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A series of laboratory tests and numerical model

simulations were conducted to evaluate the use of hu-
mic acid (HA) as a surfactant to mobilize simulate low-
density, non-aqueous phase liquid (LNAPL) in a sand
aquifer. The laboratory tests were conducted with ho-
mogenous fine-grained sand, packed in a 50-cm borosil-
icate tube with a diameter of 3 cm. The LNAPL was
a mineral oil dyed with Sudan IV. The tests were initi-
ated by establishing a water table condition in a verti-
cal sand-packed column that becomes contaminated by
the LNAPL. The column is then rotated horizontal and
pumped with the surfactant at a constant rate. The
amount and rate of LNAPL displaced was measured.
Laboratory tests found that at higher the pump rates
the more LNAPL was recovered (displaced). However,
in terms of pumping efficiency (amount of LNAPL re-
covered / amount of fluid pumped) - a moderate pump
rate of 127 cc/hr (0.6 pore volumes/hr) was the most
efficient. HA at its critical micelle concentration of 3.5
mg/ml was then used to increase LNAPL mobilization.
When a humic acid solution was used, recovery was in-
creased from 60% to 81%, and efficiency was improved
by over 180%. A dynamic model using STELLA soft-
ware was then used to evaluate the delivery systems
of surfactant and characteristics of the surfactant it-
self to enhance LNAPL recovery. This dynamic one-
dimensional model was first calibrated using laboratory
derived LNAPL displacement measurements. The cali-
brated model found no difference between a continuous
and cyclic delivery of the surfactant.
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The objective of this study was to design an optimal
electro-enhanced permeable reactive barrier (E2PRB)
system for remediation of trichloroethylene (TCE)-
contaminated water using zero valent iron (ZVI) and
direct current (DC). A series of column experiments
were conducted to evaluate the location of FeO per-
meable reactive barrier (PRB) and the effects of elec-
trode arrangement in the column on the TCE removal
efficiency and iron corrosion processes. In twelve dif-
ferent combinations of ZVI and/or DC application in
the test columns, the rate of reductive dechlorination
of TCE was improved with simultaneous application
of both ZVI and DC compared to that used ZVI only
to evaluate the synergistic effect (SE). The most ef-
fective arrangement of electrode and ZVI for TCE re-
moval from simulated groundwater was a column set
with ZVI and cathode installed at the down gradient
(outlet side). Based on the electrochemical study in the
E2PRB system, application of direct current provided
external electrons to the system so that the system did

not depend entirely on the oxidation of the medium
for the reductive dechlorination of TCE. The enhanced
dechlorination rate of TCE in ZVI-DC systems is con-
sidered to attributed to more generation and fast for-
mation kinetic of electron by following reactions: (1)
direct supply of electrons from external DC source (2)
the electrolysis of water generating additional electrons
at the vicinity of the anode (3) the electro-reduction of
the compound by released electrons on the ZVI sur-
faces by oxidation (4) released electron through oxi-
dation of dissolved ferrous iron, and (5) oxidation of
atomic hydrogen at the cathode. The competition be-
tween five different electron sources generated from five
sources evidently influenced on the TCE removal effi-
ciency, valid lifetime of E2PRB system, and reduction
of energy expenditure in both of electrochemical and
electrokinetic aspects. The results from a series of ex-
periments with twelve columns showed a trend that re-
moval efficiency was more related to the electrode ar-
rangement, but longevity of ZVI PRB and reduction of
energy expenditure to location of ZVI installation.
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An Outer Approximation based time-varying
methodology to obtain a least-cost groundwater re-
mediation design based upon a multiple-stage pump-
and-treat strategy is introduced. Various concentration
constraints are defined at the end of each management
period to ensure maximum mass removal and to prevent
further off-site migration of the contaminant plume.

In this analysis, the effectiveness of a remediation
scheme beyond the end of its design period is also
considered. A penalty term is added to the objective
function to evaluate the performance of the proposed
remediation-pumping scheme at a pre-selected time be-
yond the end of the design period. Finally, a discount
coefficient that incorporates the changes in the present
value of money during the overall period of the reme-
diation has been added to the objective function.

The method has been applied to a field site in Toms
River New Jersey, with very promising results.
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In recent years, the use of multi-objective opti-
mization techniques in designing groundwater remedi-
ation systems has increased because of their computa-
tional efficiency for solving problems with two or more
objectives, such as minimizing the remediation costs
while maximizing the design reliability. For any given
multi-objective problem, there exists a set of Pareto-
optimal solutions or nondominated solutions. The pur-
pose of this study is to identify those sets of non-
dominated solutions using a multi-objective optimiza-
tion technique, Non-dominated Sorting Genetic Algo-
rithm (NSGA). NSGA is coupled in this study with the
commonly used groundwater flow and transport models
MODFLOW and MT3DMS, to design pump-and-treat
systems that achieve the dual objectives of minimum
cost and minimum mass remaining. The coupled code
is demonstrated to work well for both 2-D hypotheti-
cal test problems and 3-D real-world design problems,
leading to efficient identification of the Pareto optimal
solutions (tradeoff curves).
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Variation of decision variables for optimal remedi-
ation using the pump-and-treat method are examined
to identify the effect of the degree of concentration
constraint. The decision variables include pumping
rates for each extraction well and time for remediation,
which are used to calculate the total pumping volume.
Simulation-optimization method is applied to minimize
the total pumping volume. The simulation model solves
flow and transport equations using MODFLOW and
MT3DMS under the decision value yielded from the op-
timization model, and the optimization model evaluates
the design through the result of the simulation model
and optimizes the decision variables using genetic algo-
rithm. Change of the concentration constraint causes
change in decision values. If the contaminant concen-
tration becomes severer, both the pumping rate and
time for remediation are increased. However, the in-
crease rates and patterns are different. In total volume
minimization strategy, the remediation time increases
rapidly prior to significant increase in pumping rates.
The number and position of main extraction wells are
also changed. As the constraint is set severer, the more
wells are required and the well on the down-gradient
direction of the plume hot-spot shows more efficient
remediation performance than that on the hot-spot po-
sition. These results show that the more profitable
strategy for remediation can be achieved by increasing
the required remediation time than raising the pump-
ing rate until the time reaches a certain limitation level.
So, the remediation time has to be considered as one of
the essential decision variables for optimal remediation
design.
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A mathematical and numerical model for simulate

transport of hydrocarbons in porous media is pre-
sented. Since only a few components of these fluids
are slightly soluble in water, a multiphase approach is
adopted. The model takes into account hydrodynamic,
chemical and biological phenomena that are important
during subsurface transport and fate of contaminants.
Three phases are considered: water, gas and immobile
oil. The model takes into account the transport of the
organic contaminant as well as oxygen in water and
gas phases. A system of nonlinear, coupled, parabolic,
mass balance partial differential equations (PDE’s) and
a set of constitutive equations govern the whole pro-
cess. Darcy’s law is incorporated and Fick’s first law
governs diffusion. It is assumed that the residual or-
ganic phase does not affect the movement of the aque-
ous and gas phases. In this way, a two phase hysteretic
model is used for capillary pressure and relative perme-
abilities. Non equilibrium relationships are employed
for dissolution and volatilization, and linear equilib-
rium is assumed for sorption. Monod type constitu-
tive equations are included to account for biodegrada-
tion. A sequential solution algorithm that decouples
the system of PDE’s is employed. While using a frac-
tional flow formulation for the flow system, an elliptic
water pressure equation and a nonlinear parabolic wa-
ter saturation equation are obtained. For the transport
equations and, in order to avoid stiff matrices, an oper-
ator splitting method is applied in such a way that, the
advection-diffusion part is solved apart. Standard Pi-
card linearization is applied and the spatial advection-
diffusion part is discretized by Trefftz-Herrera colloca-
tion method. It has some advantages in comparison
with standard Galerkin finite element method.
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When dense nonaqueous phase liquids (DNAPLs)
are released into the subsurface, an important prob-
lem is identifying where the DNAPL is and if it is still
moving. This question is perhaps most important at
sites where thousands of cubic meters of DNAPL were
released over decades. While large DNAPL releases are
outnumbered by smaller DNAPL spills, the most signif-
icant risk to the environment and human health may be
associated with large DNAPL spill sites.

To our knowledge no laboratory studies have exam-
ined DNAPL migration over the length and time scales
associated with large DNAPL releases. In this inves-
tigation a laboratory tank experiment was conducted
to examine DNAPL migration over these scales. Mod-
ified inspectional analysis was used to develop rela-
tionships for scaling observations from the laboratory
model to four hypothetical spill scenarios in the field,
all of which had large DNAPL releases. One scenario
was compared to an actual DNAPL spill site. The
length and time scales of DNAPL movement predicted
from our analysis were consistent with those predicted
from a numerical model of this site. The methodology
developed in this work may prove useful for scaling re-
sults from other laboratory investigations of DNAPL
migration to field-scale systems. Our results also chal-
lenge the common conceptual model of a stationary
DNAPL source with only a migrating aqueous phase
plume when large DNAPL volumes are released.
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Classical collocation methods utilizing Hermite ba-
sis functions have been widely used to accurately solve
multi-phase groundwater flow and transport problems
in both two and three dimensions. However, due to in-
efficiencies inherent in the classical collocation method,
the computational time required to solve large-scale
problems limits its widespread use. However, when this
complex model is modified to utilize a new numerical
concept based upon a localized collocation formulation,
the computational efficiency of the code is significantly
enhanced. The new approach first approximates the
equations using standard collocation methods with cu-
bic Hermite functions. The resulting derivative func-
tions are then represented using Lagrangian functions.
This reduces the number of nodal unknowns from 4
to 1 in 2D, and from 8 to 1 in 3D. Solutions to the
multiphase groundwater flow and transport equations
obtained using the classical and new formulation were
compared for accuracy as well as efficiency.
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A major difficulty that is typically encountered
when real contamination problems are investigated is
the typically large number of constituents in the ac-
tual VOC mixture compared to the number of species

Cite abstracts as: Fos. Trans.

that can be handled numerically. An approach to deal-
ing with complex mixtures of individual hydrocarbons
while reducing the computational cost is to define a
small number of effective composite constituents to
simulate the average behavior and fate of groups of
individual hydrocarbons in the subsurface. However,
there are two additional sources of uncertainty associ-
ated with this technique that may influence the reliabil-
ity of model predictions, namely, the time dependence
of the effective properties of a composite constituent
due to temporal composition changes, and the approx-
imation in determining their effective property values.
An approach to limit these sources of uncertainty was
developed recently by the authors based on experimen-
tal data from a lysimeter study that involved artifi-
cially mixed kerosene. The minimization of the time
dependence of the effective thermodynamic properties
of the composite constituents is achieved through a
methodology for optimizing component grouping, based
on the minimization of an objective function. Simple
arithmetic averages are found to provide poor approx-
imations to the effective group properties and alterna-
tive algorithms are proposed to express the effective
property values of composite constituents in terms of
property values of the member components. The appli-
cability of this approach to large-scale contamination
problems is demonstrated here using data from field
studies. Compared to the case of simulating all organ-
ics as individual compounds, our approach offers the
advantage of a greatly reduced computational cost, re-
duced data requirements, as well as a smaller impact
of the uncertainty in the compound properties on mod-
eling results because effective values are used for each
composite constituent, which follow a pdf with reduced
variance compared to that of the individual values.
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Design evaluation and performance assessment of
the repository at Yucca Mountain require a thermo-
hydrologic (TH) modeling tool that simultaneously ac-
counts for TH processes occurring at a scale of a
few tens of centimeters around individual waste pack-
ages and emplacement drifts, and for heat flow at the
multi-kilometer scale of the mountain. The MultiScale
ThermoHydrologic Model (MSTHM) is a computation-
ally efficient alternative to a monolithic TH model by
virtue of its breaking the problem into smaller tractable
pieces. For a complete MSTHM realization, four fam-
ilies of NUFT-submodel calculations, of varying detail
and scale, are conducted. The final MSTHM output is
obtained by superposition of 3-D mountain-scale and 3-
D drift-scale thermal-conduction-submodel results onto
those of 2-D drift-scale TH-submodel results. The
MSTHM has been previously validated against a mono-
lithic TH model that uses a nested mesh. Excellent
agreement was observed between the MSTHM and the
monolithic TH model in the predictions of temperature,
relative humidity and liquid saturation. Presented here
is a continuation of the prior validation effort, includ-
ing additional variables such as liquid-phase flux and
evaporation rate. This study also addresses the vali-
dation of key assumptions utilized in the MSTHM ap-
proach, such as that of negligible vapor flow along
emplacement drifts. This validation exercise also ad-
dresses waste packages emplaced at the outer edges of
the repository. Using the monolithic TH model, a sen-
sitivity study is conducted to determine the threshold
bulk-permeability value for which buoyant gas-phase
convection begins to significantly influence TH condi-
tions in emplacement drifts. The results of the bulk-
permeability sensitivity study demonstrate the reason-
ableness of using thermal-conduction submodels to rep-
resent mountain-scale heat flow at Yucca Mountain.
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In support of the characterization of Yucca Moun-
tain as a potential site for as a geologic repository for
high-level nuclear waste, the US Department of Energy
conducted the Large Block Test (LBT) at nearby Fran
Ridge. The LBT was conducted in an excavated 3x 3x
4.5m block of partially saturated, fractured nonlitho-
physal Topopah Spring tuff, which is one of the host-
rock units for the potential repository at Yucca Moun-
tain. The LBT was one of a series of field-scale thermo-
hydrologic tests conducted in the repository host-rock
units. The LBT was heated by line heaters installed in
five boreholes lying in a horizontal plane 2.75 m below
the upper surface of the block. The field-scale ther-
mal tests were designed to help investigators better
understand the coupled thermohydrologic-mechanical-
chemical processes that would occur in the host rock
in response to the radioactive heat of decay from em-
placed waste packages. The tests also provide data for
the calibration and validation of numerical models used
to analyze the thermohydrologic response of the near-
field host rock and Engineered Barrier System (EBS).

Using the NUFT code and the dual-permeability ap-
proach to representing fracture-matrix interaction, we
simulated the thermohydrologic response of the block
to a heating and cooling cycle. The primary goals of
the analysis were to study the heat-flow mechanisms
and water redistribution patterns in the boiling and
sub-boiling zones, and to compare model results with
measured temperature and liquid saturation data, and
thereby evaluate two rock property data sets available
for modeling thermohydrologic behavior in the rock.
Model results were also used for model calibration and
validation. We obtained a good to excellent match
between model and observed temperatures, and found
that the distinct dryout and condensation zones mod-
eled above and below the heater level agreed fairly well
with the liquid-saturation measurements. We identified
the best-fit data set by using a statistical analysis to
compare model and field temperatures, and found that
heat flow in the block was dominated by conduction.
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When conducting numerical simulations of interac-
tions between thermal, hydrological and geochemical
processes in porous rock systems, the system of nonlin-
ear partial differential equations describing mass bal-
ance, energy balance, and equilibrium and kinetic re-
actions is usually solved by complex numerical pro-
cedures. For this reason, the coupled modeling of
hydrothermal and geochemical processes is computa-
tionally expensive and often limited to strict assump-
tions regarding system properties and complexity, sim-
ple chemical and mineralogical systems, or small scale
problems. In this presentation we provide a mountain
scale model which includes a wide range of subsurface
hydrothermal and geochemical processes using a multi-
scale modeling approach. Hydrothermal and geochem-
ical variables are fully described in "low-level” mod-
els and information from these low-level models is ab-
stracted and upgraded to the mountain scale model.
We use this model to evaluate the consequences of dif-
ferent design alternatives on the performance of a ge-
ological repository for high level nuclear waste in frac-
tured, porous volcanic tuffs, such as those at Yucca
Mountain, Nevada.
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Hydraulic parameters and spatial and temporal dis-
tribution of hydraulic heads of a confined aquifer un-
derlying in a sedimentary basin situated in western
Barind of Bangladesh has been evaluated by using a
three-dimensional ground water flow model. The un-
consolidated sand aquifer of this area is experienc-
ing gradual declination of ground water level due to
over pumping. The average declination rate from 1986
to 1997 is 0.3 m/year and from 1993 to 1997 it is
0.54 m/year. The model incorporates the movement
of ground water with constant density through het-
erogeneous porous media with constant head boundary
condition. These phenomena, expressed by partial dif-
ferential equations, are solved by using a finite differ-
ence method is in a three dimensional cartesian coordi-
nates. Alternating Directional Implicit (ADI) method
combined with Thomas algorithm is used to shorten
the computational time. The model program is written
in auto compiler type Future Basic 3 (Release 4) for
Macintosh. By using this model a numerical solution
of pumping test data has been performed. Simulation
is carried out for multi (four) layered aquifer system.
Validation are carried out by comparing the model pre-
dictive results with field measurements.Simulated wa-
ter heads satisfactorily match with observed ones. In
the calibration, hydraulic head is strongly controlled by
the values of storativity. Considering distance between
two pumping wells with capacity of 0.056 m> /sec in the
study area, spatial distribution of simulated hydraulic
head shows that well interference may occur within 10
to 20 minutes of pumping started. The simulated values
of diffusivity (122400 to 1995200 m2/day), transmis-
sivity (402 to 4520 m?/day), permeability (22 to 200
m/day) and storativity (5times10% to 0.01) can play an
important role in proper management and development
of ground water resource in the study area.

Key words Ground water flow model,
test, Hydraulic head, Hydraulic properties,
Bangladesh.

Pumping
Barind,
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Used as measures against polluted drinking water,
wellhead protection zones are assigned based on the res-
idence time concept. A prerequisite for the application
of this concept is the investigation of subsurface prop-
erties. In order to assess the solute transport behav-
ior in highly heterogeneous alluvial aquifers, which are
very often exploited for drinking water needs, a mul-
titracer test method has been developed and tested at
the ”"Lauswiesen” experimental field site close to the
city of Stuttgart in Germany. The observed aquifer
heterogeneity generally confirms the need for a 3D in-
vestigation approach. Therefore the design and imple-
mentation of the tracer test instrumentation involves
an improved multilevel setup. To reproduce the flow
situation of a well field and to shorten the duration of
the experiments, the tracer tests are run under conver-
gent flow forced gradient conditions. To consider multi-
ple flow directions, different tracers are injected instan-
taneously into fully penetrating groundwater monitor-
ing wells across the saturated aquifer thickness at the
same time. The injection wells are positioned around
a pumping well, and multilevel breakthrough curves
are measured within the pumping well itself using a
flow separation technique. To obtain a high tempo-
ral and spatial resolution, on-line measurement equip-
ment is used (multilevel fiber optic fluorimeters for
fluorescent tracers). At the ”Lauswiesen” experimen-
tal field site, one salt tracer and five fluorescent trac-
ers were used, with different transport distances of up
to 250 m in order to obtain data at multiple trans-
port scales. The recorded multilevel-multitracer break-
through curves can serve to estimate aquifer transport
parameters, to characterize subsurface heterogeneity,
to directly delineate protection areas as well as to test
transport predictions obtained from deterministic or
stochastic model approaches, which are used to quan-
tify the uncertainty in the delineation of wellhead pro-
tection zones. This paper presents the method, the ex-
perimental setup, and first results from the applica-
tion.
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Accurately characterizing flow and solute transport
in groundwater systems is a critical problem in hydrol-
ogy. Given the large volume of data required to de-
velop an accurate model of subsurface flow, and the
cost of direct sampling, the use of geophysical methods
can contribute significantly to information about the
subsurface. Electrical resistance tomography (ERT) is
examined as a method to provide spatially continuous
information about aquifer properties. The primary goal
of this study is to use ERT to map subsurface flow
paths in detail. High-resolution images of the move-
ment of a tracer in two- and three-dimensions help de-
lineate aquifer heterogeneity. Field data were acquired
at the U.S. Geological Survey research site at the Mas-
sachusetts Military Reservation, Cape Cod during the
summer of 2002. ERT was used to track the flow and
transport of an electrically conductive sodium chloride
tracer introduced over 9 hours during a two-well tracer
test. Three hundred and fifty 2-D data sets were col-
lected between four corner-point wells for 20 days fol-
lowing the injection, combining to form approximately
sixty 3-D data sets. Concentrations were measured at
a multilevel sampler centrally located within the ERT
array and at the production well.

The tomograms indicate the movement of the saline
tracer that correspond well with measured concentra-
tion data, and the resistivity inversions serve as an
appropriate surrogate for concentration measurements
that are otherwise impossible to obtain. Under reason-
able assumptions, groundwater velocity estimates and
hydraulic conductivity can be obtained by tracking the
tracer.
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The Westside Groundwater Basin is a coastal
aquifer system located on the San Francisco Penin-
sula between Golden Gate Park and Burlingame. Since
the beginning of the 20th century groundwater from
the Basin has been used for drinking water and irri-
gation purposes. Unfortunately, the Basin wide po-
tentiometric surface has gradually declined and salt-
water intrusion from the Pacific Ocean is threatening
this fragile aquifer system. Several studies have looked
at groundwater movement within the Basin (Boone,
Cook and Associates (1987), Yates et al. (1990), Ap-
plied Consultants (1991), Geo/Resources Consultants
(1993), Phillips et al. (1993), CH2Mhill (1997)); un-
fortunately, all of the studies assumed horizontal lay-
ering of the hydrostratigraphic units. However, recent
studies indicate that tectonic deformation and intense
folding has altered the stratigraphy of the Westside
Basin close to the Pacific Ocean (Bonilla (1998), Barr
(1999)). Accordingly, the purpose of this study is to
delineate hydrostratigraphic units within the Westside
Basin by using tritium, helium, and oxygen isotopes in
conjunction with general mineral water quality data,
water level data, and geologic cross-sections to depict
the subsurface hydrogeology of the system. Our results
indicate that the upper part of the Merced Formation
(sequences P through Z of Clifton and Hunter (1991,
1999)) forms the major hydrostratigraphic units where
groundwater is extracted, and that the Serra Fault sep-
arates the upper part of the Merced from the lower part
(below sequence P) along most of its extent. In addi-
tion, thick clay layers, observed in well logs and identi-
fied in cross sections, were tentatively correlated with
sequences W and S2. These clay layers, although dis-
continuous at places, work as aquitards between the hy-
drostratigraphic units as the difference in water chem-
istry and age indicates.
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The drinkable water has been and is a great prob-
lem for the population of Shkodra region , NW of Al-
bania. Many studies have been widely used in this do-
main by Geophysical Center of Tirana.Two case histo-
ries are presented in this paper.One, the Drini river
terraces and other example near coast line.Actually,
the need from fresh water are increasing due to the
high demand for water supply. In compliance with geo-
graphical and geological classification the survey is in a
narrow sense belongs to marginal part of the Nenshko-
dra plain. Geological situation of survey area consists
on diverse geological make up.The stratigrafic section
begins with carbonate formations (Cr2) have a mon-
oclyne structure, nearly NW-SE trending. Paleogene
formations is composed mainly: by carbonatic flysch
(Pg2), alevrolitic-sanstone formation(Pg31 Pg32) and
Oligocene deposits with alevrolitic-clay-sandston for-
mation (Pgl3). Quaternary formation interbeded by
silt, clay, sand and gravel layers. In survey area the
thickness of concerned younger deposits does not sur-
pass 50-70m, therefor we were able to draw up a picture
of the thickness and depositional conditions of the Qua-
ternary accumulations as corresponding in precision to
given scale. The aim of the study is been delineation
of aquifers and aquicludes soils extension within ter-
race profile based in the resistivity parameter as well
as zone of aeration and water table. In the paper are
described all the phases from field measurements, data
processing and interpretation, as well as the soil thick-
ness and resistivity maps, the thickness and resistivity
maps of gravel terraces was build up. The high resistiv-
ity values show best aquifers gravel deposits. But when
the gravel terrace companies with large thickness of the
layers it is practical to multiply these two parameters,
Hi x *i = S. In the other hand, one and more impor-
tant maps are the correlation of rocks permeability T
(sq.m/day) with transversal resistivity (S) parameters.
In preparing such maps the descriptive logs of latest
survey boreholes and resistivity data of field have been
provided by vertical electric soundings extending over
whole area was fundamental.Histories of terrestrial ero-
sion,near shore sediment and land-sea interaction are
obvious now. For a gravel deposition, in addition to
the usual parameter maps as resistivity and thickness
maps, combined multiparametric characterization maps
have been plotted. These maps are more application
on hydrogeologic domain than conventional parameter
maps. Based in above maps are shown prospective ar-
eas in Quaternary deposits, in which the drillings have
the positive results for fresh water.
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In the pilot borehole of the German deep continen-
tal drilling project (KTB) a new flow-log technique was
tested to assess the permeability distribution for the
open hole section (3850m to 4000m). Because of the
extremely low permeabilities usually found in the crys-
talline crust at this depth only small flow rates are
achievable when applying an injection pressure of 0.1
to 0.3 MPa. The corresponding flow velocities in the
drilling are to low to be measured with most of the
conventional flow-log techniques. Within an injection
test lasting seven days the downward movement of a
freshwater to saltwater transition in the borehole was
monitored using a borehole tool measuring mud resis-
tivity, temperature and fluid pressure. These observa-
tions were used to derive a permeability distribution for
the open hole section. Whereas the technical expense
required for this technique is fairly moderate, the data
processing involves some major problems caused by er-
rors of depth measurement, temporal variations of the
injection rate and the changes of the fluid density dis-
tribution during the injection process.

The calculation of flow velocities is based on differ-
ential quantities. Therefore, differential errors of the
depth recording which usually occur when starting or
stopping the movement of a borehole tool can not be
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neglected as can be done for most other logging pur-
poses. A method of depth correction based on high
resolution fluid pressure data had to be developed to
overcome this problem.

The conditions of the injection process are heteroge-
neous with respect to time and to depth. At the begin-
ning of the injection process the vertical fluid pressure
gradients in the formation and in the borehole were
identical for the whole open hole section. While the
freshwater to saltwater transition moves downward an
increasing part of the open hole section is filled with a
lower density fluid resulting in a smaller vertical pres-
sure gradient within the borehole. Thus the horizontal
pressure gradient between borehole and formation that
governs the injection process decreases faster in the up-
per part of the open hole section than in its lower part.
Consequently semi-analytical solutions valid for simple
boundary conditions are not applicable for this injec-
tion test. This results in the necessity to employ nu-
merical modeling techniques to determine the vertical
distribution of hydraulic parameters.
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The water table fluctuation(WTF) method is a con-
ventional method for quantifying groundwater recharge
by multiplying the specific yield to the water level rise.
Based on the van Genuchten model, an analytical re-
lationship between groundwater recharge and the wa-
ter level rise is derived. The equation is used to an-
alyze the effects of the depth to water level and the
soil properties on the recharge estimate using the WTF
method. The results show that the WTF method is re-
liable when applied to the aquifers of the fluvial sand
provided the water table is below 1m depth. However,
if it is applied to the silt loam having the water table
depth ranging 4~10m, the recharge is overestimated by
30~80%, and the error increases drastically as the wa-
ter table is getting shallower. A 2-D unconfined flow
model with a time series of the recharge rate is devel-
oped. It is used for elucidating the errors of the WTF
method, which is implicitly based on the tank model
where the horizontal flow in the saturated zone is ig-
nored. Simulations show that the recharge estimated
by the WTF method is underestimated for the obser-
vation well near the discharge boundary. This is due
to the fact that the hydraulic stress resulting from the
recharge is rapidly dissipating by the horizontal flow
near the discharge boundary. Simulations also reveal
that the recharge is significantly underestimated with
increase in the hydraulic conductivity and the recharge
duration, and decrease in the specific yield.
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Groundwater is widely used as natural resources for
the drink, spa, etc., and a supplement to the official
and/or natural water supply. In these cases, the estab-
lishment of water balance model can provide a safe and
effective usage of resources. To establish the appropri-
ate water balance model and the design of water usage,
recharge rate must be estimated with an allowed accu-
racy. For these purposes, many methods were suggested
to estimate recharge rate. One of most popular meth-
ods in recent years is measuring groundwater age with
environmental tracer(Solomon et. al., 1993; Leduc et.
al., 1997; Bromley et. al., 1997; Williams, 1997; Ay-
alon et. al. 1998). Using the distributed environmen-
tal tracer, the vertical profile of groundwater age can
be composed, and recharge rate can be estimated with
the composed profile. Water budget analysis can be
the other one of available method(Bradbury and Rush-
ton, 1998; Finch, 1998; Bekesi and McConchie, 1999).
However, to explain the expansion of contaminant with

temporal variation of unsaturated flow, sequential es-
timation of recharge must be needed. Unfortunately, it
is a very hard work to find out some studies on sequen-
tial approaches to estimate the recharge rate to ground-
water. Even predictive deconvolution technique was
rarely. In general, minimum phase condition, prepo-
sition of classical predictive deconvolution, can hardly
be satisfied in nature. On the contrary, the input signal
in natural system can be considered as a random signal.
To avoid the strong restriction of minimum phase con-
dition, Wiggins(1978) proposed minimum entropy de-
convolution(MED) with varimax norm. However, solu-
tion process with varimax norm is non-linear. For the
linearization of MED problem, Carbrelli suggested an-
other criterion, D norm(1984). In this study, MED with
D norm was applied to the estimation of the sequence of
relative recharge rate, and the applicability of MED to
evaluation of recharge sequence was investigated. To
check out the applicability of MED to the estimation
of relative recharge sequence, synthesized data set and
two real data set were applied. To compare the es-
timated results with source wavelets, cross-correaltion
coefficient was adopted. Cross-correaltion in synthe-
sized cases are over 0.9, and in real case with rainfall
sequence is 0.73 0.8. The cross correlations in both of
two cases indicate that results from MED are the ap-
propriate estimations of recharge sequences.
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The potential for exploitation of urban aquifers is
dependent on understanding the distribution and fate
of surface-derived contaminants. Land application of
inorganic fertilisers and organic manure as well as leak-
ing sewer lines are likely sources of NO3- that can affect
the use of groundwater for public supplies. In provid-
ing some of the first measurements of 180-NO3- in an
urban aquifer, we measured dual-isotopic and hydro-
chemical parameters at two multi-level piezometers and
eleven shallow boreholes in the layered Triassic sand-
stone aquifer below Nottingham in the English Mid-
lands. Measurements of 15N-NO3- in the range +9.16
to +42.21 for depth samples from the piezometers and
NO3- concentrations from 7.6 to 66.7 mg/L are evi-
dence for sewage-derived inputs. By comparing 15N-
NO3- and 180-NO3- data, it was shown that ground-
water in one of the piezometers (the Meadows) is ex-
periencing denitrification to explain the most enriched
isotopic signatures. The predominantly sewage-derived
source for the dissolved NO3- is corroborated by total B
and microbiological parameter values. The contrasting,
generally lower nitrogen and oxygen isotope composi-
tions for the second piezometer (Old Basford) are influ-
enced by a nearby groundwater abstraction that draws
less contaminated groundwater (15N-NO3- = +9.16 ,
180-NO3- = +8.21 ) into a coarse sandstone horizon.
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Laboratory experiments and numerical simulations
investigate contaminant transport in a heterogeneous
porous medium. The laboratory experiments were per-
formed in cylindrical columns l-meter long and 3.5 cm
inside diameter filled with spherical glass beads. Con-
centration breakthrough curves are measured at a scale
much finer than the size of the heterogeneity. Numeri-
cal simulations are based on a random walk in a known
constant velocity field. The heterogeneity is a distinct,
discontinuous change in the local permeability field.
Fluid flow is miscible, flowing in a saturated porous

medium. Previous work has shown this to be a very

2002 Fall Meeting F449

poorly understood phenomenon. The measurements re-
ported here help to better understand how dispersion
evolves through and past a heterogeneity.
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In this presentation, we provide analytical solutions
for reactive transport with convergent reactions us-
ing the singular value decomposition approach. We
consider a reaction network in which a compound re-
acts to form multiple daughter products, which fur-
ther react to a single granddaughter. This reaction
scheme is illustrated by the dechlorination of tetra-
chloroethylene (PCE) and trichloroethylene (TCE).
PCE reacts to produce TCE and TCE reacts to form
three daughter products, cis-1,2-dichloroethylene (cis-
1,2-DCE), trans-1,2-dichloroethylene (trans-1,2-DCE),
and 1,1-dichloroethylene (1,1-DCE). Three DCEs will
further react to form the same product, vinyl chloride
(VQC). Finally, VC reacts to produce ethene (ETH). In
achieving the analytical solution, all reactions are as-
sumed to be first-order. Because the partial differen-
tial equation describing the reactive transport of a com-
pound may be coupled by multiple reactant concentra-
tions, currently the problem must be solved numeri-
cally. We analytically conduct the singular value de-
composition and decouple the system of transport equa-
tions with convergent reactions into orthogonal (inde-
pendent) subsystems. Previously published analytical
solutions become the basic solutions in the transformed
domain for each independent subsystem. The solutions
in real concentration domain are obtained using the in-
verse transform.
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The development of localized reactive remediation
strategies (i.e. reactive barriers, bioremediation, chem-
ical oxidation, etc.) has progressed rapidly in recent
years. With such progress, there is a distinct need for
contaminant transport models that simulate compli-
cated reaction phenomena at much finer scales than the
extent of hydrodynamic transport. These systems are
currently difficult to model at the desired local resolu-
tion due to the computational burden of cell size con-
straints. Omne of the tactics for adequately representing
such systems is to reduce the dependence on grid-
based flow models. Operator splitting allows transport
models to be integrated into analytic, grid-free flow so-
lutions such as those provided by the analytic element
method (AEM). Modeling contaminant advection via
AEM combined with Eulerian-Lagrangian methods or
streamline techniques removes many of the constraints
placed upon transport models by grid cell size. In
addition, AEM provides the benefit of continuous,
analytic velocities, thus freeing the model from inaccu-
racies attributable to velocity interpolation techniques.
The analytic element method models groundwater
flow via the superposition of analytic functions (”ele-
ments”) that represent hydrogeologic features. Each of
these functions (and therefore the final velocity field)
is continuous. The computational burden associated
with a model is dependent upon the number of fea-
tures, rather than the scale, of the system. Therefore,
while the analytic element method represents the flow
field in an entirely grid-free manner, it also is quite
efficient in modeling the mixed-scale hydraulic systems
associated with many remediation techniques.

A framework is developed for incorporating advection-
dominated contaminant transport into AEM. The
random walk method, the method of characteristics,
and streamline methods are revised to operate within
a continuous flow domain and exploit the analytic
nature of the velocity field. The benefits of these re-
vised methods are described in the context of systems
with complex chemical behavior at short length scales
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and significant hydrodynamic transport behavior at
long length scales (i.e. remediation systems). The
development of this new framework for mechanical
contaminant transport will allow for the computa-
tional burden of complex reactive transport models to
lie almost entirely within the reactive portion of the
transport simulation.

URL: http://www.groundwater.buffalo.edu
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Split-operator (SO) approaches are often used to
compute numerical solutions to nonlinear reactive so-
lute transport problems. SO methods are timestep-
splitting methods that separate the reactive transport
problem into transport and reaction sub-problems, thus
avoiding many costly matrix operations and allowing
the best numerical method to be used for each pro-
cess. But this uncoupling also introduces an addi-
tional source of numerical error, known as the split-
ting error. In standard (non-iterative) SO approaches,
the splitting error is be reduced at the expence of re-
ducing the timestep. By contrast, the iterative split-
operator (ISO) algorithm removes the splitting error
through iteration. But standard ISO methods can con-
verge quite slowly. In recent work, we have proposed
several techniques to accelerate ISO convergence for
nonlinear reactive transport problems. These conver-
gence acceleration techniques include solution projec-
tion methods and interpolation of lagged operator es-
timates over a timestep. Theoretical analysis and nu-
merical experiments indicate that a second-order con-
vergence rate can be achieved for problems which are
sufficiently smooth. In this presentation we report on
efforts to extend the above mentioned techniques to ad-
vection dominated transport problems, which are char-
acterized by sharp concentration fronts. We will dis-
cuss our efforts to combine the convergence acceleration
techniques with several high-resolution finite difference
schemes for advective transport.
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‘We propose that recent developments in available
temperature probe technology and improvements in ap-
propriate modeling software, together with the advent
of desktop high-speed computing, have enabled the
thermal analysis approach to be an inexpensive, robust,
and practical way to constrain groundwater flow fields
in a wide variety of environments. We present field
measurements and numerical models of coupled heat
and groundwater flow in the Tahoe Basin region.

In montane regions such as the Tahoe Basin, steep
topography provides a driving force for deep groundwa-
ter flow. Deep groundwater flow re-routes subsurface
heat flow, impacting temperature gradients to depth,
including the shallow subsurface (<100m depth). In
the Tahoe Basin region, the magnitude of deep ground-
water flow on the areal or regional scale has been
largely unknown. We present examples of borehole tem-
perature profiles that constrain possible areal ground-
water flow patterns, including the magnitude of flow
beneath the bottom of boreholes probed.

H52B-0875 1330h POSTER

Potential for Lateral Flow Associated
with Fractured, Nonwelded, Layered
Tuffs in the Unsaturated Zone

Randall W Fedors! (2110-522-6818;
rfedors@swri.org)

David A Ferrilll (210-522-6082; dferrill@swri.org)

1ONWRA-SwRI, 6220 Culebra Road, San Antonio,
TX 78209, United States

The magnitude of lateral flow caused by perme-
ability and capillary barriers associated with dipping,
layered, nonwelded tuffs above the proposed reposi-
tory horizon is an important issue for evaluating the
amount and distribution of water potentially contact-
ing high-level radioactive waste proposed for emplace-
ment at Yucca Mountain, Nevada. Predictions of the
distance over which lateral flow occurs vary from the
meter scale to the kilometer scale. Numerical models
using homogeneous properties and sharp stratigraphic
boundaries overpredict the amount of lateral flow along
stratigraphic contacts. Primary heterogeneity or sec-
ondary discontinuities (e.g., fractures and faults), how-
ever, could lead to preferential flow paths through the
Paintbrush nonwelded tuff (PTn) and into the Topopah
Spring welded tuff below. Heterogeneity of matrix
properties, including primary depositional textures and
vapor-phase alteration combined with later structural
overprinting and mineralization, will affect the ability
of permeability and capillary barriers to produce lat-
eral flow.

The potential for lateral flow to occur is evaluated
using observations of field hydrogeologic characteris-
tics, laboratory measurements, and results of numerical
models that simulate fluid flow in the unsaturated zone.
These include (i) observations of field water content
profiles; (ii) observations on the nature of stratigraphic
contacts (e.g., unconformity or gradational); (iii) anal-
ysis of laboratory measurements of matrix permeabil-
ity; (iv) analysis of unsaturated zone constitutive re-
lations to assess potential for permeability and capil-
lary barriers occurrence in dual permeability models;
(v) analysis of fault and fracture sizes, orientations,
and spacings; and (vi) expected matrix deformation
in small and large faults. The available geologic and
hydrologic information, in conjunction with intuitive
knowledge of geologic and hydrologic factors, is used to
assess the possible extent of lateral flow along strati-
graphic contacts in and near the PTn. This information
helps to support the Nuclear Regulatory Commission’s
reviews of unsaturated zone studies being performed at
Yucca Mountain by the U.S. Department of Energy.

This abstract is an independent product of the CN-
WRA and does not necessarily reflect the views or reg-
ulatory position of the NRC.
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Pneumatic initiation of slug tests has been used for
many years and is an efficient technique, since water
is not added or withdrawn from the well and no me-
chanical slug is required. However, for very permeable
aquifers the release of air pressure or vacuum can not be
considered instantaneous, as is usually assumed. This
paper investigates the response time at the lower end
of an air column where the water interface would be by
using a pressure transducer, which can measure both
positive and negative pressures. As the valve at the
upper end of the air column is opened the disturbance
propagates through the air column and bounces off the
bottom of the air column. The disturbance continues
propagating and bouncing off the ends while the air es-
capes from the valve. The net result is an oscillatory air
column response that decays exponentially with time.
The step function release that is usually assumed is not
obtained in practice. Detailed measurements show that
the decay is an exponential function of the square root
of time and a decay constant. The period of the oscilla-
tion is dependent on the length of the air column, with
shorter lengths giving higher frequencies. The decay
constant seems to vary inversely with the square root
of the initial pressure and directly with the air column
length for a given initial pressure. For configurations
tested and typical field situations the air column goes
to atmospheric pressure within about 2 seconds. This
means that for slow responding aquifers the effect is
minimal. However, for very highly permeable aquifers
where the slug test lasts only a few seconds ( we have
tested many in this category), the deviation from step
function release of air pressure or vacuum can have a
significant effect on the data analysis using a specific
model for slug test response. In particular, the aquifer
response will be stretched out and the effective initial
height of the slug will be less than expected. Where
positive and negative pressures of the same magnitude
are used to check for a directional dependence of aquifer
response, there will be a difference in the response due
to the difference in length of the air column, which
is not related to any aquifer characteristic. For max-
imum accuracy in determining hydraulic conductivity
of highly permeable aquifers from pneumatic slug tests,
this effect of non-instantaneous release of air pressure
or vacuum must be considered.
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A new analytical solution for calculating the resi-
dence time of fluid flowing towards a single pumping
well in an unconfined aquifer is developed. The analyt-
ical solution was derived based upon a one-dimensional,
steady state, Dupuit-Forchheimer flow model. The
resulting integral expression involves computing the
imaginary error function, for which a simple series ex-
pansion is successfully proposed. The validity of the ex-
pression is tested against the results from a numerical
approximation for an example problem, which demon-
strated a good correspondence between the numerical
and analytical results. The applications and limitations
of the new analytical solution are presented.
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The authors had developed the inversion of the sur-
face deformation and had estimated the subsurface vol-
ume change. The withdraw experiments in the field
had been actually carried out and the subsurface vol-
ume had been calculated. Moreover, the coupled in-
version of transient pressure observations and surface
displacement measurements had been applied and the
permeability distribution in a field had been estimated.
In this research work, the modeling apparatus of the
fluid injection is developed and the modeling experi-
ments are carried out. In the experiments, the fluid
is injected into the modeling ground under controlling
the flux and the pressure. Then, the surface displace-
ment, the earth pressure and the transient pressure can
be measured continuously. Based on the obtained data,
the inversion is carried out. Finally, as discussed the
result, the validity of the inversion is discussed. And,
the subsurface volume change and the distribution of
the permeability are estimated.
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The purpose of this paper is to develop an opti-
mization model for groundwater planning and manage-
ment for a multi-layered aquifer system. The decision
variables, i. e., the policy, are the number and loca-
tions of production wells as well as the pumping rate
of each well. The objective function minimizes the sum

Cite abstracts as: Eos. Trans. AGU, 83(47), Fall Meet. Suppl., Abstract #####-#F, 2002.



of the capital and the operational costs over the plan-
ning horizon. The constraints include: (1) meeting the
specified demand during each stress period, (2) meet-
ing the specified head value at each monitored location,
and (3) the upper and lower bounds of pumping rate at
each production well. MODFOLW is used to compute
the hydraulic head distribution resulting from various
extraction policies.

The formulated optimization model is a mix-integer
nonlinear programming (MINLP) problem. An efficient
iterative solution algorithm is developed by embedding
MODFLOW in a genetic algorithm (GA). The proce-
dure starts with a set of chromosomes, representing a
set of feasible policies. An iterative procedure is then
preceded to: (1) compute the hydraulic head distribu-
tion for each policy and check against constraint viola-
tion, (2) compute the fitness, i. e., the objective func-
tion value, of each feasible policy, (3) generate a new
set of chromosomes by reproduction, crossover and mu-
tation, and (4) check the stopping criterion and obtain
the optimal solution.

A hypothetical three-layered aquifer system is used
to demonstrate the applicability of the developed model
and the solution algorithm. We consider a five-year
planning horizon with 20 stress periods. The finite dif-
ference mesh consists of 675 blocks (15*15%*3). Sixteen
candidate extraction well locations are pre-determined.
The upper and lower bounds of the pumping rates are
31,000 and 1,000 cubic meters per day, respectively. In
the GA algorithm, the number of chromosomes in each
generation is 300, the maximum number of generation
is 150, and the reproduction and the mutation rates are
1.0 and 0.02, respectively. The results show that the
developed model and algorithm is particularly suited
for solving the formulated planning and management
problem.
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An optimization methodology is developed for

groundwater management problems that incorporate
imprecise (fuzzy) information on the groundwater-flow
model parameters. The imprecision can be attributed
to indirect measurements, subjective interpretation
and expert judgment of limited information (e.g., the
boundary of the model and location and strength of
source/sink terms). In contrast to its stochastic coun-
terparts, the resulting fuzzy flow model avoids a large
number of realizations of the porous medium.

The output of the fuzzy simulation model is uti-
lized herein for the least-cost design of a hydraulic-
containment problem. Possibility theory is applied to
the formulation of fuzzy-gradient and fuzzy-magnitude
constraints to address the issue of proper selection of
the containment boundary. The approach yields a set of
feasibility indices for the constraints, which correspond
to upper and lower probabilities (e.g., Dempster 1967)
that the constraints will be satisfied, making the prob-
lem formulation especially suitable when a stochastic
approach is not applicable because of lack of sufficient
data.
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The variability in time and space of groundwater
levels in wells may be used as an indicator of environ-
mental change in regions. Groundwater levels have de-
clined in the recharge area since the last decade in the
southern Taiwan. This decline not only occurs in the
shallow wells (20-30 m) but also in the deeper wells
(120-150 m) at the same site. Both shallow and deeper
wells are actually located in the same hydrogeologic
aquifer, unconsolidated gravel and coarse sand mainly,
with the highest transmissivity reaching 5 m2/min.
Yet, both wells belong to different recharge sources ac-
cording to the values of §O18, ranging from around -8.0
to -10, respectively. The deeper wells have the lighter
in the values of §O18 while the shallow wells have
heavier §0O18 values. This indicates that the deeper
groundwater in the recharge area is supplied mainly
from higher altitude mountains nearby with longer path

and time while the shallow one is fed from adjacent
hills and direct infiltration. The decrease of precipita-
tion would easily become the primary contributor for
this decline in groundwater level. In fact, the long-
term observation of precipitation in the southern Tai-
wan has shown a decrease trend since 1950. However,
a consecutive increase in precipitation has also been
recorded in the recent years in the region. Thus, the
decline of groundwater levels in the recharge regions
in the southern Taiwan may not solely result from the
decrease of precipitation. A preliminary study in the
region has shown that the local tectonic tilting move-
ments may also affect the decline of groundwater lev-
els in the recharge areas. Therefore, understanding the
geology of the region and choosing appropriate tech-
niques become more important for quantifying ground-
water recharge and understanding its variability.
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There are numerous analytical and numerical stud-
ies of tidally induced coastal aquifer fluctuations. For
the most part, theoretical analyses typically include
several simplifying assumptions, including that of a
straight coastline, a vertical beach boundary, constant
hydraulic conductivity and the Boussinesq assumption
for flow in the aquifer itself. In a recent analysis, we
relaxed the first assumption and investigated tidally
induced fluctuations in an aquifer with a rhythmi-
cally varying coastline. Aquifer flow was modelled
using the linearized two dimensional (vertically inte-
grated) Boussinesq model, yielding the standard dif-
fusion model for unconfined groundwater flow. This
model was solved approximately for a sinusoidally vary-
ing coastline using a perturbation expansion, with the
perturbation variable proportional to the ratio of the
shoreline variation amplitude to the variation wave-
length. The analytical approximation was used to gen-
erate solutions for ”real” coastlines based on a Fourier
series representation of the latter. Numerical modelling
indicates the analytical approximation is satisfactory.
Compared with a straight coastline, head fluctuations
are enhanced at the embayment centers, and reduced
at the headlands. Additionally, phase shifts in tidal
signals are modified. The analysis is extended to in-
clude the effect of capillarity using an additional term
in the governing linearized Boussinesq model. Again,
we show differences in amplitude decay and phase of
the tidal signal in the aquifer. The results further indi-
cate errors that might be induced as a result of ignor-
ing alongshore morphological variations in estimating
aquifer transmissivity based on tidal signals.
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The integrated storage-flux model is proposed based
on the storage-flux relations and tested against the
Richards equation in the idealized stream-aquifer sys-
tem. The groundwater storage-baseflow relation and
soil water storage-effective infiltration relation are
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identified by numerical analysis of the Richards equa-
tion under the steady-state conditions. The relation-
ship between groundwater and baseflow exhibits a lin-
ear relation, while the relationship between soil water
storage and effective rainfall is appeared to be the in-
verse linear relation. This inverse linear relation agrees
with the results of Duffy (1996) and Lee (1993) who
investigated the storage-flux relations on the hillslope
terrain.

The integrated storage-flux model is constructed by
coupling the storage-flux relation with water balance
equation. The coefficients of the integrated storage-
flux model are based on the steady-state storage-flux
relations and are calibrated against the response of
the Richards equation. Under the step input condi-
tion, the dynamic response of the integrated storage-
flux model agrees favorably with that of Richards equa-
tion. The development of the integrated storage-flux
model has implication for predicting the groundwater
storage and baseflow when the limited hydro-geologic
data are available.
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Along the Russian River in Sonoma County, the al-
luvial aquifer is the preferred source of drinking water
because sediments and other constituents in the river
water would require additional treatment. From late
spring to early winter, an inflatable dam is erected to
raise the river stage and passively recharge the alluvial
aquifer. The raised stage also permits diversion of river
water to a series of recharge ponds located near the dam
along the river. Improved understanding of stream ex-
changes with ground water is needed to better man-
age available water resources. Heat is used as a tracer
of shallow ground-water movement for detailed hy-
draulic parameter estimation along the middle reaches
of the river. Water-levels and ground-water temper-
atures were measured in a series of observations wells
and compared to the river stage and surface-water tem-
peratures. Hydraulic conductivities were predicted by
optimizing simulated ground-water temperatures using
VS2DHI, a heat and water transport model, to observed
temperatures in the aquifer. These conductivity values
will be used in a stream/ground-water model of this re-
gion being developed using MODFLOW. Temperature-
based estimates of streambed conductance will be in-
serted in the STREAM package of the model to con-
strain this parameter. Although temperature-based
predictions of hydraulic conductivity vary significantly
along the reach, the results generally suggest that an
anisotropy of 5 to 1 (horizontal to vertical) provides
the best hydraulic conductivity matches for predicted
versus observed ground-water temperatures.
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Heat and bromide were compared as tracers for ex-
amining stream/groundwater exchanges along the mid-
dle reaches of the Santa Clara River, CA, during a 10-
hour surface-water sodium bromide injection. Three
cross-sections comprised of 6 shallow (1 m) piezometers
were installed at the upper, middle, and lower sections
of a 17 km long study reach to monitor temperatures
and bromide concentrations in the shallow ground wa-
ter beneath the stream. The heat and ground-water
transport simulation model, VS2DH, and a closely re-
lated solute and ground-water transport simulation
model, VS2DT, were matched up for comparison of sim-
ulated and observed temperatures and bromide concen-
trations in the streambed. Simulated sediment tem-
perature were fitted to observed temperature results
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to yield apparent streambed hydraulic conductivities in
each cross-section. Saturated hydraulic conductivities
ranged from 1.39 x 10-5 m/s in the upper reach to 5.56
x 10-4 m/s in the lower reach. The temperature-based
hydraulic conductivities were inserted into VS2DT to
predict sediment bromide concentrations during the
sodium bromide injection. The predicted bromide con-
centration curves in the sediments yielded an excellent
match to the observed bromide concentrations, without
adjustment of any model parameters. This indicates
that for the spatial and temporal scales examined on
the Santa Clara River, the use of heat and bromide as
tracers provide comparable information with respect to
apparent hydraulic conductivities and water fluxes in
near-stream environments.
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Historical mining in the Coeur dAlene River basin
of northern Idaho has resulted in elevated concentra-
tions of some trace metals (particularly Cd, Pb, and
Zn) in water and sediments of Coeur dAlene Lake and
downstream in the Spokane River. On average dur-
ing 1999 and 2000, about 20,000 kg/yr of whole-water
lead (particulate plus dissolved), 2,100 kg/yr of whole-
water cadmium, and 450,000 kg/yr of whole-water zinc
flowed out of Coeur dAlene Lake into the Spokane
River. These elevated trace-metal concentrations in
the Spokane River have raised concerns about poten-
tial contamination of ground water in the underlying
Spokane Valley/Rathdrum Prairie aquifer, the primary
source of drinking water for the city of Spokane and
surrounding areas. A study conducted as part of the
U.S. Geological Surveys National Water-Quality As-
sessment Program examined the interaction of the river
and aquifer using hydrologic and chemical data along
a losing reach of the Spokane River. The river and
ground water were extensively monitored over a range
of hydrologic conditions at 3 stream gages and 25 moni-
toring wells (including 18 wells installed for this study)
ranging from 8 to 1,000 m from the river. River stage,
ground-water level, water temperature, and specific
conductance were measured hourly to biweekly, and wa-
ter samples were collected 8 times. Additional regional
ground-water data were collected from more than 190
wells within 5 km of the study reach.

Hydrologic and chemical data indicate that the
Spokane River recharges the Spokane Valley /Rathdrum
Prairie aquifer along a 35-km reach between Coeur dA-
lene Lake and Spokane. Ground-water levels in near-
river (<125 m from the river) wells responded rapidly
to variations in river stage and indicated the presence
of an unsaturated zone beneath the river and a ground-
water flow gradient away from the river. Chemical data
indicated that river recharge may influence ground-
water chemistry as far as 900 m from the river. The
chemistry and temperature of river water and ground
water from near-river wells were similar and exhibited
similar temporal trends, whereas ground water from
wells located farther from the river had higher ionic
strength and more stable temperature and chemistry.
Lag time between variations of water temperature and
water chemistry in the river and response of near-river
wells may prove useful for estimating ground-water ve-
locity and time of travel of chemical constituents to and
through the aquifer.

Although concentrations of Cd and Pb were ele-
vated in bed sediment, dissolved (<0.45 um) Cd and
Pb were generally less than 1 ug/L in the river and
ground water. Dissolved Zn concentrations were sim-
ilar in near-river wells (17 to 71 ug/L) and the river
(22 to 66 ug/L), but were less than detection levels in
wells farther from the river. In 1999 and 2000, the dis-
solved Zn load in the Spokane River decreased by about
72,000 kg/yr, or 17%, within the losing reach from Post
Falls to downstream from Spokane. Part of this Zn load
likely is transported to and stored in the near-river zone
of the aquifer because the Zn is not returned farther
downstream near Spokane where the aquifer discharges
to the river.
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This study examines the effects of aquifer hetero-
geneity and channel pattern on flow interactions be-
tween stream and groundwater systems. Previous ef-
forts to model stream-groundwater interactions have
generally used simplified, horizontal, two-dimensional
domains and treated only one-dimensional vertical ex-
change between the river bed and the underlying
aquifer layer. We have adopted a three-dimensional
approach and used MODFLOW to evaluate the mag-
nitude, direction and spatial distribution of stream-
subsurface exchange flows induced by stream meanders.
Our model includes vertical heterogeneity in hydraulic
conductivity and analyzes exchange across the wetted
perimeter of the stream. The numerical model consists
of a 256 x 256 x 30 (x, y, z) grid with spatial dimen-
sions determined both by the correlated scales used to
generate the hydraulic conductivity random fields and
by the scale of the stream meanders. Aquifer inter-
actions with a straight river and a meandering river
were simulated using four levels of heterogeneity (InK
variance equal to 0.25, 1.0, 2.5 and 4.0). Results of
the straight-river simulations are compared to cases
that incorporate a simple river meandering pattern in
order to evaluate the interaction of degree of hetero-
geneity and hydraulic short-circuiting on the flow ex-
change pattern at the aquifer-riverbed interface. Com-
parison of model simulations with different stream ge-
ometries shows that flow variance of rows parallel to
the river (longitudinal cross-section) and columns per-
pendicular to the river flow (transverse cross-section)
increases as the InK variance increases. For a longi-
tudinal cross-section for the simulated meander pat-
tern, the flow variance is greater for all levels of het-
erogeneity compared to the straight-river case. At a
transverse cross-section the situation is the opposite:
the flow variance is reduced for the meander case com-
pared to the straight river case, for a given level of
heterogeneity. Vertical penetration of water from the
stream increases with increasing heterogeneity for both
the straight-river and the meander cases.
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Evaluation of data from hydroclimatically sensitive
ground water wells in northern Pennsylvania suggests
drought recovery time can be as short as one week. The
timing of groundwater depth below surface variation
in three wells and precipitation occurrence were com-
pared for water years 1999 to 2001 to determine aver-
age response time. Water-year 1999 was further scru-
tinized to detect the influence of Hurricane Floyd on
drought culmination that year. The lag-time between
peaks in precipitation amounts at the Williamsport-
Lycoming Airport and water-table height based on data
from Cameron, Lycoming and Sullivan County obser-
vation wells was tabulated and graphed. It was noted
that the depth of the water table decreases with precip-
itation events delivering rainfall as low as 0.3 cm per
day, water depth decreases last for approximately two
days and increased rainfall volume effects the duration
of decreases. For example, there is a drop in water ta-
ble at the Cameron County Observation well between
two rainfall dates when maximum rainfall is 0.6 and 0.8
cm on August 20 and 27, 1999 but there is no signifi-
cant reduction in groundwater level between two later
events where precipitation volume was higher (Septem-
ber 7 and September 16, 1999 rainfall totals were 17.4
cm and 6.9 cm respectively).
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A regional groundwater flow model is actualized in
order to study the water table behavior in the zone of
the Ojos Negros valley, which is located in the state of
Baja California, Mexico. In the actualization process of
the Ojos Negros valleys hydrogeological model, is used
all the information proportionate for the National Com-
mission of Water, as well as that information obtained
from academic and research works achieved in the study
zone, about the hydrogeological conditions that present
the Ojos Negros and Real del Castillo aquifers. In ad-
dition, a groundwater flow simulator is modified and
improved from the numerical point of view. The actual-
ized simulator solves numerically the Boussinesq equa-
tion, using centrals finite-differences techniques, the
fully implicit approximation for the temporary varia-
tion, and the iterative method of successive over relax-
ation. Also it counts with the structure to consider-
ing the temporary variation of the different variables
and geohydrologics conditions that has influence upon
the groundwater system, and with programming sub-
routines in MATLAB (2000) for the graphic display of
results. The simulation results are appropriate for de-
termining the phreatic surface and the flow directions
in different time intervals. The phreatic surface infor-
mation can be used for studying the behavior (tempo-
rary evolution) of water table in the aquifers.
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Chloride concentrations at major water supply wells
within the Regional Municipality of Waterloo in On-
tario have been increasingly rapidly over the past 20
years. If present trends continue, drinking water lim-
its may be reached within the next decade. Road salt
has been identified as the prime source of the contam-
ination, and various remediation strategies are being
investigated.

As part of a overall comprehensive chloride reduc-
tion study, advanced numerical simulation tools are
used to investigate the mechanisms of chloride trans-
port from ground surface to water supply wells, and to
assess the effectiveness of various remediation scenar-
ios. Several options were simulated such as reducing
chloride application by 25% over the entire study area,
eliminating applications on secondary roads, and elim-
inating applications within the 5 and 10-year capture
zones.

The numerical simulations include a 2D variably-
saturated model and a fully 3D model of chloride trans-
port from a growing road network. The results from
the variably-saturated model show that chloride ap-
plication to the water table can be assumed to be a
steady state process where seasonal transients can be
neglected. This assumption was used in the 3D model,
which showed that the option of reducing salt applica-
tion by 25% was sufficient to protect the water supply.
Eliminating application on some secondary roads could
further decrease concentrations at the wells with very
little effort. Eliminating application from within the
capture zones results in a dramatic decrease in chloride
at the wells, however the chloride trends in the wells
continue upward after time as chloride arrives from out-
side the capture zone.
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The aqueous speciation of boron and its partition-
ing to a tetrahedral surface species (SH3BOZ) were
studied using the constant capacitance model. Aque-
ous B species were boric acid (Hz3BOg) and the bo-

rate anion B(OH), . Adsorption of B on clay min-

erals is pH-dependent with SHSBOZ increasing with
increasing pH in the range 7-9. Modeling of equilib-
rium among the B species in a drying soil thus re-
quires that the pH be computed. We calculated equilib-
rium among major cations and anions for hypothetical
soil solution chemistries using a matrix-based numer-
ical solution that included cation exchange reactions
and dissolution/precipitation of calcite. Numerical ex-
periments were performed for 20 hypothetical soil tex-
tures with 10-60% clay content, generating a range of
cation exchange capacities, and three soil solution com-
positions. The effective Ky (SH3BOZ /total solution
B) decreased with gravimetric water content (6g) over
the range 6g=1.5 to 0.01. This was due to a calculated

decrease in [H+] concentration with decreasing 64 for
all soil textures and fluid compositions. A decrease in
SH3BO, ) is consistent with experimental work show-
ing decreasing fractional adsorbed B with decreasing
pH in the range 7-9. An application of this type of cal-
culation would be prediction of adsorbed and solution
B concentrations at field water content based on ex-
perimental determinations of adsorbed and solution B
concentration for saturated paste extracts. Such pre-
dictions would be useful for generating initial condi-
tions for solute transport modeling and for determin-
ing whether solution B concentrations at field water
contents would be beneficial or harmful to plants.
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Sediment heating has been shown to enhance pas-
sive sediment remediation technologies such as biore-
mediation and barometric pumping (passive soil vent-
ing). Sediment heating raises the slow remediation
rates that often limit the widespread use of these tech-
nologies. In bioremediation applications, a 10 degree
C increase in subsurface temperature is expected to
double the microbial activity, and thus the remedi-
ation rate. The removal rate of tetracholorethylene
(PCE - a common subsurface contaminant) by passive
soil vapor extraction is expected to nearly double in
low-permeable sediments when the subsurface is heated
10 degree C from ambient temperatures due to an in-
creased vapor pressure in the PCE. When the sediment
is heated using renewable energy sources, these ther-
mally enhanced remediation technologies can be envi-
ronmentally benign alternatives to conventional reme-
diation techniques that rely on large external energy
inputs. The thermally enhanced passive technologies
may be particularly useful for remediating unsaturated,
low-permeable lenses that are troublesome to most con-
ventional remediation technologies such as conventional
soil vapor extraction and co-solvent flushes.

The main objective of this work was to quantify sub-
surface sediment heating using a solar powered heat in-
jection well. To do this, a pilot sediment heating sys-
tem was installed in Vermont and high resolution me-
teorological and sediment temperature data were col-
lected using a stand-alone data acquisition system. Un-
saturated, silty sediments were heated in-situ by con-
verting the direct and indirect solar energy available
at the surface to heat energy in the subsurface using
stand-alone renewable energy sources and a resistive el-
ement heat injection well. The heat injection well was
powered by a 600-W passively tracking photovoltaic
(PV) array and a small 1.2-m swept area wind turbine.
It is envisioned that the heat injection well would be
placed directly into an area of high subsurface contam-
ination to speed up remediation efforts at a contami-
nated site.
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A three-dimensional, semi-analytical model for sim-
ulating the transport of contaminants originating from
a dissolving rectangular prism-shaped, multicomponent
nonaqueous phase liquid (NAPL) source in groundwa-
ter is developed. The NAPL dissolution process for
each component is envisioned to occur in a series of
continuous short intervals. The equilibrium aqueous
concentration and the source dimensions are assumed
to remain constant for the duration of each short inter-
val. Individual component aqueous phase concentra-
tions resulting from each dissolution interval are deter-
mined by an existing single component analytical solu-
tion. A synthetic two-component NAPL mixture is used
for model simulation. Results show that for a dissolv-
ing multicomponent NAPL mixture, downstream aque-
ous phase concentrations may not always reflect source
characteristics. The model is useful for an understand-
ing of field data in homogeneous saturated porous me-
dia and for interpretation of bench-scale laboratory ex-
periments.
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To understand the interaction between salty sea wa-
ter and non-salty groundwater it is essential to compare
investigations of the salt content in the groundwater
using numerical process modeling. The interaction of
salt- and freshwater results in a 3D spatial pattern of
the salt distribution in the aquifer. The paper discusses
comparisons between geoelectric measurements and nu-
merical calculations for a coastal aquifer in northern
Germany. The large scale geoelectric model is based
on a wide set of DC-soundings. The comparison uses
results from medium scale numerical simulations of the
density-influenced groundwater dynamics.

The area under investigation is situated between the
estuaries of the rivers Elbe and Weser on the German
North Sea coast. It covers an area of more than 1,000
square kilometres (400 square miles). The spatial pat-
tern of the salt water distribution in the aquifers is
investigated. The goal is to arrive at a characteriza-
tion of the dynamics between salty and non-salty wa-
ter to improve sustainable management of the ground-
water resource. Numerical simulation is a tool suitable
for management and forecasting purposes. The model-
ing must take into consideration the effect of salt on the
density of water. Reliable simulations require extensive
data to allow comparison of the numerical results with
reality as well as providing a basis for good calibration
of the numerical groundwater model.

Geoelectric soundings offers the possibility of estab-
lishing a closely meshed network of data on groundwa-
ter salinity. Our data base consists of over 1,000 sound-
ings. Most reach a depth of 150 to 200 m (500 to 650
ft), sometimes more. Down to this depth we can de-
termine the salt water distribution in the investigation
area and build up a 3D spatial salinity model. The spa-
tial interpretation of salinity is buttressed by salinity
measurements at boreholes and pumping wells, by pet-
rographic data and interpretations of high resolution
AEM. In subregions of the investigation area, the re-
sulting model is compared with numerical simulations
of groundwater dynamics.

The results underline the applicability of compar-
isons between salt water distribution determined from
geoelectric soundings and numerical groundwater sim-
ulations. This method is therefore suitable as a control
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of numerical simulations over the entire investigation
area.
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This research investigates experimental design in

conjunction with the inverse problem of parameter
structure identification in groundwater modeling. De-
spite the importance of model calibration, there exists
only a few published works that systematically consider
experimental design, model structure complexity and
model application reliability. In this research, experi-
mental design for parameter structure identification is
formulated as a mixed integer nonlinear programming
problem. To link the inverse problem with model ap-
plication, the data sufficiency of a design is judged by
solving a generalized inverse problem. The generalized
inverse problem seeks to find the simplest parameter
structure and its associated parameter values that sat-
isfy the accuracy requirement in model application. To
solve the inverse problem, it requires the calculation of
sensitivity coefficients of state variables with respect to
model parameters.

In this research, we use the adjoint state method to
compute the sensitivity coefficients for all computation
nodes. This method is superior because it only requires
running the simulation model (L+1) times, where L is
the number of observation wells. We use MODFLOW
to simulate groundwater flow. Additionally, the devel-
oped adjoint state equations are solved by MODFLOW.

Since experimental design is predicated on the pa-
rameter values, which themselves are to be estimated
before performing the experiments, prior information
is combined with Monte-Carlo simulation to assess the
reliability of data sufficiency. A globalVlocal optimiza-
tion method is used to solve the generalized inverse
problem. Finally, a genetic algorithm solves the op-
timal experimental design problem.
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Well-bore skin effects have been recognized as a hy-
draulic influence at pumping wells during fully pene-
trating pumping tests with multiple observation wells
conducted in the unconfined fluvial aquifer at the Boise
Hydrogeophysical Research Site (BHRS). Because each
well was constructed and completed in the same man-
ner, skin effects are expected in both the pumping and
the observation wells. Quantifying the effects of well-
bore skin is important for accurate analysis and esti-
mation of aquifer properties at the BHRS. For example,
determinations of hydraulic parameters from fully pen-
etrating pumping tests, tracer test injection behavior,
and electromagnetic borehole flow-meter profiles are all
sensitive to well-bore skin. Several lines of evidence
indicate that well-bore skin effects at the BHRS are
largely due to the presence of sand grains trapped in
screen slots, with some fine material possibly left af-
ter cleaning. After construction, each well was cleaned
to dissolve synthetic drilling mud and check for fine
material. Pumping tests and geophysical logging were
conducted before and after each cleaning to observe
changes in skin effects and near-well physical proper-
ties. Video logging, laboratory tests, and modeling pro-
vide additional evidence that the skin effects are pri-
marily caused by sand in the screen.

‘Well-bore skin is modeled here using modifications
to the analytical model WTAQ of Moench (1997). We
added capabilities to include the effects of well-bore
skin at observation wells and also variable flow rate.
In practice, analysis of well-bore skin effects may be
complicated if the pumping rate takes some seconds to
stabilize because skin effects occur at early time. With
this in mind, we used a high-frequency measurement
system in the field to collect flowrate and drawdown
data during this period of variable flow rate. WTAQ
and the parameter-estimation code UCODE were used
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