibrium. A
further reduction in effluent nitrate concentration, to 10 mg
N/L, (scenarios 5 and 6) reduced the area where simulated
equilibrium nitrate concentrations exceed 10 mg N/L to
less than 700 acres. The maximum reduction, to 2 mg N/L,
(scenarios 7 and 8) resulted in only afew small areas with
concentrations greater than 10 mg N/L, and those areas were
related to nonresidential loading (RV parks) not reduced under
the scenarios.



Table 6. Summary of eight on-site wastewater management scenarios tested with the study-area model in

the La Pine, Oregon, study area.
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[TDC lots: assumes 1,500 lots eremoved from pool of candidate lots. Locations were randomly selected from 2,600 possible
lots. Retrofitting: assumes al on-site systems serving homes built prior to 2000 are retrofitted with advanced systems with
performance equal to systemsinstalled in new homes. Retrofits are made at arate of 94 per year until completed in 2057.

Abbreviations: TDC, transferable development credit; Ib/yr, pound per year; mg N/L, milligram nitrogen per liter]

rchargs  roduction Peak  Peak Final
Scenario ge TDC lots Retrofitting loading loading loading
concentration from standard (Ib/yr) ear (Ib/yr)
(mg N/L) systems Y Y y
1 46 0 No No 147,000 2019 147,000
2 46 0 Yes No 125,000 2013 125,000
3 20 57 No Yes 93,000 2019 65,300
4 20 57 Yes Yes 88,100 2013 55,900
5 10 78 No Yes 81,200 2000 34,200
6 10 78 Yes Yes 81,200 2000 29,500
7 2 96 No Yes 80,400 2000 9,200
8 2 96 Yes Yes 80,400 2000 8,300
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Figure 16. Historical nitrate loading from on-site

wastewater systems and eight nitrate loading scenarios

tested with the study-area model.

See table 6 for scenario descriptions. (mg/L, milligram per

liter; TDC, transferable development credit.)
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Table 7. Summary of model simulation results for eight on-site wastewater management scenarios tested with the study-area model in
the La Pine, Oregon, study area.

[Acres are based on simul ated nitrate concentrations in the uppermost active (saturated) model cells. Equilibrium acreages are based on simulated nitrate
concentrations at end of simulation (2139). Peak acreages are based on simulated nitrate concentrations in the year when the highest concentrations occur for
each scenario. Abbreviations: TDC, transferable development credit; mg N/L, milligram nitrogen per liter; Ib/yr, pound per year; mg/L, milligram per liter;
Symbol: —, no data)

Equilibrium Peak

Effluent — . -
o recharge Equilibrium - Reductionin 0 oo greater Reduction  p0\es greater Reduction from Peak

Scenario ; nitrate  loading from from

concentration . . than 10 mg/L - than10mg/L  scenario1  concentration
(mg N/L) loading  scenario1 equilibrium  S°"2"° ! at peak (percent) year
(Ib/yr) (percent) (percent)

1 46 No 147,000 - 9,398 - 9,398 - 2139
2 46 Yes 125,000 15 7,317 22 7,317 22 2139
3 20 No 65,300 56 1,909 80 1,944 79 2053
4 20 Yes 55,900 62 1,433 85 1,456 85 2049
5 10 No 34,200 77 700 93 1,233 87 2038
6 10 Yes 29,500 80 619 93 1,153 88 2035
7 2 No 9,200 94 115 99 975 90 2027
8 2 Yes 8,300 94 109 99 975 90 2027

Each scenario in which conventional systems were
replaced with advanced trestment systems indicated that
ground-water nitrate concentrations would peak between
2027 and 2053 (about 25-50 years after loading reduction
begins) and then decrease to their equilibrium levels. Less
timeisrequired to reach the peak and subsequent equilibrium
concentrations for scenarios with greater reductionsin loading
(table 7).

The TDC program, as defined for these scenarios,
reduced the number of homes that would use on-site
wastewater systems by shifting or transferring development
of new homesto areceiving areawith centralized wastewater
treatment. Using conventional on-site systems, the 1,500
homes selected for the TDC program in the scenarios would
contribute about 21,000 Ib of nitrogen annually, with each
home adding 14 Ib/yr to the aquifer. This equals nearly
14 percent of the total base scenario loading of 147,000 Ib/yr.
For other scenarios, in which advanced treatment on-site
wastewater systems are used, the effect of a program like this
is diminished. For example, if advanced treatment systems
reduce effluent concentration from 46 to 10 mg N/L, the
annual loading per home s reduced from 14 to 3 Ib/yr. Under
this scenario, removing 1,500 homes only reduces total
loading by 4,500 Ib/yr (3 percent). The relative effectiveness
of the TDC program in reducing loading at various levels
of assumed advanced on-site system performance is shown
in figure 16. Development transfer programs (like the TDC
program) might be most effectively applied in high-sensitivity
areas, where advanced treatment on-site wastewater systems
cannot meet loading reduction goals.

Results of trial-and-error simulations show that the
capacity to receive on-site wastewater system effluent and
maintain satisfactory water-quality conditionsis variable
within the study area. The capacity of any areato receive
on-site wastewater system effluent is related to many factors,
including the density of homes, presence of upgradient
residential development, ground-water recharge rate, ground-
water flow velocity, and thickness of the oxic part of the
aquifer.

Each scenario tested with the simulation model was
limited to management strategies that were applied uniformly
in the study area. Typically, thisis how simulation models
must be used because as the size and complexity of the water-
quality management problem increases, the decision makers’
ability to design scenarios with management strategies that
reflect variability in the loading capacity of individual areas
is diminished. Uniform management strategies, such as
requiring all on-site wastewater systems to meet the same
nitrate reduction standards, may be more costly than variable
management strategies that account for the variability in the
nitrate loading capacity of the ground-water system. Uniform
strategies that are stringent enough to protect water quality
in some areas may be more than is needed to protect water
quality in other areas. The simulation model represents
the hydrogeol ogic and chemical processes that cause this
variability, and by adding optimization capability to the model,
the nitrate loading capacity of the ground-water system can be
determined for individual management areas.
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Nitrate Loading Management Model

The study-area simulation model was linked to
optimization methods to produce the Nitrate Loading
Management Model (NLMM). This section includes a
description of how the management model was formulated,
how it is solved, and how it can be used to evaluate alternative
strategies for managing nitrate loading to the shallow ground-
water system.

Formulation of Nitrate Loading Management
Model

To use optimization methods, management goals must
be formulated into a mathematical structure. The structure
of an optimization problem has three components that must
be defined: decision variables, an objective function, and
constraints.

One inherent value of the optimization approach is that
its use requires decision makers and stakeholders to quantify
planning goals and objectives as well as environmental
and other constraints. The La Pine NLMM was formulated
through a close collaboration with Deschutes County planners
and resource managers. The management objective of the
NLMM, to minimize the reduction from base scenario
nitrate loading from on-site wastewater systems, reflects the
goasof: (1) alowing as many platted lots as possible to be
developed under current development goals and policies,
and (2) minimizing the required reduction in nitrate loading
from existing on-site systems. Because costs are associated
with reducing loading either by not allowing devel opment
or using advanced treatment on-site wastewater systems, the
management objective can be simply stated as “minimize
the cost” of meeting water-quality goals. The water-quality
goals are constraints on the management model and have
direct and quantifiable effects on the solution (or cost) and
their values often reflect regulatory requirements or economic
and community values. If regulatory standards apply, the
process of setting water-quality constraints is straightforward.
However, if lesswell defined economic or community values
areto be the basis for water quality constraints, then atrade-
off analysisis acommon process for finding the balance
(or evaluating the relations) between costs and economic,
aesthetic, health, environmental, and other benefits. The
management model can assist in this process by quantifying
the rel ationships between constraints and management
objectives.

The NLMM was formulated mathematically to minimize
the reduction in nitrate loading (or cost of reduction) from
base scenario loading, subject to constraints on minimum
reductions in ground-water nitrate concentrations (relative to
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base scenario), minimum reductionsin ground-water discharge
nitrate loading to streams (relative to base scenario), and
minimum and maximum loading reductions for existing and
future homes in each management area.

The decision variablesin the La Pine NLMM were the
reduction in nitrate loading (relative to base scenario nitrate
loading rates) that would be needed to maintain or achieve
desired water-quality conditions. See table 6 for adescription
of the base scenario. (Nitrate loading rates were specified
using metric units [kilograms per day] inthe NLMM and
these units are used in the following description of the model
for consistency.) To define decision variables, the study area
was divided into 97 management areas. The basic unit for
the management areas was a 160-acre area (quarter-section)
based on the Public Land Survey System. With the goal of
making the base scenario loading in each management area
approximately equal, as many as four quarter-sections (640
acres) were combined to form management areas in areas
with lower lot density. The average number of lotsin each
management area was approximately 100 (fig. 19). The
model had 194 decision variables, NR, because two decision
variables were defined for each management area: loading
reduction (kilograms per day, kg/d) for existing homes and
loading reduction for future homes. About 350 homes and lots
were not included in the NLMM because they were in low
density areas. These homes and |ots represented only 7 kg/d of
the total base scenario loading.

The objective function of the NLMM was to minimize
the reduction in loading (from the base scenario), and is given
as

NM NT
minimize » Y u,NR ;, )

i=1 j=1
where
NM is the number of management areas,

NT is the number of management area types, which
can be either 1 for existing homes or 2 for
future homes, and

u; is a dimensionless unit cost factor for nitrate

loading reduction from existing or future homes.

Constraints on Ground-Water Nitrate
Concentration

The value of the objective function was limited by a set of
constraints on minimum reductions (relative to base scenario)
in ground-water nitrate concentrations, minimum reductions
(relative to base scenario) in ground-water discharge nitrate
loading to streams, and minimum and maximum loading
reductionsto the aquifer for existing and future homesin each
management area.
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Minimum reductions in ground-water nitrate
concentration constraints were set at 339 locationsin the
simulation model. The minimum reduction values were
determined by simulating the base scenario equilibrium
concentration at each location and computing the reduction
necessary to meet a specified concentration value. For
example, if the base scenario nitrate concentration were
calculated by the simulation model to be 23 mg N/L and the
maximum allowable concentration was 7 mg N/L, then the
minimum reduction constraint at that location would be 16 mg
N/L.

Constraints were set at one or two locationsin the
simulation model for each management area. One point was
selected to be sensitive to loading from existing homes and
another point was selected to be sensitive to loading from
future homes in the management area. The most sensitive
locations for existing and future loading were determined by
simulating loading only from existing or future homesin a
management area and determining the location (cell) in the
model where the highest simulated concentrations occurred.

If the same location were most sensitive to both existing and
future loading from a management area, then only one location
was set for that management area.

The model simulates three-dimensional flow and
transport; therefore, nitrate concentrations can vary with
depth. To account for the variation in concentration with
depth, shallow and deep constraints were specified at most
locations. The shallow constraint was specified 5-10 ft below
the water table (an average of 20 ft below land surface) and the
deep constraint was specified immediately above the suboxic
boundary (an average of 50 ft below land surface). Four
unique constraints (one shallow and one deep for both existing
and future homes) specified in each management area for each
of the 194 |ocations where concentration was constrained
would have required specified constraints in 388 model cells.
However, forty-nine locations were eliminated because the
same |ocation was sensitive to loading from both existing and
future homes, and some cells were eliminated because the oxic
ground-water layer was only two cells thick and only one cell
was used. In al, there were 339 concentration constraint cells
at 174 locationsin the NLMM (fig. 19).

Mathematically, the minimum ground-water
concentration reduction constraints were specified as

CRmin, <CR_, )
The minimum concentration reduction was computed as

CRmin_, =Csq,  —Cmax, (2a)
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The effect of loading from the 350 homes and lots not
included in the NLMM was accounted for by simulating
equilibrium concentrations throughout the model that resulted
from base scenario loading at these 350 locations. The
resulting concentrations at each constraint site were used to
adjust the CRmin_, values at each site.

Constraints on Discharge of Nitrate from Ground
Water to Streams

The simulation model results indicated that nitrate from
on-site wastewater systems can reach streams through ground-
water discharge. Because the addition of nitrate to streams
could have a deleterious effect on stream quality, the NLMM
was configured to allow constraints on the amount of nitrate
discharged to streams. Constraints on minimum reduction
in discharge of nitrate from ground water to streams were
specified for 14 reaches on the Deschutes and Little Deschutes
Rivers. The minimum reduction values were determined
by simulating the base scenario equilibrium ground-water
discharge nitrate loading to each reach and computing the
reduction necessary to meet a specified discharge constraint.
For example, if the base scenario ground-water discharge of
nitrate to areach was determined to be 3 kg/d and the specified
discharge constraint (maximum allowable discharge of nitrate)
was 1 kg/d, then the minimum reduction for that reach would
be 2 kg/d. Mathematically, the minimum reduction in ground-
water discharge nitrate loading to stream constraints were
specified as

DRmin, < DR )
The minimum discharge loading reduction was computed as

(39)

DRmin_= Dsq —Dmax,

Constraints on Reduction of Nitrate Loading

Minimum and maximum nitrate |oading reduction
constraints were specified in the NLMM. Mathematically the
constraints were expressed as

NRmin, < NR, < NRmax,, @)

where NRmin. and NRmax. are minimum and maximum
loading reduction constraints for existing (j=1) and future
(1=2) homes (units of kg/d). The loading reduction constraints
establish minimum or maximum loading reduction constraints
on either existing or future homes.
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Response-Matrix Technique for Solution of
Nitrate Loading Management Model

The optimization method used to solve the NLMM is
based on awidely applied technique for solving ground-water
management problems called the response-matrix technique.
The assumption that must be satisfied to use this technique
isthat the nitrate concentrations at each constraint site are a
linear function of the loading rates in each management area.
By assuming linearity, determining the nitrate concentration
or ground-water discharge loading rate to streamsis possible
at any location where a constraint is specified by summing
the contribution of loading in each management area to the
concentration or discharge at that location. The response-
matrix techniqueis described in detail by Gorelick and others
(1993) and Ahlfeld and Mulligan (2000). The response-
matrix approach has been used to solve ground-water waste-
management problems similar to the problem evaluated in this
work by Moosburner and Wood (1980), Gorelick (1982), and
Gorelick and Remson (1982).

The assumption that simulated nitrate concentration
and discharge nitrate loading to streamsis alinear function
of loading to the aquifer was tested through a series of
simulations. The loading rate to a single management area
was varied in each simulation and the computed nitrate
concentrations at several constraint locations (model cells)
were recorded. When loading rate was plotted against
concentration for each location, the relation was shown to be
linear.

One reguirement of this technique is that the effect of the
sources of nitrate loading on the ground-water velocity field
is known because the mass loading of nitrate is the product
of the nitrate concentration and hydraulic loading rate of the
on-site wastewater systems. Previous workers have assumed
that for concentrated pollutant sources, the source-water flow
rate (hydraulic loading rate) has a negligible influence on
the ground-water velocity field (Gorelick, 1982; Gorelick
and Remson, 1982). Thisalso is the assumption used for this
study, where recharge from on-site wastewater systems to, and
domestic water-supply well withdrawals from, the shallow
aquifer are nearly equal, and both are small relative to natura
recharge rates. Therefore, the ground-water velocity field
without the influence of on-site wastewater systems as sources
of recharge was used to simulate transport.

Use of the response-matrix technique requires that
response functions for ground-water nitrate concentrations and
ground-water discharge of nitrate to streams are calculated at
each of the 339 model cells where concentration constraints
were specified and the 14 stream reaches where ground-water
discharge of nitrate was constrained. The response functions
were calculated by making 194 simulations, one for each
decision variable (97 management areas, each with decision
variables for loading reduction for existing and future homes).
The response to base scenario loading from either existing or

future homes in a single management area was simulated. The
spatial distribution of loading within each management area
was at the resolution of amodel cell—500 ft in the x- and y-
dimensions. The purpose of these simulations was to compute
the change in concentration at each constraint |ocation caused
by aunit change in loading at the location represented by

the decisions variable. Calculation of the unit changein
concentration was made using initial nitrate concentrations

of zero and simulating equilibrium concentrations. The base
scenario loading rates (kg/d) for existing and future homes

in management area i and type j were defined as Nsq,;.
Concentration response coefficients, IC,; o WEre computed as

o Cstn ()
i,j.mk quivj 1

Ground-water discharge nitrate loading response coefficients,
rdm, for each stream reach were computed as
rd,,, =2 (6)
- qui, i

Units of milligrams per liter per kilogram per day were
used for concentration response coefficients and ground-
water discharge nitrate to stream response coefficients are
dimensionless. The magnitude of the response coefficient
is directly proportional to the sengitivity of the nitrate
concentration or discharge nitrate loading at a constraint site to
loading in a management area. Thisrelation isillustrated for
the concentration constraint site 31-E-S (fig. 20), which isthe
shallow concentration constraint site selected for its sensitivity
to loading from existing homes in management area 31.

Management area 31 is adjacent to the west bank of
the Little Deschutes River, approximately 1 to 1.5 mi north
of Burgess Road (fig. 20). The linear response coefficients,
rCikm. for several nearby management areas and types of
homes (existing or future), show that loading in management
areas 31, 32, 50, 51, 52, and 53 significantly affect the
nitrate concentration at constraint location 31-E-S (table 7).
Management areas 48, 49, 63, and 64 have lesser effects.
Response coefficient values (table 8) indicate that the nitrate
concentration at site 31-E-Sis not asimple function of the
number of homes in management area 31 or the distance
from the site to adjacent management areas. Table 8 shows
that the largest influence on concentration at point 31-E-Sis
from future homes in area 31, followed by existing homes
in areas 31 and 50, future homesin areas 50 and 51, and
existing homesin area 51. Response coefficients indicate that
management area 32, the closest area to site 31-E-S, hasless
influence on concentration than more distant areas because of
the direction of ground-water flow through the area (toward
the Little Deschutes River) and the location of site 31-E-Sin
relation to homesin area 32.



Assuming the system is linear, the reduction in nitrate
concentration, CR,_ |, at constraint location m and depth k can
be cal culated with the concentration response coefficients by
summation of the individual concentration reductions caused
by reductionsin loading to existing and future homesin each
management area. The summation iswritten as
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Similarly, the reduction in ground-water discharge nitrate
loading to streams, DR , can be calculated with the discharge
loading response coefficients by summation of the individual
discharge loading reductions caused by reductions in loading
to existing and future homes in each management area. The
summation iswritten as

NM NT NM NT
CR,, =Y Y rc ..,NR . 7 DR, =Y > rd NR, ©)
=1 j=1 =1 j=1
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Locations of management areas near Burgess Road and management area 31 in the La Pine, Oregon, study area.
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Table 8. Response coefficients relating the effects of loading in
nearby areas to the nitrate concentration at a constraint location
in management area 31 in the La Pine, Oregon, study area.

[Management area: 31—site 31-E-Sin figure 20. Response coefficients are
in milligrams per liter per kilogram per day loading]

Management Type Response
area coefficient
31 Future 14.85
50 Existing 11.10
31 Existing 9.92
50 Future 8.85
51 Future 3.49
51 Existing 3.07
32 Future 1.71
52 Future 1.56
52 Existing 1.31
53 Existing 0.75
32 Existing 0.74
53 Future 0.50
63 Existing 0.15
63 Future 0.15
64 Existing 0.03
64 Future 0.02
49 Existing 0.01
49 Future 0.01
48 Future 0.01
48 Existing 0.01

These summations include 194 terms because there
are 97 management areas (NM) and 2 loading types (NT),
existing and future homes, in each management area. In each
summation, however, many terms are equal to zero because the
response coefficients are zero; this occurs when concentration
or discharge loading at a constraint location does not affect
loading in a management area.

The response matrix was prepared by running one
simulation for each decision variable in which loading
was applied only at the locations defined for that decision
variable (for example, existing homes in management area
31). Theloading rate and resulting concentrations at each of
the constraint locations were used to compute the response
coefficient at each constraint location using equations 5 and 6.
A set of utility programs and scripts were devel oped to run the
194 simulations, extract the simulated concentration values at
constraint sites, compute the response coefficients, and format
the coefficients into a matrix for input to the optimization
program.

Response coefficients are the link between the simulation
model and the NLMM. The response coefficients are utilized
by the NLMM by replacing CR_, (equation 2) with the right-
hand side of equation 7 and replacing DR, (equation 3) with
the right hand side of equation 8. The constraints for reduction
in nitrate concentration and discharge loading to streams are
then written as

CRmin_, <Y > rc,, . NR, (9)
i=1 j=1
and
NM NT
DRmin, <3 ' rd,; NR . (10)
i=1 j=1

Equations 9 and 10 replace equations 2 and 3 in the
NLMM.

The modified NLMM, defined by equations 1
(objective function), 4 (loading constraints), 9 (concentration
constraints), and 10 (discharge loading constraints), constitutes
alinear program. This program was solved using the “What's
Best!” optimization program (LINDO Systems, 2003). This
set of solversisimplemented as an add-in to Microsoft Excel.
The response matrix and constraint definitions are defined
in the spreadsheet using special functions provided in the
“What's Best!” add-in. The NLMM can mathematically
search for the minimum nitrate loading reductions for existing
and future homes in each management area that satisfy the
constraints on nitrate concentrations in ground water and
ground-water discharge loading of nitrate to streams. The
program also identifies management problems that are not
feasible. This occurs when at least one constraint cannot be
met with any combination of decision variable values.

Application of Model

In the application of the LaPine NLMM described
here, the values of constraints were varied in a sensitivity
analysis to explore relations between constraint values and
optimal loading rates to the aquifer. The three constraint
options used in the NLMM were varied and optimal solutions
were computed to demonstrate how decision makers might
use the model in atrade-off analysis to determine the effect
of constraint values on the objective of minimizing nitrate
loading reductions. The NLMM also was used to evaluate the
influence of a cost variable that accounts for differential costs
in reducing nitrate loading from existing and future homes.



Sensitivity of Optimal Solution to Water-Quality
Constraints

Ground-Water Nitrate Concentration

Ground-water concentration constraints were specified
at as many as two locations for each management area: one
location was the most sensitive to loading from existing homes
in that management area, and one location was most sensitive
to loading from future homes. In 20 management areas, the
same location was most sensitive for both existing and future
homes. A shallow constraint was specified near the water
table at each these 174 locations (fig. 19). In addition, where
the oxic part of the aquifer was greater than 10-ft thick (163
locations), a deep constraint was specified. As described in
the discussion of the model formulation, the concentration
constraint values, CRmin,_, were computed (eguation 2a) as
the minimum reduction from base scenario concentration that
would be required to meet a specified concentration limit,
Cmax,.

Concentration constraints were varied to show the
relative sensitivity of optimal 1oading solutions to constraints
in different parts of the aquifer system. The total nitrate
loading for existing and future homesin all 97 management
areas was summed for each optimal solution to provide a
basis for comparing the sensitivity of the solutions to values
of the concentration constraints. The NLMM was solved
using arange of 1 to 25 mg N/L for the maximum allowable
concentration values for both the shallow (Cmax ) and deep
(Cmax ) constraint locations. This range was selected because
it includes most of the range of values that would constrain,
or bind, the optimal solution. Binding constraints limit the
amount of loading to the aquifer. Nonbinding constraints do
not limit the loading to the aquifer system, because of their
value or |ocation.

The NLMM was used to compute optimal nitrate
loading rates for various combinations of shallow and deep
concentration constraints (fig. 21). Optimal solutions were
most sensitive to concentration constraints in the shallow part
of the ground-water system. This result was expected because
concentrations are greatest at the water table where loading
occurs, and decrease with depth and distance downgradient
from the source. The base scenario loading used in the
NLMM was 190 kg/d (153,000 Ib/yr) and, as expected, this
isthe optimal loading solution for the case where there are
no constraints specified. Curve A (fig. 21) shows the effect
on optimal loading when concentrations are constrained only
in the deep part of the system. Deep constraints do not limit
optimal loading until constraint values are less than 10 mg N/L
(point C, fig. 21). Specifying a nitrate concentration constraint
of 1 mg N/L in the deep part of the aquifer limited optimal
loading to 110 kg/d (point D). Curve B shows the effect on
optimal loading when concentrations are constrained only
in the shallow part of the system. Shallow constraints limit
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optimal loading throughout the range, with loading limited
to 17 kg/d at a constraint value of 1 mg N/L (point E) and
168 kg/d at a constraint value of 25 mg N/L (point F). If a
regulatory limit, such as the ODEQ “action level” of 7 mg N/L
isapplied to the shallow constraints (and no deep constraints
are specified), optimal loading is reduced to 84 kg/d (point
G)—a 56 percent reduction from base scenario loading. For
comparison, if no shallow constraints are specified and 7 mg
N/L is applied to the deep constraints, optimal loading is
reduced very little, to 183 kg/d (point H). Loading sensitivity
curves also are shown in figure 21 for shallow concentration
constraint (Cmax) values of 5, 10, 15, 20, and 25 mg N/L;
these curves were constructed by keeping the shallow
constraint constant at the indicated value and varying the
value of the deep constraint. For example, with shallow and
deep constraints of 5 and 15 mg N/L respectively (point 1),
the optimal loading is 65 kg/d. For reference, the optimal
loading for shallow and deep concentration constraints of 7
and 3 mg N/L, respectively, is 84 kg/d and plots at point Jin
figure 21. The effects of more- or less-stringent concentration
constraints on nitrate loading in the shallow and deep parts of
the ground-water system can be analyzed using figure 21.
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Curve A—Relation between optimal loading and values of concentration
constraints at deep locations

Curve B—Relation between optimal loading and values of concentration
constraints at shallow locations

Points C-J—O0ptimal loading for combinations of shallow and deep
concentration constraints
C—Deep constraints set to 10 mg N/L, no shallow constraints
D—Deep constraints set to 1 mg N/L, no shallow constraints
E—Shallow constraints set to 1 mg N/L, no deep constraints
F—Shallow constraints set to 25 mg N/L, no deep constraints
G—Shallow constraints set to 7 mg N/L, no deep constraints
H—Deep constraints set to 7 mg N/L, no shallow constraints
|—Shallow constraints set to 5 mg N/L, deep constraints set to 15 mg N/L
J—Shallow constraints setto 7 mg N/L, deep constraints set to 3 mg N/L

Figure 21. Sensitivity of optimal loading solutions to
ground-water nitrate concentration constraints in the La
Pine, Oregon, study area.
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These results can be used to assess trade-offsin
protection of water quality in the shallow and deep parts of the
aquifer. Few wellsin the La Pine area are open to the upper
10 ft of the aquifer where the shallow constraints are specified.
Using these results, decision makers could evaluate the cost, in
terms of reduced loading, of protecting the shallowest part of
the system (within 10 ft of the water table) to the same degree
as the deeper part of the system (30-50 below the water table),
where most domestic wells obtain water.

Ground-Water Nitrate Discharge Loading to Streams

Fourteen stream reaches were defined where constraints
could be applied to ground-water nitrate discharge loading.
As described in the discussion of the model formulation, the
discharge loading constraint values, DRmin , were computed
(equation 3a) as the minimum reduction from base scenario
discharge loading that would be required to meet a specified
limit, Dmax . The beginning and end of each reach were
selected to coincide with confluences or road crossings.

The purpose of this analysis was to demonstrate how the
NLMM can be used to conjunctively manage water quality of
ground-water and surface-water resources using optimization
techniques. Discharge loading constraints were specified
by setting a minimum percent reduction from base scenario
ground-water discharge loading to streams. To determine
the sensitivity to discharge loading constraints, the percent
reduction was varied from 0 to 99 percent. Two sets of
solutions were computed with NLMM: 1) with no constraints
on ground-water concentrations, and 2) with shallow and
deep ground-water concentration constraints of 7 and 3 mg
N/L. Without concentration constraints, the discharge loading
constraint directly limited the loading to streams as would
be expected based on the formulation of the model (fig. 22).
However, with the limitations imposed on loading by
concentration constraints (7 and 3 mg N/L), discharge loading
constraints had no effect on loading to streams until the
constraint values were greater than about 50 percent reduction
(fig. 22). At values greater than 50 percent, most loading
reductions required to meet this constraint are needed in the
management areas adjacent to streams, where, according to
simulation results, shallow ground-water flow paths through
the thin oxic part of the ground-water system are connected to
the streams. With no concentration constraints and discharge
loading to streams constrained to a minimum reduction of
97 percent, the total loading to the system is about 100 kg/d.
By comparison, constraining concentration to 7 and 3 mg N/L
(shallow and deep, respectively) and constraining discharge
loading reduction to at least 97 percent requires that total
loading be reduced to about 40 kg/d (fig. 22). The additional
reduction in total loading required to meet the ground-water
concentration constraints, 60 kg/d, reflects the additional
costs of management strategies designed to protect both
ground-water quality and stream quality.
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Figure 22. Sensitivity of optimal loading solutions to
constraints on the minimum reduction in ground-water
discharge loading to streams in the La Pine, Oregon, study
area.

These results can be used to assess trade-offsin the
protection of surface-water quality. To make decisions on
the values of discharge constraints, the processes affecting
nitrate asit is transported through the near stream and riparian
environments need to be better understood (Hinkle and others,
2007b). The simulation model uses simple assumptions
regarding the fate and transport of nitrate in this part of the
ground-water system and the estimates of ground-water
discharge of nitrate to streams should be considered the upper
limits of possible discharge.

Sensitivity of Optimal Solution to Nitrate Loading
Constraints

Minimum and maximum loading reduction constraints,
NRmin and NRmax in equation 4, can be specified for existing
or future homes in the NLMM. The constraints are computed
as a percentage of the base scenario loading for the existing
or future homesin each management area. For example, if
base scenario loading for future homes in a management area
is 2 kg/d, and the desired loading reduction is a minimum of
25 percent of status-quo build-out loading, then NRmin would
be equal to 0.5 kg/d.



In this example, the loading constraints were used to
evaluate how specifying minimum nitrate reduction standards
for future homes would affect the overall loading and the
proportion of loading from existing homes. As formulated,
the NLMM also offers the ability to specify other constraints
on loading reduction, such as maximum loading reduction
for either future of existing homes. This type of constraint
could be used to reflect the limitations of alternative
treatment systems to reduce loading by more than a specified
percentage.

Optimal solutions were computed in which the minimum
reduction constraint for future homes varied and al other
constraints were constant. Ground-water concentration
constraints of 7 and 3 mg N/L were specified for the shallow
and deep sites, respectively, and ground-water discharge
nitrate loading to streams was unconstrained. All existing
on-site wastewater systems in the study area are assumed to
discharge effluent with 46 mg N/L nitrate, and this was the
performance level used to compute the base scenario loading
of 190 kg/d. Maximum loading reduction constraints were
96 percent of base scenario loading for both existing and
future homes; this constraint reflects the assumption that
the best attainable on-site wastewater system performance
is2 mg N/L. The minimum loading reduction constraint
for future homes was specified on the basis of assumed
performance standards for on-site wastewater systems that
ranged from 2 to 46 mg N/L concentration in effluent that
recharged the ground-water system. Thus, in this series of
solutions, the 46 mg N/L performance level was the equival ent
of zero reduction from base scenario loading. The other
performance levels used were 2, 10, 20, and 30 mg N/L,
corresponding to minimum loading reductions of 96, 78, 57,
and 35 percent, respectively (fig. 23).

Under base scenario conditions, existing and future
homes will contribute 104 and 86 kg/d, respectively, to the
total loading of 190 kg/d. The results of this analysis show that
as the minimum loading reduction constraint for future homes
isincreased from 0 to 96 percent, optimal loading from future
homes decreases from 38 to 3 kg/d and the associated total
loading decreases from 84 to 58 kg/d.

The reduction in loading to the aquifer from future homes
implemented using a minimum reduction constraint allows
higher loading rates to be maintained from existing homes
while still meeting concentration constraints. If no loading
reduction is required for future homes, loading from existing
homes will have to be reduced by 56 percent (from 104 to
46 kg/d). By requiring improved performance of on-site
wastewater systems in future homes, there is less need for
loading reduction from existing homes. For example, if a
96 percent reduction requirement isimposed for future homes,
loading from existing homes would have to be reduced by only
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Figure 23. Sensitivity of optimal solution to minimum
decentralized wastewater treatment performance
standards for future homes in the La Pine, Oregon, study
area.

47 percent to meet ground-water concentration constraints

of 7 and 3 mg N/L for shallow and deep parts of the aquifer.
If it were less costly to reduce loading from future homes

by installing advanced treatment on-site wastewater systems
than requiring existing homes to be retrofitted with advanced
treatment on-site wastewater systems, then using this type of
constraint in the NLMM would allow planners to incorporate
specific on-site wastewater system performance standards for
future homes into the optimal solution.

Sensitivity of Optimal Solution to Cost Factors

The simulation model accounts for the physical and
geochemical complexities of the ground-water system and
thisinformation is available to the NLMM through the
response coefficients that were computed using the study
area simulation model. Other variables (external to the
simulation model) also can be important in determining the
optimal nitrate loading solution. The cost of implementing
management strategies is the most common externa variable
that affects management decisions. In many optimization
problems, the objective is to minimize the cost of satisfying
the constraints on the problem.
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Reducing loading from on-site wastewater systems can
incur significant costs whether by limiting housing density
or installing and maintaining advanced treatment on-site
wastewater systems. The cost factor of reducing nitrate
loading, U in equation 1 of the NLMM, can be used to account
for differencesin cost for existing and future homes. If the
cost of nitrate reduction varies among decision variablesin
other ways, such as geographically, cost variables can be
specified for individual management areas.

The sensitivity of the LaPine NLMM to differencesin
the cost of reducing nitrate loading from existing and future
homes was evaluated by computing the optimal |oading
solutions for arange of unit cost ratios. Arbitrary cost factors
were specified that resulted in ratios of existing to future unit
costs ranging from 0.11 (1:9) to 9.0 (9:1). For example, for
acost ratio of 0.11, the cost factors for existing and future
loading reduction were 1 and 9, meaning that it was 9 times
more costly to reduce nitrate loading from future homes. To
define the extremes, two additional solutions were computed
in which the unit cost was set to zero, first for existing, and
then for future homes. The only constraints were ground-water
concentration constraints of 7 and 3 mg N/L for the shallow
and deep sites. The loading from existing and future homes for
each cost ratio are shown in figure 24.

The highest optimal total loading (84 kg/d) occurs when
the cost ratio (existing:future) is 1.0 (costs are equal). Asthe
ratio increases or decreases to favor reductions in future or
existing homes, respectively, the optimal balancein loading is
affected because the objective function (to minimize cost) is
most efficiently reduced by eliminating loading from homes
that have the lowest cost per unit reduction. Asthe cost ratio
increases or decreases from 1.0, the total loading that can
be maintained decreases because cost variables now act as
weighting factors that partially determine which management
areas and home types will have reduced loading. It is not likely
that the ratio of unit costs would fall outside the range of 0.43
to 2.33, within which the effect on total loading is relatively
small. Therelative contributions to loading from existing and
future homes, however, do vary significantly within this range.
Thisindicates that wherever possible, true cost factors should
be incorporated into the NLMM to account for thisimportant
externa variable.

Spatial Distribution of Loading for Optimal
Solution

The NLMM computes the minimum loading reduction
needed from existing and future homes in each management
area to achieve the water-quality goals prescribed by a
constraint set. To illustrate the variation in optimal loading

between management areas, optimal reductions in loading
rates to each management area from both existing and future
homes were mapped for a specific set of constraints. The
constraints for this solution included (1) ground-water nitrate
concentrations could not exceed 7 mg N/L at shallow locations
and 3 mg N/L at deep locations, and (2) the maximum loading
reduction possible for either existing or future homes was 96
percent. The ground-water concentration limits were selected
to reflect the goals of minimizing loading reductions and
insuring protection of the part of the aquifer (30 to 50 ft below
the water table) where most domestic wells obtain water. The
96 percent limit on loading reduction is consistent with data
from the La Pine NDP that show that the best-performing
advanced treatment on-site wastewater systems tested are
capable of reducing nitrogen to about 2 mg N/L as nitrate in
effluent leaving the drain field. No constraints were placed on
discharge of nitrate to streams or minimum loading reduction
and no differential cost factors were included.

The optimal minimum reductions vary over a broad
range in the 97 management areas. The breadth of the range
isareflection of the complex relations between development
location and density, hydrogeology, and geochemical
processes. For the specified constraints, the optimal reduction
in total loading is 107 kg/d, or 56 percent of the 190 kg/d of
loading projected for the base scenario. Contributions to build-
out loading were reduced from 104 to 46 kg/d for existing
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homes and from 86 to 38 kg/d for future homes. The optimal
reductions in each management area for existing and future
homes are shown in figures 25 and 26, respectively.

Overdll, the loading from existing homes was reduced
by the same proportion, 56 percent, as the loading from
future homes because there was roughly the same number of
existing and future homes (undeveloped lots) in 2000. Locally,
the reductions in loading from existing and future homes
for individual management areas often were quite different.
For example, in management area 33, where most lots had
been developed by 2000, loading from existing homes and
future homes would need to be reduced by 81 and 67 percent,
respectively (figs. 25, 26). Even fewer undeveloped lots
were in the adjacent management area 34 and the entire
loading reduction needed to meet concentration constraints
(93 percent) would need to come from existing homes.

To further validate the assumption that the simulated
nitrate concentrations and ground-water discharge nitrate
loading to streams were linear functions of nitrate loading to
the aquifer, the base scenario loading (scenario 1) was reduced
in each management area by the percentages computed using
the NLMM (figs. 25, 26). Thisloading was used as input to
the study-area simulation model and the equilibrium nitrate
concentrations and discharge loading to streams simulated by
the study-area model were compared to the values computed
by the NLMM at the 339 concentration and 14 discharge
loading constraint locations and reaches. The simulated
concentrations and discharge loading were equal to the values
computed by the NLMM using the response coefficients
at all constraint locations and reaches. The detailed spatial
distribution of loading reduction illustrated in this example
could be used by decision makers to delineate ground-water
protection zones and set performance standards for on-site
wastewater systems to achieve the needed |oading reductions.

Comparison of Scenario Simulations and Optimal
Solution

Simulated ground-water nitrate concentrations were used
to compare the results of the scenario simulations with the
results of an optimal solution computed using the NLMM.
For the comparison, concentration values were compiled at
the 339 NLMM constraint locations (fig. 19) for four of the
scenarios simulated using the simulation model in a“trial-
and-error” mode. The four scenarios (1, 3, 5, and 7 in table 6)
specified on-site wastewater concentrations at the water table
of 46, 20, 10, and 2 mg N/L, respectively. For thisanalysis, a
fifth scenario using a wastewater concentration of 30 mg N/L
also was simulated. Scenario 1 was the base scenario where
conventional on-site wastewater systemsyield 46 mg N/L
nitrate at the water table. The other four scenarios are based
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on the assumption that all existing and future homes would
install advanced treatment on-site wastewater systems that
reduce loading to the same standard. The optimal solution
used in the comparison is that in which ground-water nitrate
concentrations could not exceed 7 mg N/L at shallow sitesand
3 mg N/L at deep sites, and the maximum loading reduction
possible for either existing or future homes was 96 percent.

The relative effectiveness of the management alternatives
used in each scenario was evaluated by comparing water-
quality improvements (as measured by the percentage of
constraint locations with nitrate concentrations greater than
7 mg N/L) with reduced loading for the scenarios and the
optimal solution (fig. 27). The base scenario (no loading
reduction) resulted in equilibrium concentrations greater
than 7 mg N/L for 46 percent of the constraint locations.
Using advanced treatment systems that can produce nitrate
concentrations of 30, 20, 10, and 2 mg N/L, reduced loading
by 35, 57, 78, and 96 percent and reduced the fraction of
constraint |ocations where ground-water concentrations
exceeded 7 mg N/L to 36, 26, 8, and 1 percent, respectively.

The optimal solution would reduce total loading
by 56 percent, and yet had only 3 constraint locations
(<1 percent) with concentrations greater than 7 mg N/L. These
three locations were affected by a small amount of unmanaged
loading from dispersed homes not included in the NLMM.

L oading reduction for the optimal solution was 106 kg/d,
which was nearly equivalent to the loading reduction in the
20 mg N/L scenario (3), in which 26 percent of the sites had
concentrations greater than 7 mg N/L. The 10 mg N/L and

2 mg N/L scenarios (5 and 7, respectively) are approximately
equivalent to the optimal solution in reducing nitrate
concentrations in ground water. Because they apply uniform
management strategies, however, loading must be reduced by
40-69 percent more than would be required under the optimal
solution to achieve similar results.

The scenarios are based on uniform management
strategies (for example, all new homes have advanced
treatment on-site wastewater systems and all existing systems
are replaced), whereas the optimal solution implements
loading reductions only where reductions are needed to
meet quality constraints. Decision makers would unlikely
be able to implement the optimal solution exactly because it
would be difficult to have variable on-site wastewater system
performance requirements across management areas as small
as those defined in the NLMM. More likely, decentralized
wastewater treatment would be managed over larger areas that
have similar nitrate loading capacity in the NLMM solution.
This approach could increase the overall loading reduction
required to meet water-quality standards, but still be less costly
than uniform management strategies.
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Figure 25. Optimal reduction in nitrate loading from existing homes in the La Pine, Oregon, study area.
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Figure 26. Optimal reduction in nitrate loading from future homes in the La Pine, Oregon, study area.
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Limitations and Appropriate Use of
Models

The transect and study-area simulation models were
developed to generate a better understanding of the fate
and transport of nitrate from on-site wastewater systems at
multiple scales. The study-area model also may be used to
help evaluate alternative options for management of nitrate
loading from on-site wastewater systems. Limitations of
the modeling software, assumptions made during model
development, and results of model calibration and sensitivity
analysis all are factors that constrain the appropriate use of
these models and highlight potential future improvements.

A simulation model is a means for testing a conceptual
understanding of a system. Because ground-water flow
systems are inherently complex, simplifying assumptions must
be made in developing and applying model codes (Anderson
and Woessner, 1992). Models solve for average conditions
(for example, head or nitrate concentrations) within each cell
using parameters which are interpolated or extrapolated from
measurements, and (or) estimated during calibration. Practical
limitations on model size, and hence minimum cell size, are
imposed by the size and speed of available computers. More
commonly, however, it is the availability of data to define the
system that limits the scale and accuracy of the model. In light

of this, the intent in devel oping the simulation models was not
to reproduce every detail of the natural system, but to portray
itsimportant characteristics in sufficient detail to provide a
useful tool for testing the conceptual model and evaluating
alternative management options.

Simulation Models

The study-area simulation model is a decision-support
tool for evaluating the effects of wastewater management
alternatives on ground-water and surface-water quality at the
neighborhood to watershed scale. The study area and transect
models are not capable of simulating nitrate concentrations
at individual wells; however, the transect model (which has
more than twice the lateral resolution of the study-area model)
has sufficient detail to approximately simulate the location of
nitrate plumes.

The ground-water flow system was assumed to be
at steady-state, meaning that the velocity and direction of
ground-water flow did not change with time. Water-level
variation occurs seasonally and over the long term in response
to stresses like climatic variation. The variation can change
the velacity, and possibly direction, of ground-water flow over
periods ranging from hours to years depending on the cause; a
change in river stage might affect the system for hours to days
whereas an extended drought might have effects that last for
months to years. These changesin the flow system could have
effects on the fate and transport of nitrate not represented by
the simulation models. The simulation models are designed
to evaluate the long-term effects of options for management
of nitrate loading. The models should not be used to evaluate
short-term changes without considering the possible effects
of changesin the ground-water velocity distribution from the
steady-state conditions represented in the models.

The location of the boundary between the oxic and
suboxic parts of the ground-water system was mapped based
on dissolved oxygen concentrations in 256 wells sampled as
part of a synoptic sampling of private wells by ODEQ and
Deschutes County in June 2000. Because denitrification is
assumed to occur at the oxic-suboxic boundary and nitrate
concentration below the boundary (in the suboxic zone) is
specified as zero, simulated nitrate concentrations near and
below the boundary are sensitive to location. Uncertainty in
the boundary location will result in uncertainty in simulated
nitrate concentrations. The distribution of wells used to map
the boundary was generally good for a study areathis size,
however, the boundary location isless certain in some areas.
For example, there were fewer wells available to constrain the
location of the boundary near the margin of the model area and
near streams. In these areas, model results should be evaluated
with respect to the effects of uncertainty on simulated nitrate
concentrations.



The ground-water discharge to evapotranspiration process
issimulated by the study-area model and accounts for the
mass of water lost from the system where deep-rooted plants
extract ground water for transpiration and where ground
water is shallow enough to be evaporated from bare soil.
Plants also may take up nutrients dissolved in ground water;
however, the rate of uptake is highly variable and poorly
understood in non-agricultural settings. Nutrients and other
solutes are not removed by evaporation and this process
results in concentration of solutesin ground water. For this
study, there was no basis for partitioning the mass of ground
water discharged by ET into its transpiration and evaporation
components and it was assumed that no nitrate was taken up
with the mass of water discharged by ET. This assumption
may bias simulated nitrate concentrations toward high values
in areas where ET isasignificant part of ground-water
discharge.

Management Model

Because the NLMM was devel oped using optimization
methods with the study-area simulation model, the NLMM is
subject to the same limitations listed for the study-area model.
However, additional factors should be considered when using
the management model that relate to how the management
problem is formulated.

The sensitivity analysis of the NLMM presented in this
report illustrates how closely optimal solutions are tied to the
definition of the management problem. The NLMM solutions
were shown to be highly dependent on the value of the
maximum nitrate concentration constraint and on the number,
location, and depth of specified constraints. Assignment of the
constraints is an important part of developing a strategy for
protecting ground-water resources.

The management problem for this study was formulated
with the objective of minimizing the amount of reduction
in nitrate loading that would be required to meet specified
water-quality goals within management areas. M anagement
area boundaries were defined using the township and section
lines of the Public Land Survey System (PLSS) and included
areas ranging from 160 to 640 acres. The management-area
boundaries do not coincide with the hydrologic, geologic,
and geochemical boundaries that control the nitrate loading
capacity of the system. The loading capacity for some
management areas may be strongly controlled by loading in
part of the area close to where constraints were specified.
Large differences in computed optimal reduction requirements
can occur across management-area boundaries even though
there may belittle differencein lot densities, recharge, depth
of the suboxic zone, or other factors that affect loading
capacity. Users of the NLMM need to be cognizant of the
effects of problem formulation on results and interject
knowledge of on-the-ground conditions when using model
results to support management decisions.
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Summary and Conclusions

Ground-water is an important resource in the rural
communities of southern Deschutes and northern Klamath
County, near La Pine, Oregon. The primary aquifer, and
only source of drinking water to about 14,000 residents,
comprises alluvial sand and gravel deposits within 100 ft of
land surface. Nearly 60 percent of residential lots are less
than 1 acre and almost al homes use on-site wastewater
disposal systems. Nitrate concentrations greater than the
U.S. Environmental Protection Agency drinking water MCL
of 10 mg/L were discovered in the oldest developed part of
the areaiin the late 1970s and elevated concentrations have
subsequently been detected in more recently devel oped
areas. In 2000, nitrate concentrations greater than 4 mg N/L
were detected in 10 percent of domestic wells sampled by
Oregon Department of Environmental Quality. Because of
concern for the vulnerability of the ground-water resource,
the Oregon Department of Environmental Quality and
Deschutes County, in cooperation with the U.S. Geological
Survey, conducted a study to develop a better understanding
of the hydrologic and chemical processes that affect the
movement and fate of nitrogen within the shallow aquifers of
the La Pine region. Simulation models were used to test the
conceptual understanding of the system and were coupled with
optimization methods to provide a management model that
can be used to efficiently evaluate alternative approaches for
managing nitrate loading from on-site wastewater systems.

The geologic, hydrologic, and geochemical frameworks
for the conceptual and numerical models were devel oped
using several data sources including previous hydrogeologic
and water-quality studiesin the area, an associated, large-
scale field experiment evaluating advanced treatment on-site
wastewater systems, literature for similar studies in other
areas, and extensive field data collection for this study.

The primary aquifer in the study areais composed of
complexly interbedded fluvial silt, sand, and gravel deposits.
A three-dimensional hydrofacies model of the fluvial system
was created with transition probability geostatistical methods
using parameters derived from analysis of two-dimensional
lithologic sections and lithologic data from more than 400
drillers' logs. Five hydrofacies were included in the fina
model: clay-silt, sand, gravel, lacustrine clay-silt, and basalt.
Mean annual ground-water recharge to the alluvial aquifer
is 3.2 inlyr, primarily from infiltration of precipitation and
snowmelt. Ground-water discharges to streams, springs, and
wells, and by evapotranspiration. The water-table generally
iswithin 5-20 ft of land surface and varies seasonally over
arange of afew feet in response to recharge and changing
stream stage.
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On-site wastewater systems are the only significant
source of anthropogenic nitrogen to shallow ground water
in the study area. Low recharge rates and ground-water
flow velocities have, for now, generally restricted nitrate
occurrence to discrete plumes within 20-30 ft of the water
table. Concentrations of nitrate typically are low in deeper,
older ground water due to the nature and timing of nitrate
loading and transport, and to loss by denitrification. Ground
water in the study area evolves from oxic to increasingly
reduced conditions with increasing depth below the water
table. Suboxic conditions are achieved in 15-30 years, and the
transition zone from oxic to suboxic ground water is narrow.
Nitrate is denitrified near the oxic-suboxic boundary. Nitrate
loading from residential, commercial, and other sources
using on-site wastewater systems was estimated for 1960-99
using county building records, census data, monitoring data
from field studies of on-site systems, and literature values.
Adjusted for seasonal residency, residential |oading estimates
ranged from 12 to 14 Ibs/yr per home between 1960 and
1999. During this period total nitrogen loading increased from
3,900 to 81,000 Ib/yr. Nitrogen loading increased by 17,000
to 98,000 Ib/yr between 1999 and 2005. When all approved
lots are developed (projected to occur in 2019 at current
building rates), nitrogen loading is estimated to reach nearly
150,000 Ib/yr.

Three-dimensiona numerical simulation models were
constructed at transect (2.4 mi2) and study-area (247 mi?)
scales to simulate the fate and transport of nitrate within the
shallow ground-water system. The transect model was used
to test conceptual models at the site of a detailed geochemical
investigation along a 3.5-mi long flow path within the
study area. The study-area model was constructed at a scale
appropriate as a planning tool for prediction of average nitrate
concentrations in neighborhoods and subdivisions.

Calibration of the models was constrained by data
that included measured heads, measured and estimated
ground-water discharge to streams, time-of-travel estimated
from chlorofluorocarbon age dates, and measured ground-
water nitrate concentrations. Eight scenarios representing
nitrate-loading management strategies were simulated
for the 140-year period, 2000-2139. A base scenario was
simulated which assumed existing and future homes would
continue to use conventional on-site systems and nitrogen
loading would reach the projected maximum of nearly
150,000 Ib/yr in 2019. Under this scenario, simulated nitrate
concentrations continue to increase until the rate of nitrate
loading to the aquifer system is balanced by nitrate losses to

denitrification and ground-water discharge to the nearstream
environment of the Deschutes and Little Deschutes Rivers.

At equilibrium, average nitrate concentrations near the water
table exceed 10 mg N/L over areastotaling 9,400 acres.
Other scenarios were simulated that evaluated the effects of
reduced loading on water quality. Scenarios in which nitrate
loading was reduced by 15-94 percent overall resulted in
reductions of 2299 percent in the area where average nitrate
concentrations near the water table exceed 10 mg N/L at
equilibrium. Simulated ground-water ages agree with ground-
water age data and show that the system is slow to respond

to changes in nitrate loading due to low recharge rates and
ground-water flow velocity. Consequently, reductionsin
nitrate loading will not immediately reduce average nitrate
concentrations and the average concentration in the aquifer
will continue to increase for 25-50 years depending on the
amount and timing of loading reduction. The time required for
average concentrations to decrease is, in part, also due to the
assumption that replacement of existing on-site wastewater
systems would take place over approximately 50 years.

Results of the scenario simulations showed that thereis
variable capacity to receive on-site wastewater system effluent.
The capacity of an area to receive on-site wastewater system
effluent is related to many factors, including the density
of homes, presence of upgradient residential development,
ground-water recharge rate, ground-water flow velocity, and
thickness of the oxic part of the aquifer.

The study-area simulation model was used to develop a
decision-support tool by incorporating optimization methods.
The resulting model, the Nitrate L oading Management Model
(NLMM), was formulated to minimize the reduction from
estimated base scenario loading that would be needed to
maintain ground-water nitrate concentrations or ground-water
discharge of nitrate to streams below specified levels. The
NLMM uses the response matrix approach to find the optimal
(minimum) loading reductionsin each of 97 management
areas that will meet the specified water-quality constraints.
The sensitivity of the optimal solutions (loading reductions)
to water-quality and other constraints was eval uated by
altering constraint values. The sensitivity of optimal solutions
to constraints allows decision makers to assess tradeoffs
between higher levels of water quality protection and the cost
of reducing nitrate loading. The sensitivity analysis of the
NLMM showed that optimal (minimum) loading reductions
were most sensitive to the constraints on ground-water nitrate
concentration in the shallow part of the oxic ground-water
system, within 5-10 ft of the water table.
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Appendix A. Vertical Hydraulic Head Gradient Data from Measurements Made
on the Deschutes and Little Deschutes Rivers, in the La Pine, Oregon, Study

Area, October 23— November 4, 2000.
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Figure A1.

Locations of vertical head gradient measurement sites in the La Pine, Oregon, study area.
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