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Abstract

The objective of this paper is to provide new insights into processes affecting riverbank
filtration (RBF). We consider a system with an inflatable dam installed for enhancing water
production from downstream collector wells. Using a numerical model, we investigate the
impact of groundwater pumping and dam operation on the hydrodynamics in the aquifer and
water production. We focus our study on two processes that potentially limit water production of
an RBF system: the development of an unsaturated zone and riverbed clogging. We quantify
river clogging by calibrating a time-dependent riverbed permeability function based on
knowledge of pumping rate, river stage, and temperature. The dynamics of the estimated
riverbed permeability reflects clogging and scouring mechanisms. Our results indicate that (1)
riverbed permeability is the dominant factor affecting infiltration needed for sustainable RBF
production; (2) dam operation can influence pumping efficiency and prevent the development of
an unsaturated zone beneath the riverbed only under conditions of sufficient riverbed
permeability; (3) slow river velocity, caused by dam raising during summer months, may lead to
sedimentation and deposition of fine-grained material within the riverbed, which may clog the
riverbed, limiting recharge to the collector wells and contributing to the development of an
unsaturated zone beneath the riverbed; and (4) higher river flow velocities, caused by dam
lowering during winter storms, scour the riverbed an thus increase its permeability. These

insights can be used as the basis for developing sustainable water management of a RBF system.



Introduction

Groundwater pumping near rivers is utilized in water resources management to increase
both water quantity and quality. River infiltration effectively recharges the groundwater
extracted for drinking water purposes, and riverbank filtration (RBF) naturally improves the
quality of through a variety of physiochemical and biological processes (Schubert, 2006Db).
Instead of constructing conventional water quality treatment facilities (e.g.,
coagulation/flocculation/sand filters, microfiltration), many municipalities have investigated the
possibility of obtaining relatively clean potable water through the development of RBF systems
(Fox and Durnford, 2003). Advantages of RBF relative to conventional treatment technologies
include lower capital investments and operating costs due to lower energy requirements and
reduced usage of chemicals. RBF is also used to pre-treat surface water of poor quality, reducing
the cost of conventional water treatment and buffering fluctuations in the quality of the water
entering a plant (Ray, et al., 2002).

Existing RBF systems are predominantly located along the riverbank of middle to lower
reaches of rivers (Caldwell, 2006) and involve the use of collector wells that often extract from
alluvial aquifers (Ray, et al., 2002). Both vertical and radial collector wells are used in RBF
systems. In shallow aquifers, radial collector wells are preferable because they have large
capacities (Caldwell, 2006). Some of these rivers are managed by a dam or a series of dams for
river stage control.

Despite the advantages of using RBF systems for water resources management,
optimizing riverbed filtration systems to provide sustainable, high-quality water presents a

unique set of challenges (Schubert, 2002, 2006b). There are two common problems that can



potentially affect the effectiveness of the filtration process: development of an unsaturated zone
(Su et al., 2007) near the collector wells and riverbed clogging (Schubert, 2006a). The amount of
water that infiltrates from the river to the aquifer will be affected by riverbed permeability,
aquifer permeability, river stage, water table level, and pumping rate. An unsaturated zone may
develop beneath the riverbed if the recharge rate from a losing river is less than the saturated
hydraulic conductivity of the aquifer, or if the pumping rate is greater than the recharge rate. The
development of an unsaturated zone reduces hydraulic conductivity and thus limits water
production. Aeration caused by the development of an unsaturated region beneath the riverbed
may also have a significant impact on the dynamics of hydrobiogeochemical processes, therefore
also impacting the water quality (Fox and Durnford, 2003; Greskowiak, et al., 2005).

Riverbed clogging is also recognized as a specific problem of RBF systems
(Goldschneider et al., 2007), indicated by observed declines in pumping capacity, and confirmed
by pressure data, infiltration estimates, and sediment analyses (Hubbs, 2006b; Schubert, 2006a).
Riverbed clogging is a highly dynamic process (Schubert, 2006a), usually caused by deposition
or sedimentation of fine particles or biofilms accompanied by processes such as sorption,
biotransformation, chemical oxidation and reduction, and ion exchange. Clogging rate and
magnitude are governed by the river dynamics related to RBF operations as well as by
(bio)geochemical reactions. For example, if clogging is primarily governed by physical
processes, the clogging rate may be affected by the conditions in the river, such as flow velocity
and suspended load, which is affected by the parent rock geology and human activity (Caldwell,
2006). The decreased hydraulic conductivity resulting from clogging may cause the development
of an unsaturated zone beneath the riverbed, which in turn compresses the silt-laden riverbed and

results in a further decrease in riverbed conductivity. Overpumping can also increase effective



stress and lead to long-term soil compaction (Hubbs, 2006a). Biological and chemical clogging
depend on the type and quantity of dissolved constituents and microbial ecology (Schalchli,
1992) as well as river temperature. Higher temperatures in the summer months promote
biological and chemical clogging processes (Bouwer, 2002). Although acquisition and analysis
of sediment and biofilm samples may provide direct information related to the clogging
mechanism (Schalchli, 1992), there are many practical difficulties in retrieving undisturbed
samples, relating sample information to depositional, geochemical or microbiology processes,
obtaining riverbed permeabilities, and upscaling these property estimates to the scale useable in a
regional river-aquifer model, as recognized by Cardenas and Zlotnik (2003), who emphasized the
heterogeneity of riverbed heterogeneity.

Analytical approaches have been developed to investigate individual aspects associated
with RBF systems. For example, Hunt (1999) developed an analytical solution for calculating
drawdown during groundwater pumping next to a river assuming that regions beneath the
riverbed are always fully saturated. Fox and Durnford (2003) studied the unsaturated zone using
an analytical method for a RBF system with a single vertical well. Hubbs (2006a) provided a few
general methods to predict riverbed shear stresses as an indicator of riverbed scour. Brunner et
al. (2009) used 1D and 2D models of natural systems (i.e., without accounting for the impact of
time-varying near-river pumping) to determine the critical factors that affect the distance between
the surface water and disconnected water table. These studies describe a specific mechanism or
component, and the analytical solutions are limited to specific geometries and boundary
conditions.

In addition, numerical methods have been applied in previous research for assessing

particular aspects of RBF systems. For example, 1D (Constantz et al., 2003) and 2D (Cox, et al.,



2007; Su, et al., 2004) numerical models have been used to investigate the use of heat as a
suitable tracer to study the river-groundwater interaction. Schubert (2002) used a 3D
groundwater flow and transport model to study the impact of the river flow dynamics on
riverbank filtration processes. Although a constant riverbed permeability was used in their
models, they concluded that the permeability of clogged areas varies with the dynamic hydrology
and cannot be regarded as constant. Wett (2006) built a 3D model to study the interplay between
riverbed clogging and infiltration. He concluded that feedbacks between clogging and infiltration
exist along the bank stretch (i.e., higher infiltration promotes riverbed clogging and riverbed
clogging reduces infiltration) although the feedback was not included in his model. Chen and
Chen (2004a) applied a numerical model and concluded that a lower riverbed or aquifer
permeability restricts the extension of the storage zone in the area below the channel and in the
river banks. Using a sensitivity analysis of a pumping test, Chen and Chen (2004b) investigated
the data requirements that may reduce the statistical correlations among hydraulic parameters
inferred by inverse modeling. Su et al. (2007) built a 3D model to study the unsaturated zone
developing beneath a riverbed, whose results show that a higher ratio of aquifer permeability to
riverbed permeability results in a larger unsaturated region. The analytic element method has
been applied to model flow to radial collector wells (Bakker, et al., 2005). However, the
solutions are limited to steady-state flow and situations where the drawdown of the uppermost
layer is relatively small so the conductance of that layer can be approximated by an average
conductance.

The objective of this study is to identify the controlling factors and their couplings that
impact sustainability of an RBF system and to gain insights into related processes through a

numerical framework that permits simultaneous consideration of several hydrological (e.g.,



aquifer and streambed properties) and operational factors (e.g., pumping rate, dam operation)
that affect infiltration processes. Our study is performed at the Wohler Site, located in Sonoma
County, California, where RBF methods are used for drinking water supply, and where an
inflatable dam is used to manage river stage. Our numerical models simulate regional, 3D
unsaturated flow in the vadose zone and saturated groundwater flow in the deeper aquifer in
response to seasonal dynamics, dam function, and pumping operations. Interaction between the
river and aquifer is simulated through a boundary condition that depends on river stage; we refer
to our models as the river-aquifer models. These models serve as a framework for integrating the
disparate datasets at the site and for evaluating the impact of various factors on the development
of unsaturated zones, riverbed clogging, and ultimately water production. We quantify riverbed
clogging by calibrating a time-dependent permeability function based on water level data. The
function is evaluated at times when pumping rate, river stage, and temperature reversals occur.
This new approach captures the hydrodynamic effects of all potential clogging mechanisms as is
needed to optimize RBF operations. Our study advances and refines the existing conceptual
model of the Wohler Site by evaluating the factors that most significantly control water
production. Furthermore, we gain understanding of how and when riverbed clogging occurs as a
result of hydrological processes and dam operation by means of a dynamic streambed
permeability function. This information will serve as the basis for developing guidelines for

sustainable river-aquifer system management near a river.

We provide a description of the study site, followed by a discussion of the development
and calibration of a regional model along a stretch of the Russian River, which is used to
simulate the regional effects of river-aquifer interaction and collector well interference. In

addition, a refined, more local-scale model near two collector wells was developed and used to



explore factors influencing clogging and the development of an unsaturated zone. The simulation
and sensitivity studies show the relevance of the river-aquifer interaction for a sustainable

management of an RBF system is discussed.

Wohler Study Site

The Russian River emanates from Mendocino County and flows south into Sonoma
County along the western edge of the Santa Rosa Plain, and then flows westwards into the
Pacific Ocean. Our study area includes a stretch of the Russian River near Wohler, Sonoma
County, Northern California (Figure 1). The Sonoma County Water Agency (SCWA) operates a
RBF system that includes six horizontal collector wells and seven vertical wells with a maximum
total capacity of over 92 million gallons per day (mgd; 4030 kg/s), in addition to about 20 mgd
(880 kg/s) standby capacity. The system provides drinking water to 600,000 people in Sonoma
and Marin Counties. Three of these collector wells and 13 surrounding monitoring wells located
at the Wohler site are included in our study. Collectors 1 and 2 (marked as C1 and C2 in
Figure 1) are about 75 m apart. Collector 6 (C6) is about 700 m upstream from C1 and C2.
Figure 2 shows a schematic of a typical collector well, which consists of nine to twelve
horizontal laterals extending in a radial direction from a large-diameter caisson to near or
beneath the river. An inflatable dam is located downstream of these three collector wells. This
dam is used to locally raise the upstream river water level during the dry season with the goal to
enhance river infiltration and thus drinking water production. The dam is typically lowered in the
fall as water demands decrease and river flows increase.

Aquifer tests have been conducted to evaluate surface-groundwater interaction, and

several studies have been performed at the Wohler site to explore the hydrodynamics associated



with the RBF pumping. Constantz et al. (2003) used heat as a tracer to quantify stream-
groundwater exchange. Su et al. (2004) used temperature measurements to characterize the
hydraulic conductivity field in a 2D numerical model. In addition to heat, Cox et al. (2007) used
chloride concentration and specific conductance to estimate flow travel times from the river to
nearby wells. A 3D numerical model (Trotta, 2004) was used to investigate if the proposed siting
of Collector 6 will reduce capacity of Collectors 1 and 2. Su et al. (2007) developed a 3D
numerical model with simplified river geometry and constant river stage (i.e., dam operation was
not considered) for a region near Collectors 1 and 2 to study the development of an unsaturated
zone beneath the riverbed. Although the model was not calibrated, simulation results from a
number of scenarios with different riverbed and aquifer permeabilities show that a higher ratio of
aquifer permeability to riverbed permeability results in a larger unsaturated region (Su et al.,
2007). Constantz et al. (2006) calibrated riverbed conductivity against temperature data and, Cox
et al. (2007) analyzed both temperature data and specific conductance at different locations, both
using a 2D model. These calibration results indicated that riverbed clogging occurs in the area
near Collectors 1 and 2.

We build on these previous studies by developing and calibrating 3D river-aquifer
models that include all key components that have been identified as potentially important for
RBF systems. We use the developed model to explore (1) hydrological communications among
wells and between the river and groundwater, (2) inflatable dam operation and seasonal effects
on pumping capacity, and (3) potential riverbed desaturation and clogging mechanisms at the
Wohler site. The developed models include Collectors 1, 2, and 6 and incorporate the irregular

shape of the river and model boundaries.



The locations of the thirteen monitoring wells are shown in Figure 3a. Water table data
are available at different times for different wells between 2005 and January 2008. These data
are used for model calibration. A formal sensitivity analysis is performed to examine hydrologic
interference and inflatable dam operation effects.

The alluvial aquifer in the studied area is bounded laterally and at the bottom by bedrock
of the Franciscan Complex, which is considered to be relatively impermeable compared to the
alluvial aquifer. This impermeable bedrock morphology is used as the model boundaries, shown
as the blue lines in Figure 3a. The aquifer is mainly composed of sands and gravels, interbedded
with thin layers of silt and clay; such layering is likely to lead to anisotropy. Aquifer
permeabilities measured from pumping tests range from 2.4 x 10™° to 6.5 x10™° m? (2.4 x10°° to
6.5 x10 m/s) (Su, et al., 2007). The collector well laterals are located at elevations ranging from
4.5 to 7.2 m below sea level, approximately 16 m below the riverbed. Under typical conditions

(without excessive pumping), the water table is connected to the riverbed.
Regional River-Aquifer Model: Development, Calibration, and Simulation

We first develop a regional scale model to study the key factors affecting sustainable
aquifer recharge, maximum pumping capacity, and development of an unsaturated zone beneath
the riverbed. The forward model simulations were conducted using TOUGH2-EOS9 (Pruess,
1999; Finsterle, 2007), a module that solves the Richards equation for saturated and unsaturated
flow. In this module, gas is considered as a passive bystander and temperature effects are
ignored. The inverse modeling tool, iTOUGH2 (Finsterle, 2004), was used for automatic model

calibration and systematic sensitivity analyses.
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Forward Model Setup

The areal extent covered by the regional river-aquifer model is about 1 km?. The model is
36 m in depth, containing 19 layers with non-uniform layer thicknesses. The riverbed is modeled
as a 1 m-thick layer; the collector laterals are contained in a 0.2 m-thick layer (the laterals have a
diameter of 0.2 m). The remaining layers have a thickness of 1 m, except the layers above the
riverbed and below the laterals, which are slightly thicker. The mesh (Figure 3b) was generated
using WinGridder (Pan et al., 2001). It consists of about 25,000 grid blocks, with higher
resolution around the collectors and in the riverbed area. The relatively impermeable boundaries
corresponding to the bedrock were obtained from Trotta (2004) where no-flow boundary
conditions were applied. The bottom and top of the model are at elevations of -16 m and 20 m
(relative to sea level), respectively. The shape and width of the river were obtained from a
Google map. We assumed that river morphology does not significantly change as a function of
river stage and time. The upstream and downstream boundaries are hydraulically connected to
the regional aquifer. Therefore, prescribed head boundary conditions with time-dependent values
obtained from two nearby monitoring wells were specified. The top of the model was given an
atmospheric boundary condition, except for the elements representing the river, where a time-
dependent prescribed pressure was specified according to the river stage. The impact of
precipitation and evapotranspiration on the regional groundwater level is approximately
accounted for through the time-varying upstream and downstream boundaries. Fox and Durnford
(2003) have shown that the transition from the saturated flow regime to a gravity-driven
unsaturated flow regime is rapid. In a standard groundwater flow model, this transition results in
a change of the boundary condition from constant head to constant flux, where the flux is related

to the conductance of the least permeable layer between the river and the water table (usually
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that of the riverbed). In our simulation, however, unsaturated flow in the vadose zone is
explicitly simulated, the river boundary remains being represented by a (potentially time-
dependent) Dirichlet boundary condition, and the recharge rate is calculated as part of the
solution for the given unsaturated hydraulic properties of the subsurface.

Water intake through the fan of collector laterals of variable lengths is approximated in
the model by a rectangular domain of increased permeability. The aspect ratio and area of this
domain is consistent with the footprint covered by the laterals. A time-varying Neumann
boundary condition with the recorded pumping rate is applied at the element where the caisson is
located.

Initial conditions were obtained by running the model for half a year with average
stresses (river stage, boundary conditions and pumping rates), followed by one-month model
spin-up period using actual stresses as they prevailed before and right up to the beginning of the

calibration period.

Model Calibration

Water table measurements at all thirteen monitoring wells were available during the
period from June 1, 2006 to July 10, 2006, and thus this 40-day period was selected for model
calibration. Water table elevations were measured hourly, although we used an increment of 5
hours for model calibration. At each calibration time, drawdown at each monitoring well was
calculated as the water table elevation at that time minus the initial water table at that well.
Simulations were performed under isothermal conditions, using a constant temperature of 20°C
(the air temperature during that period ranges from 6°C to 39°C, with an average of 19°C; soil

temperature ranges from 16°C to 22°C, with an average of 19°C). In the first inversion, only three
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uncertain parameters were subject to estimation: vertical and horizontal aquifer permeabilities,
and riverbed permeability.

The initial calibrated horizontal and vertical aquifer permeabilities were 3.45 x 10™° m?,
and 1.10 x 10™ m? respectively. The riverbed permeability was 1.00 x 10™? m% These serve as
the base values for the subsequent sensitivity analyses as will be described below. Figures 4a and
4b show the pumping rates for C1 and C6 during the calibration period. C1 was mostly pumped
with a rate of 10 or 20 mgd, interspersed with periods of inactivity. C6 was pumped at 10 or 30
mgd (not shown is C2, which was included in the model but was rarely turned on). Figures 4c
and 4d show the measured and calculated drawdowns at the adjacent monitoring wells TW17
and TWO03 (the pilot-point results will be discussed below). The pumping schedules exhibit a
complicated pattern. Even during the periods with almost constant pumping rates, the
corresponding drawdown shows fluctuations that can not be explained using standard wellbore
analysis methods. By using numerical modeling, we were able to capture some of the
fluctuations that are caused by changes in river stage, upstream boundary conditions, and
pumping rate.

While the overall behavior is captured, there are some remaining discrepancies. Part of
the fitting discrepancy is likely the result of aquifer heterogeneity. To include heterogeneity and
to adjust its pattern during data inversion, we used geostatistical simulations in combination with
the pilot point method (Gomez-Hernandez, et al., 1997; RamaRao, et al., 1995). In this method,
permeability values at select pilot points are estimated. The pilot points are then used as
conditioning points during the geostatistical simulation of a random, spatially correlated
permeability field. By changing pilot point values, the specific pattern of heterogeneity was

adjusted over the entire model domain, while maintaining its overall geostatistical properties. We
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used ten pilot points, which were distributed horizontally (in the X-Y plane) and also located at
different elevations. The horizontal locations of these points are shown in Figure 3b. In this case,
the calibrated properties are riverbed permeability, average aquifer horizontal permeability,
aquifer anisotropy ratio, and permeability modifiers at the ten pilot points. Figure 3b shows the
contours of the logarithm of the estimated horizontal permeability field at the elevation of the
riverbed. The corresponding simulated drawdowns (blue curve) are plotted in Figures 4c and 4d.
Although using pilot points only slightly improved the model fit to water table measurements at
these two wells, the reduction in the total objective function (from the calibrated homogeneous
model to the calibrated heterogeneous model) is reduced by 40%, indicating an overall better
agreement between the model and the data. However, discrepancies cannot be entirely resolved
due to the impossibility of capturing the random component of the spatial variability and other
model simplifications, including assumptions about boundary conditions, model geometries,
conceptual model, and errors due to numerical discretization.

Figure 5 shows a saturation profile at C1 (X-Z profile) and C6 (Y-Z profile) at the end of
the calibration period. At both locations, the simulations predict the development of an
unsaturated zone directly beneath the riverbed. The key factors that affect the development of
this unsaturated zone will be investigated in the next section. Figure 6 shows contour maps of
water saturation and drawdown at the end of the calibration period at a few elevations. Notice
that the drawdown near Collector 6 at the elevation of the laterals exceeds 10 meters, a value
higher than the drawdown in the layers above. This head gradient is the driving force supplying
water to the laterals. However, this does not imply that a significant depression of the water table
occurs. The pressure head in the laterals is imposed by the water level in the central caisson.

Once the water level in the caisson reaches the elevation of the laterals, the head cannot be
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further reduced despite the fact that the water table in the aquifer has not yet reached the laterals.
This behavior is specific to the hydraulics of a well configuration with a caisson and laterals.
Extraction rates that lead to atmospheric pressures in the laterals thus indicate that the well

pumping capacity is reached.

Model Refinement to Study Riverbed Clogging

To understand which processes are affecting riverbed clogging at the Wohler site, and
what operational measures can be taken to prevent riverbed clogging as part of optimal surface
water and groundwater management, in this Section we focus our modeling effort on the region
near C1 and C2, where clogging has been observed (Constantz, et al., 2006). We refine the
previous mesh in the region near Collectors 1 and 2 (each element is 5 m along X and Y

directions). To reduce the computational cost, we coarsen the mesh near Collector 6.

We develop and use the refined model to explore the impact that river stage, season, dam
operation, and pumping have on clogging near Collectors 1 and 2. We postulate that riverbed
clogging is gradual, occurs during summer, and can be reversed by flushing, which is associated
with storms and dam lowering during winter. We further suggest that increased deposition of
fine particles occurs due to pumping-induced infiltration, and that the presence of an unsaturated
zone below the river may promote clogging. To test these concepts, we permit the riverbed
permeability to change as a function of time. We calibrate the riverbed permeabilities at different
times against the water table data over a sufficiently long period, given that different clogging
mechanisms may be manifest at different times. The focus of the study is on the local areas of

Collectors 1 and 2. Aquifer permeability are assumed to be relatively homogeneous, but is
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considered uncertain and is thus determined by calibration using the data from monitoring well

TW17, which is located near Collectors 1 and 2.

The calibration period is from January 24 to November 20, 2007. A major storm occurred
during this period—on February 22—and the dam was lowered between February 6 and 8 to
prepare for the expected increase in river flow, and raised again on March 27-30. In addition to
this major event, the dam has been raised and lowered one more time during the calibration
period. The pumping rate of Collector 1, the elevation of the river stage at the dam during this
period, and temperature are shown in Figure 7. Seven temporal permeability calibration points
were selected based on the time of major stress changes, including the change in river stage or
pumping rate and temperature reversals. Riverbed permeability is estimated at these points in
time, and assumed to change linearly between them. The effects of river infiltration rate and river
velocity are not explicitly considered in the selection of these temporal points, because no direct
measurements of these quantities are available. However, their effects are partially considered as

they tend to change with pumping rate, dam operation, and storm events.

The calibrated permeability values are listed in Figure 7. In addition, the calibrated local
horizontal aquifer permeability is 2.1x10™° m? and vertical permeability is 1.2x10™ m?. Gas
saturation at 1 m beneath the riverbed and river infiltration calculated from the calibrated model

are shown in Figure 8.

Analysis and Discussion

In this section, we use the developed models to explore the impact of:

16



e Hydrogeological characteristics (aquifer permeability and riverbed permeability)
and operational characteristics (river stage associated with inflatable dam

operation, pumping rate) on river infiltration and thus on water production;

e Aquifer anisotropy, contrast between riverbed and aquifer permeability, and dam-
influenced river stage and pumping rates on the development of an unsaturated

Z0ne;

e Collector wells interference, riverbed permeability, and river stage on maximum

pumping capacity;

Season, temperature, and dam operation on riverbed clogging.

Analyses addressing the first three topics are conducted using the calibrated regional
model described previously, while analysis of the final topic is conducted using the refined local-

scale model with riverbed permeability represented as a function of time.

River infiltration

Sensitivity analyses were conducted using the calibrated regional model to study various
factors that can potentially impact infiltration and thus water production associated with RBF.
Specifically, the sensitivities of the following six uncertain parameters to river infiltration were
obtained: aquifer horizontal permeability, aquifer vertical permeability, riverbed permeability,
river stage, Collector 1 pumping rate, and Collector 6 pumping rate. The scaled sensitivity
coefficient is calculated as the ratio of the change of system response (the amount of river) to the
change of the uncertain parameter, scaled by their respective variabilities. The calculated

sensitivity coefficients with time are plotted in Figure 9.
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These sensitivity results show that (1) the riverbed permeability is the dominant factor
impacting river infiltration, as expected; (2) for a given riverbed permeability (provided riverbed

permeability is sufficiently large), the pumping rate and river stage also affect river infiltration.

While the key factors affecting river water infiltration are potentially controllable, the
extent of this control is limited. The amount by which the river stage can be increased by raising
the inflatable dam is relatively small and depends on the hydrological conditions in the
watershed, which change with season. While it may be desirable to maximize the pumping rate,
adverse effects (specifically the development of an unsaturated zone beneath the riverbed, and
well interference) need to be considered during the RBF management. Induced scouring to
increase riverbed permeability is a technical challenge. Finally, correlations among these key
factors must be accounted for during control. For example, the riverbed clogging may be partly
ameliorated by lowering the inflatable dam, thus increasing flow velocity in the river. However,
this will lower the river stage. As a result, the wetted surface area of the riverbank is reduced,
leading to a smaller recharge surface area relative to high river stage conditions. Moreover, the
hydraulic head gradient driving infiltration is reduced. All these factors potentially promote a

hydraulic disconnection between the river and groundwater.

Development of an unsaturated zone

The saturation at a point beneath the riverbed is selected near Collectors 1 and 2 to
numerically examine the development of an unsaturated zone as a function of riverbed
permeability, horizontal aquifer permeability, horizontal to vertical permeability anisotropy, and
river stage. Anisotropy in aquifer permeability of sedimentary systems can vary from 2 to 500
(Chen and Chen, 2003) due to the layered structure of alluvial deposits. Figure 10a shows the

saturation at this point as a function of riverbed permeability and horizontal aquifer permeability
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when the anisotropy ratio is 30, which is consistent with our homogeneous model calibration.
This figure suggests that when the riverbed permeability is high, the zone below the river is
always fully saturated. With decreased riverbed permeability, an unsaturated zone develops,
unless aquifer permeability is also low. This suggests that the development of an unsaturated
zone depends on the contrast between riverbed and aquifer permeability. Figure 10b is a similar
diagram but with an anisotropy ratio of 2, representing an increased vertical aquifer permeability
and a value that is in line with that used by Su et al (2004) (Among the three anisotropy values:
1, 2 and 5, they concluded that anisotropy ratio of 5 gives the best fit). The saturation is lower in
this case relative to the one shown in Figure 10a. This is due to the overall increase of effective
aquifer permeability, which leads to a higher contrast between aquifer permeability and riverbed
permeability. In general, alluvial aquifers exhibit relatively strong anisotropy due to the layered
structure of the fluvial deposits.

Figure 10c shows the saturation as a function of river stage and riverbed permeability
given an anisotropy ratio of 30. This figure suggests that if the riverbed permeability is low (e.g.,
lower than 102 m?), increasing the river stage does not prevent the development of the
unsaturated zone beneath the riverbed, which confirms that riverbed permeability is the limiting
factor for river infiltration. Only when the riverbed permeability is sufficiently large can the

unsaturated zone be reduced by raising river stage.

Pumping capacity
In this paper, pumping capacity is defined as the maximum pumping rate that can be
sustained (e.g., the rate that will not cause aquifer desaturation and air intake in the laterals of the

collector wells). Figure 11 shows pumping capacity as a function of river stage and riverbed
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permeability for the following cases: (a) only Collector 1 is pumping; (b) only Collector 6 is
pumping; and (c) both collectors are pumping.

These figures show the significant impact riverbed permeability has on pumping
capacity, outweighing the effects of a variable river stage, which can affect pumping capacity
only if riverbed permeability is sufficiently large. The maximum amount of infiltration,
determined by the pumping capacity, is almost fixed for a given riverbed permeability (with a
little variation for different river stages). This implies that increasing river infiltration by
increasing the groundwater pumping rate can only be achieved if the riverbed permeability is
sufficiently large, which requires periodic scouring of the riverbed. These figures also show that
the total pumping capacity of both collectors is almost the same as the sum of the pumping
capacities from each individual collector, which means that Collectors 1 and 6 are far enough
apart not to significantly interfere with each.

These simulations suggest that (1) the efficiencies of collector wells are primarily
controlled by riverbed permeability, as long as it is substantially lower than aquifer permeability,
as expected; river stage/dam operation affects pumping capacity but the effect is small even with
sufficient riverbed permeability; (2) the efficiency is only affected by river stage (inflatable dam
operation) if riverbed permeability is relatively high; (3) pumping in Collectors 1 and 2 does not
significantly affect pumping capacity of Collector 6, and vice versa; and (4) the development of
an unsaturated zone is mainly affected by the contrast of riverbed permeability and aquifer
permeability (only when riverbed permeability is sufficiently large can the development of an
unsaturated zone—and thus pumping capacity—be controlled by adjusting the river stage

through dam operation.
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Riverbed clogging

Figure 7 shows that the estimated riverbed permeability varies over time, with particular

behavior identified in three different phases as is described below.

Phase | extends from December 2006 to January 2007, which represents a period
directly following a significant storm at the end of November 2006 and smaller
subsequent and intermittent rainfalls. The dam was down during this period. The
calibration results show an initial riverbed permeability of 6.1x10™* m? in January
2007. This phase serves as the spin-up period and marks the beginning of the

calibration period.

Phase Il extends through the rainy season (January-March), when the dam was down
and thus river flows at a low stage. During this phase, Figure 7 shows the calibrated
riverbed permeabilities increase, confirming our assumption that clogging can be
partly reversed during periods of high river velocity. A relatively high jump of the
calibrated riverbed permeability at the end of February is likely due to the storm in
February. It appears that the occasional desaturation under the riverbed and intensive
infiltration, observed during this time period on Figure 8, did not last long enough to
induce significant clogging. Our findings for this period are in agreement with the
experimental findings of Gorman (2004), whose point estimate of hydraulic
conductivity near TWO1 increased between September 2003 and March 2004 by

slightly more than one order of magnitude

Phase 1ll extends from March through November and represents a relatively dry

period. The dam was slightly lowered once (end of April) and raised immediately
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afterwards; this minor operation is not believed to have impacted riverbed clogging.
Based on our assumption that flushing of the riverbed due to high flow velocity in the
river caused by the winter storm and/or lowering of the dam is the only mechanism to
reverse clogging, we expected a decreasing riverbed permeability during these
months caused by gradual clogging due to relatively stagnant river water after the
dam was raised in March. Figure 7 shows that permeability is decreased by
approximately a factor of three. Again, this result is consistent with the estimation
result by Gorman (2004), who observed a decrease in hydraulic conductivity near
TWO0L1 between June and September 2003. Figure 7 reveals that the calibration results
are in general agreement with the decreasing trend, with the exception of the period
between June and August. During that period, the infiltration rate was relatively high
(see Figure 8). This is due to the high total pumping rate (Collector 2 was also
pumped at about 10 mgd (440 kg/s)). The high infiltration rate combined with
relatively low permeability (compared to the rate at the beginning of the year) caused
the development of the unsaturated zone, as demonstrated by the emerging gas
saturation region shown in Figure 8. However, the estimated permeability increased
despite the continued pumping and the simulated development of an unsaturated zone

beneath the riverbed.

Although the increase in permeability seems to contradict our hypotheses, there are
possible explanations for this exception. (1) Our isothermal simulations assume that
mechanical clogging is the only process that causes changes in riverbed hydraulic
conductivity. However, in reality, hydraulic conductivity is a function of temperature

due to viscosity and relative permeability effects. The decrease of water viscosity due
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to temperature increase is mild, i.e., the viscosity is 1.3x10 Pa-s at 10°C and 1.0x10"
® Pas at 20°C. However, a much greater temperature dependence of hydraulic
conductivity could be caused by the temperature dependence of relative permeability
(Constantz, 1982), which is caused by the temperature dependence of the water
retention curve (She and Sleep, 1998). No equations have been developed to quantify
the temperature dependence of relative permeability. Since this temperature
dependence is not included in the model, the effect is reflected in the calibrated
riverbed permeability. In other words, this increase in the calibrated riverbed
permeability may be caused by the hydraulic conductivity increase with temperature,
instead of unclogging of riverbed permeability. (2) The temporal change of riverbed
permeability was not properly parameterized, i.e., not enough (or not the right) points
in time were selected for permeability calibration. Moreover, permeability may not
change linearly with time. (3) The estimated riverbed permeabilities might be biased
by other modeling errors, such as boundary conditions and heterogeneity. Figure 12
shows the comparison between measured and calculated drawdown at TW17. A
relatively large error is observed around June 8 and August 3 compared to other
times. This error could be either caused by modeling errors, or parameterization

inaccuracy.

This discussion highlights that riverbed permeability appears to be time-dependent, with
a trend of gradual riverbed clogging and riverbed permeability reduction during the summer
months when the dam is raised, and a riverbed permeability increase during the winter when

higher river flow velocities occur during storms when the dam is lowered.
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Conclusions

In this study, we developed a numerical modeling approach to jointly consider key
properties and processes that impact the hydrodynamics near RBF systems. Unlike most
previous studies, which documented such properties and processes separately, we considered
their interactions in a coupled modeling and joint analysis framework. We used our regional and
local-scale models to integrate disparate datasets collected along a segment of the Russian River
at the Wohler site, California, and to perform simulations, sensitivity studies and analyses geared
toward (1) understanding the hydrodynamics associated with groundwater pumping near a river,
and (2) identifying factors that govern the two common problems that impact the sustainability
of RBF operations—unsaturated zone development and riverbed clogging. The regional 3D
model was developed to study the effect of river stage, riverbed permeability, aquifer
permeability, and pumping rate on the amount of river infiltration. The model includes saturated
and unsaturated flow and details of the river morphology as well as time-varying boundary
conditions. It uses a simplified representation of the collector well laterals, neglects gas-flow and
temperature effects, and does not explicitly simulate the various clogging and scouring
mechanisms. The impact of these simplifying assumptions was partly compensated by estimating
effective parameters, including a time-dependent riverbed permeability, through calibration of
the model against water table data from multiple monitoring wells. This approach of representing
riverbed clogging mechanisms and their interactions through estimated effective parameters is a
reasonable way to understand the impacts of the clogging on infiltration and to include them in
the estimation of water production and the design of RBF systems.

Based on the above analyses, we gained the following insights into RBF processes:

e The efficiencies of collector wells are primarily controlled by riverbed permeability.
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River stage controlled by dam operation affects pumping capacity only if riverbed
permeability is relatively high.

The development of an unsaturated zone beneath the riverbed is determined by the
contrast between the riverbed permeability and aquifer permeability as well as the aquifer
anisotropy ratio; only under conditions of sufficiently large riverbed permeability can the
development of an unsaturated zone be avoided by raising the dam.

The riverbed must remain permeable to prevent the hydraulic disconnection between the
river and the aquifer.

The seasonal pattern of riverbed permeability suggests that clogging is caused by
sedimentation and deposition of fine-grained material within the riverbed, and cleaning
may be achieved by flushing (partly controllable by lowering the dam) and scouring. At
the Wohler Site, the model specifically suggests that seasonal effects can be mitigated by
a sensible operation of the inflatable dam.

In general, the developed insights should be transferable for guiding the management of

the river and pumping systems at other RBF sites. The estimation of effective parameters

captures the impact of complex clogging and scouring mechanisms on infiltration dynamics. The

calibration step ensures that these clogging effects are included in the model with a sufficient

level of accuracy, acceptable for the intended purpose of conducting modeling analysis in

support of design, optimization, and other water management tasks. The model presented here

fulfills this requirement, even though further refinements (e.g., inclusion of temperature effects

and gas phase transport, and explicit simulation of various clogging mechanisms) may further

improve the reliability of the predictions. Our study suggests that at locations where

experimental quantification of riverbed clogging mechanisms is difficult or expensive, readily
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available measurements (such as water levels in observation wells) can be combined with
numerical approaches to develop the correlations between effective riverbed permeability, dam
operation, and pumping schedules, which in turn can provide a basis for managing the water

resource in a sustainable manner.
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List of Figures

Figure 1. Map view of Wohler study site in Northern California, showing of collector wells, and

photograph of the inflatable dam downstream locations (provided by SCWA).

Figure 2. Schematic of a collector well. At the Wohler Site, the laterals are located

approximately 16 m below the riverbed and extend from 14 to 55 m from the central caisson.

Figure 3. (a) Map view of study site, showing model boundary and locations of monitoring and
collector wells; (b) regional numerical model, showing surface discretization, well locations,

pilot points, and contours of estimated permeability field at the riverbed elevation.

Figure 4. Pumping rate of (a) Collector 1 (C1), (b) Collector 6 (C6); and model fits (red symbols:
data; green line: calibration using a homogeneous model; blue line: calibration using the pilot

point method) at (c) TW17 near C1 and (d) TWO3 near C6 during calibration period.

Figure 5. Vertical saturation profiles near (a) Collector C1 and (b) Collector C6 showing the

development of an unsaturated zone beneath the river.

Figure 6. Contour maps of saturation (top) and pressure drawdown (bottom) at different
elevations, showing the development of an unsaturated zone (at elevation 8.7 m), and lack of

significant pressure interference between collector wells.

Figure 7. Timeline of events used for calibration point selection (top); Collector 1 pumping rate

and river stage at the dam in 2007 (middle); riverbed permeability calibration results (bottom)
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showing seasonal hydrological and operational activity-related trends that are consistent with

expected clogging and scouring mechanisms.

Figure 8. Gas saturation under the riverbed (top) and the amount of infiltration (bottom) in 2007,

calculated by the calibrated model.

Figure 9. River infiltration sensitivity to six uncertain parameters, showing the dominant
impact of riverbed permeability, pumping rate, and river stage on infiltration rate; aquifer

properties are of less significance.

Figure 10. Saturation at 1 m below riverbed at nearby Collector 1 as a function of (a) riverbed
permeability and aquifer permeability with an anisotropy ratio of 30; (b) riverbed permeability
and aquifer permeability with an anisotropy ratio of 2; and (c) riverbed permeability and river

stage.

Figure 11. Pumping capacity as a function of river stage of riverbed permeability for cases (a)
only Collector 1 is producing; (b) only Collector 6 is producing; and (c) both collectors are

producing drinking water.

Figure 12. Comparison between measured (red) and calculated (green) water table drawdown at

observation well TW17 near Collector 1 during the calibration period.
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