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Introduction

Numerical models of water flow have revolutionized our
understanding of basin-scale hydrologic processes. To date,
these models have relied primarily on traditional hydrologic
monitoring—of rainfall, streamflow, and water-table eleva-
tions, for example—for calibration and performance testing.
Calibration provides initial estimates of the rates and distribu-
tion of ground-water recharge, and the calibrated models that
result provide important tools for addressing recharge ques-
tions. This inverse approach has been preferred over monitor-
ing of recharge due to the inherent difficulties of making direct
measurements of flow across the water table. The difficulty
is magnified because recharge fluxes are typically small and
because the location of the water table changes with time. In
arid and semiarid regions, deep water tables make recharge
monitoring especially challenging. Despite the challenges,
recharge monitoring must advance to allow for continued
improvement in our understanding of basin-scale hydrologic
processes. Such understanding is crucial for future water
resource characterization and planning.

The difficulties associated with measuring recharge
directly have led to growing interest in the adoption and devel-
opment of indirect methods to measure or estimate recharge.
The mass balance approach of estimating recharge as the resid-
ual of other (generally larger) terms has advanced through the
use of more complex and more complete basin-scale hydrologic
models. Improved measurements of recharge rates, timing, and
patterns can be used to improve these modeling efforts by pro-
viding boundary conditions, constraints on model inputs, data
for the testing of simplifying assumptions, and identification
of spatial and temporal resolution of model inputs necessary
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to predict recharge to specified tolerances in space and in time.
Under some conditions, improved measurements may provide a
direct measure of recharge or changes in water storage, largely
eliminating the need for indirect estimates of recharge.

This appendix presents an overview of physically
based, indirect, geophysical methods that are available or
in development for recharge monitoring. The material is
written primarily for hydrologists. It is not intended to be an
exhaustive review of geophysical methods; rather, the intent
is to introduce the possible uses of geophysical methods for
improved recharge monitoring through brief discussions and
case studies. The focus is to present an approach to deter-
mine how geophysical methods can be used most effectively
in quantifying recharge and studying recharge processes. As
such, it is presented as a conceptual framework for match-
ing the strengths of individual geophysical methods with
the manners in which they can be applied for hydrologic
analyses. For further information on individual geophysical
methods, readers are referred to excellent texts describing
the theory and practice of geophysics including Telford and
others (1990) and Reynolds (1997). A 2002 workshop on
advanced hydrogeophysics led to a well-organized collection
of papers describing classical concepts and emerging tech-
niques (Rubin and Hubbard, 2005). An illustrated introduc-
tion to the geophysical techniques most commonly used in
alluvial deposit characterization appears in a recent USGS
circular (Lucius and others, 2007).

This appendix is organized in three sections. First, the
key hydrologic parameters necessary to determine the rates,
timing, and patterns of recharge are identified. Second, the
basic operating principals of selected geophysical methods are
presented. The methods are grouped by the physical property
that they measure directly (table 1). Each measured property
is related to one or more of the key hydrologic properties for
recharge monitoring. Third, the emerging conceptual frame-
work for applying geophysics to recharge monitoring is sum-
marized in the closing remarks.

Examples of the application of selected geophysical
methods to recharge monitoring are presented in sidebars.
These case studies illustrate hydrogeophysical applications
under a range of conditions and measurement scales, which
vary from tenths of a meter to hundreds of meters (table 1).
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Table 1.

Geophysical methods available or in development for recharge monitoring—comparison of directly measured properties or

parameters, approximate measurement scales, and primary applications (x).

Primary recharge monitoring application(s)

Measure- Hydro- Water Direct flux Vadose
Measured property or .
Method mentscale  geologic mass bal-  measure- zone model
parameter . .
(meters)  framework ance ment calibration
Seismic Seismic velocity 10s—100s X
Time-domain reflectometry (TDR) Dielectric permittivity 0.1-1 X
Time-domain transmission (TDT) ditto 0.1-1 X
Ground penetrating radar (GPR) ditto 1-10 X X X
Capacitance ditto 0.1-1 X
Electrical resistance tomography (ERT) Electrical conductivity 10s-100s X X X
Electromagnetic induction (EMI) ditto 1-10s X X X
Time-domain electromagnetics (TEM) ditto 10s-100s X X X
Streaming potential (SP) ditto 10s—-100s X
Controlled source audio magnetotellurics .
— S X
(CSAMT) ditto 10s-100s
Nuclear magnetic resonance (NMR) Proton precession 10s—-100s X X X
Gravity Mass change 10s-100s X X
Neutron Hydrogen density 0.1-1 X X X
Temperature! Temperature 1-10s X X

'Temperature methods are discussed in appendix 1 of this volume.

In addition, case studies have been selected to show practice-
proven as well as recently emerging applications of geophysi-
cal methods to recharge monitoring. Because these recent
applications have received testing in relatively few locations,
the case studies on emerging techniques involve applications
relatively far from the study area—including one in the United
Kingdom and one in south-central Washington State.

Key Hydrologic Parameters for
Recharge Monitoring

Recharge in granular media can be identified in one of
three ways: (1) changes in water storage in the saturated zone
can be measured and attributed to recharge, (2) the water flux
past a fixed depth can be measured and equated to recharge, or
(3) calibrated numerical variably saturated water-flow mod-
els can be constructed and used to infer the rates and patterns
of water movement throughout the subsurface. Each of these
approaches to recharge characterization is discussed briefly to

give a context for considering the use of geophysical methods
for recharge estimation. Note that this appendix is limited to the
topic of recharge in unconfined, granular media. At this time,
quantitative application of geophysical methods to monitoring
recharge in fractured media or to confined aquifers is limited.

Monitoring Changes in Water Storage in the
Saturated Zone

Changes in water storage in the subsurface occur due
to the following processes: natural and artificial infiltration
at the ground surface, evapotranspiration, lateral inflow and
outflow, and withdrawal or addition from pumping wells and
injection wells. Typically, basin-scale hydrologic models lump
the processes of infiltration, evapotranspiration, and redistribu-
tion within the unsaturated zone, expressing the net result as a
recharge flux across the water table. Subsurface water flow is
then treated by only considering water flow through a satu-
rated medium. If water withdrawals by pumping, inflows/out-
flows, and the storage characteristics of the medium near the
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water table are well-characterized, then spatial and temporal
changes in the water table elevation can be used to constrain
a saturated flow model to infer the rates, patterns, and timing
of recharge. This can be simplified further by ignoring the
rates of inflow and outflow and equating measured changes
in water table elevation with recharge. This simple approach,
while lacking the explanatory capabilities of a calibrated
flow numerical model, is particularly useful for rapid water-
resource evaluation. More complex basin-scale analyses may
rely on calibrated saturated-flow numerical models. However,
these also have limited predictive capabilities because they
do not explicitly represent unsaturated zone processes. As a
result, these models should only be applied for recharge pre-
diction under climatic conditions that are similar to those used
for model calibration.

Numerical saturated-flow models are usually calibrated
by using measurements of water-table elevation or estimates of
subsurface storage within the basin. These models also require
estimates of inflow and outflow across the boundaries. To
relate the timing and patterns of water table elevation change
to the rates, timing, and patterns of recharge, the distribu-
tion of hydraulic properties also must be defined throughout
the domain. The key properties that control the accuracy of
recharge estimation based on saturated-flow numerical model-
ing are hydraulic property distributions, the water flux across
the water table, and the water content or pressure head change
in the vicinity of the water table.

Monitoring Water Flux Over a Fixed-Depth
Interval

Recharge to an unconfined aquifer is defined as the
positive downward flux across the water table. Therefore,
measurements of water flux at the water table provide the
only direct measure of recharge. Direct recharge monitor-
ing may be possible at a limited number of sites within a
well-instrumented watershed with relatively shallow water
tables. However, given that the water-table elevation changes
in time, it is more practical to conceive of measurements that
are made at some fixed depth (or depths) either above the
water table or spanning the water table. The closer the mea-
surement depth is to the water table, the more faithfully the
measured or inferred flux will represent the recharge flux,
both in magnitude and in timing. However, shallower mea-
surements are typically less expensive, with the least costly
measurements being remote sensing of ground surface.
These reduced costs translate to greater spatial coverage.

As a result, flux monitoring over a fixed depth interval is a
balance between relatively sparse measurements of the local
recharge flux versus greater spatial coverage of the water
flux at some point at a shallower depth within the unsatu-
rated zone. As with the saturated-zone modeling approach
described above, fixed-depth interval monitoring requires
significant simplifying assumptions regarding flow processes
within the unsaturated zone. Therefore, these measurements
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cannot be used to link surface and unsaturated-zone pro-
cesses with the timing and pattern of recharge. Rather, this
approach provides either improved estimates of the local
recharge flux (by using deep measurements), or improved
spatial representation of water fluxes within the unsaturated
zone (by using shallow measurements) when compared to
saturated-flow numerical models. As a result, fixed-depth
interval monitoring is amenable to both water-resource plan-
ning and to some large-scale scientific analyses.
Fixed-depth interval flux monitoring can be applied
to either transient or steady-state infiltration and recharge.
Monitoring transient infiltration processes can take advan-
tage of changes in water content that are associated with
transient flow through unsaturated media. During the
advance of a wetting front, changes in the volume (or length,
in one dimension) of water between the wetting front and
the ground surface can be related directly to changes in
the volume (or length) of water stored in the unsaturated
zone. Simultaneous volumetric water-content measurements
throughout the unsaturated zone can be used to determine
directly the volume (or length) of water stored. Changes in
the water stored with time can be related to the cumulative
net infiltration (infiltration less evapotranspiration) until
the wetting front reaches a zone of full saturation. Alterna-
tively, water-content or pressure-head measurements made
at specific points can be used to constrain unsaturated-flow
models to infer the flux past the deepest observation point as
a function of time. Inference of the flux using this approach
requires characterization of the unsaturated hydraulic proper-
ties throughout the zone of measurement. Monitoring steady-
state infiltration and recharge is more challenging. Under
steady-state conditions, there is no change in water content
associated with infiltration. As a result, steady-state flux can
only be estimated by using direct measurements of water
flux at a fixed depth, or by measuring vertical pressure-head
gradients and calculating flux from known hydraulic con-
ductivity functions for the site materials. Alternatively, the
water velocity can be measured and related to the water flux
through the measured volumetric water content.

Characterizing Water Flow Throughout the
Unsaturated Zone

Full characterization of the rates, timing, and patterns
of recharge requires complete analysis of water movement
throughout the unsaturated zone. Ideally, this analysis would
be conducted by using a multidimensional numerical model
that accounts for liquid and vapor movement, preferential
flow, and root uptake, among other processes. In addition, the
subsurface hydraulic property distribution would be character-
ized with high spatial resolution throughout the domain. Such
a model could then be calibrated by using measurements of
water content and water pressure at multiple depths, at many
times, and at many locations throughout a basin. This well-
calibrated model could then be used to infer recharge rates
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and to predict the impact of processes at the ground surface
and throughout the unsaturated zone on recharge rates, timing,
and patterns. It is impractical to construct and calibrate such

a model for each basin of interest. Rather, these models can
be used to improve our understanding of the dependences of
fluxes at fixed depths and changes in water storage on pro-
cesses that occur at the ground surface and throughout the
unsaturated zone. These insights can then be used to improve
recharge analyses based on saturated-flow models or flux
measurements made at limited depths. For example, it would
be useful to identify and characterize the systematic errors of
these simpler approaches and to determine the conditions for
which they can be used with acceptable error or uncertainly of
recharge estimates. Similarly, more complete models of water
flow throughout the unsaturated zone could be used to design
a monitoring network that combines measurements within the
saturated zone and at selected locations within the unsaturated
zone to produce the most accurate recharge estimates within
an available budget. Stochastic approaches may play a key role
in characterizing the uncertainty of recharge estimates and in
identifying optimal monitoring networks for specific applica-
tions (for example, Yeh and Simunek, 2002).

Geophysical Methods for Recharge
Monitoring—Principles

Four key hydrologic parameters for recharge monitoring
have been identified: hydraulic property distributions in space,
water content distributions in space and time, water pressure
distributions in space and time, and water flux distributions in
space and time. To date, geophysical methods have only seen
limited use in direct measurement and monitoring of water
flow in the subsurface. More commonly, geophysics fills its
traditional role of characterization of subsurface hydrologic
properties either by using surface-based methods or borehole
methods. This role can be expanded and improved through
the routine incorporation of geophysical data in constructing
domains for numerical models of water flow. However, this
will likely require new approaches to the interpretation and
application of geophysical methods to highlight the hetero-
geneity and anisotropy of hydraulic conductivity that are of
particular importance to hydrologic investigations. Similarly,
expanded use of geophysics for flux monitoring will require
new approaches to geophysical survey design and geophysical
data interpretation that are aimed specifically at hydrologic
applications. Furthermore, improvements in the application
and interpretation of geophysical data for hydrologic appli-
cations must be made with consideration of the scales of
measurement and the costs of geophysical surveys. For the
near future, the use of geophysics for hydrologic monitoring
will expand only if there are clear cost savings or signifi-
cantly improved framework data that balance the added costs.
As a result, the conceptual framework for the application of
geophysical methods to recharge monitoring presented here is
focused on practically achievable contributions that likely can
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be made by geophysics within the next decade rather than on
the eventual possibilities of geophysical monitoring.

Geophysical methods vary widely in their physical bases
and methods of application. However, the expected contribu-
tions of geophysical methods to recharge monitoring can be
assessed based on three common factors: the sensitivity of
the instrument response to changes in hydrologically relevant
properties, the ability of the method to provide measurements
with sufficient spatial and temporal resolutions to characterize
hydrologically relevant properties, and practical limitations to
field applications of the method. In this section, geophysical
methods are introduced that are currently available or in late-
stage development for recharge monitoring. The methods are
grouped by the physical property measured, seismic velocity,
dielectric permittivity, electrical conductivity, proton preces-
sion, mass change, hydrogen density, or temperature. Each
physical property is related to hydrologically relevant proper-
ties. Then, the physical basis of each method is presented.
Finally, the resolution and applicability of each method for
recharge monitoring are discussed. Case studies demonstrating
the application of selected geophysical methods to recharge
monitoring are shown as illustrative sidebars. To highlight
geophysical methods, traditional hydrologic methods such as
thermogravimetric soil water content measurement, piezome-
try, and tensiometry are not discussed. Readers are encouraged
to refer to complete texts such as Methods of Soils Analysis
(Dane and Topp, 2002) for more complete discussion of these
methods. In addition, some methods that can contribute to
recharge studies exclusively through geologic mapping (for
example, geomagnetic methods) are not discussed here—only
seismic methods are presented for structural geologic char-
acterization. Finally, temperature methods, which have seen
great recent success in recharge monitoring, are not discussed
here because they are presented in detail in appendix 1.

Seismic Velocity

The density and elastic properties of a porous medium
control the speed with which seismic waves will propagate
through the medium, which is known as the seismic velocity
of the medium (with units of length divided by time). Spe-
cifically, the seismic velocity of a medium is directly related
to the square root of the ratio of the elastic modulus to the
density. That is, increased rigidity and decreased density lead
to an increased seismic velocity. The seismic velocities in air
and water are 0.35 kilometers per second (km/s) and 1.5 km/s,
respectively. The seismic velocity in rocks ranges from 1.75
km/s in porous shale to more than 7 km/s in low porosity dolo-
mite (Birch, 1966). The seismic velocity in a partially satu-
rated porous medium increases with increasing water content.
This increase is a balance of the effects of the higher velocity
of propagation through water filled pores and the increased
density due to water displacing air within the medium.
Similarly, seismic velocity decreases in a linear fashion as oil
replaces water in a porous medium (Geller and Myer, 1995).
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Kohnen (1974) reported seismic velocities ranging from 0.2 to
2 km/s in sands variably saturated with air and water.

Because the seismic velocity depends on both the elastic
properties and density of the solid matrix and the volumetric
water content, it would appear that this method could be used
to map water content distributions as well as hydrogeologic
structure. Time-lapse seismic monitoring of water-content
change has been applied successfully at the laboratory scale
(for example, Geller and Myer, 1995). However, the typical
mode of application of seismic methods at the field scale
precludes water content mapping. Specifically, seismic meth-
ods are typically operated in reflection or refraction mode
wherein a seismic source is activated, commonly at or near
the ground surface, and seismic waves are recorded with time
at or near the ground surface. Seismic energy travels along
multiple paths including a direct path between the source and
receiver and indirect paths of reflected and refracted rays.
Direct arrivals can potentially be useful for characterizing
the seismic velocity between the source and receiver. The
simultaneous inversion of data recorded from multiple source
and receiver locations within boreholes can potentially be
used to construct a two- or three-dimensional image of the
velocity distribution. This might then be used, together with
supporting information, to characterize the water-content
distribution. However, current field applications rarely use
multiple down-hole source and recording positions, primarily
due to difficulties with coupling the source and receivers to
the medium within the unsaturated zone. It is far more com-
mon to conduct surveys at the ground surface and to interpret
structure based on reflected or refracted energy. This survey
approach relies on sharp changes in the seismic velocity in
the subsurface to give rise to reflections and refractions. The
responses from these different travel paths can be separated
on a seismograph due to their different travel path lengths
and propagation velocities. However, this typically requires
that seismic surveys be applied at scales of meters to tens of
meters between measurement points. This scale of applica-
tion, together with the relatively large minimum resolvable
bed thicknesses achievable with seismic waves, limits the
ability of seismic methods to characterize water content dis-
tributions with sufficient resolution to constrain unsaturated
water flow models. As a result, high-resolution applications
of seismic methods for water content mapping will likely
remain limited to the laboratory for the near future. While
the relatively large measurement scale of seismic methods
is a limitation for water content mapping, it is an advantage
for defining the hydrogeologic structure of relatively deep
unsaturated zones. Hydraulic and physical properties often
most commonly obtained from drill cuttings and cores; how-
ever, these data typically are sparse owing to their associ-
ated costs and, thus, are limited in defining the geometry of
subsurface deposits. Seismic data can be used to extend the
limited hydraulic and physical properties of the shallow sub-
surface sediments and to define vertical and lateral extents of
subsurface layers. An example of this application is shown
in the sidebar “Estimating stream-channel deposit geometry

with seismic-refraction surveys.” The ready availability of
seismic instruments and the wealth of expertise in the use
and interpretation of seismic methods from the minerals
and petroleum exploration industries suggest that the use of
seismic methods should be a standard for the definition of
hydrogeologic structure for basin-scale hydrologic models.
High-resolution seismic methods may also contribute to

the definition of hydrologic structure for detailed models of
water flow throughout the unsaturated zone.

Dielectric Permittivity

The dielectric permittivity (farads per meter) describes the
ability of a medium to store charge in an alternating electro-
magnetic field. In general, the bulk dielectric permittivity of a
medium depends on the dielectric permittivities, electrical con-
ductivities, and magnetic permeabilities of the constituents of
the medium, weighted by their volume fractions. Furthermore,
the dielectric permittivity depends upon the frequency of the
applied electromagnetic field. Researchers are currently explor-
ing the use of multifrequency analyses of complex dielectric
permittivity measurements to infer soil-specific properties, such
as mineral composition and water-air interfacial areas. How-
ever, most dielectric permittivity methods that will be applied
to recharge monitoring in the near future operate in a frequency
range over which the dielectric permittivity of water can be
considered nearly independent of frequency. Furthermore, most
of these applications will be conducted in nonmagnetic media,
eliminating complications due to high magnetic permeability
materials. Typically, dielectric methods applied to recharge
studies will rely on determination of the apparent dielectric
permittivity relative to the permittivity of a vacuum. Use of this
dimensionless lumped parameter assumes that the imaginary
component of the complex dielectric permittivity, which is
related to conductive and dielectric losses, does not contribute
significantly to the medium’s dielectric response. With this
assumption, the velocity of propagation of an electromagnetic
wave can be related directly to the inverse of the square root of
the relative apparent dielectric permittivity.

The bulk dielectric permittivity can be related to the
dielectric permittivity of the soil components through varia-
tions of the complex refractive index model:

Ve =(-p\x, + 0K, +(p=-01Jx, | (1)

where
K, = the dielectric constant of the sediment grains,
k= the dielectric constant of water
(assumed to be 81),
= the volumetric water content, and
¢ = the porosity.

The relatively high dielectric constant of water compared

to other soil components imparts the strong dependence

of the bulk dielectric permittivity on the volumetric water
content of the medium. In fact, the bulk dielectric permittiv-
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Estimating Stream-Channel
Deposit Geometry With
Seismic-Refraction Surveys

By John P. Hoffmann

The amount of water that
recharges many aquifers in the South-
west is insufficient to meet current
and future demands. As a result, water
levels have declined tens of meters in
the past several years. For instance,
in the Tucson area, water levels have
declined by as much as 60 meters
over the past 50 years (Tucson Water,
2000). Many ephemeral streams in the
Southwest, such as Rillito Creek, are
being considered as artificial-recharge
sites to help mitigate the deficit. Design
and construction of in-channel recharge
facilities, in the absence of information
that can be used to estimate perfor-
mance and optimize design, constitute
an expensive and uncertain venture.

Infiltrated water within the Rillito
Creek stream-channel deposits is a pri-
mary source of recharge for the alluvial
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aquifer underlying the city of Tucson
and surrounding areas. Rillito Creek,
located in Upper Santa Cruz Basin in
southern Arizona, is typical of a large
ephemeral-stream channel in the South-
west. In many of the Southwest basins,
such as in Upper Santa Cruz Basin,
streams originating at higher elevations
coalesce downstream to form larger
ephemeral streams. Streams originating
near mountain fronts typically flow over
thick alluvial valleys, lose hydraulic
connection with the underlying aquifer,
and become ephemeral in their lower
reaches. Underlying many of these
ephemeral streams is a coarse-grained
stream-channel deposit that overlies a
basin-fill deposit. The coarse-grained
stream-channel deposit typically has
high permeability that enables high
infiltration rates and provides storage
capacity for subsequent ground-water
recharge. In places, Rillito Creek has an
unsaturated zone that is 40 meters thick
(Hoffmann and others, 2002).

The stream-channel deposits are
predominantly sand and gravel with less
than 5 percent clay and silt, while the
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underlying basin-fill deposits are finer
grained, typically having 10 percent
or more of silt and clay (Hoffman and
others, 2002). The difference in grain
size between the deposits results in dif-
fering hydraulic and physical values for
the deposits. For instance, the average
hydraulic conductivity of the stream-
channel deposits is about 1.2 meters per
day (m/d), whereas the average hydrau-
lic conductivity of the basin-fill deposit
is 0.2 m/d. In addition, the field capacity
of the stream-channel deposits is about
18 percent by volume and about 24 per-
cent by volume in the basin-fill deposits.
Porosity of both deposits is close to 30
percent. Given the hydraulic and physi-
cal differences between the deposits that
underlie Rillito Creek, it is important to
accurately characterize the geometry of
these deposits to better estimate infiltra-
tion, storage, and subsequent recharge
capacity of the sediments.

As part of an investigation of
the hydrogeology of Rillito Creek, 51
core samples from five boreholes were
collected and analyzed for hydraulic
and physical properties (Hoffmann and
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others, 2002). In addition, seismic-
refraction surveys were done at each
borehole and at several intermediate
locations between boreholes and on
the adjacent stream-channel terrace.
Twelve surveys were conducted within

the stream channel along a 20-km reach

and 12 surveys were conducted on the
adjacent terrace deposits (fig. 1). Four
of the in-channel surveys were near
boreholes having geologic logs; there-
fore, the wells could be used as ground
truth for the seismic surveys. Seismic-
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velocity values for the unsaturated
recent stream alluvium averaged 400
m/s and ranged from 350 to 500 m/s,
whereas the velocities for unsaturated
basin-fill deposits averaged about 840

m/s and ranged from 600 to 1,400 m/s.

In locations where the saturated zone
was generally less than 10 m below
ground surface, seismic-refraction
surveys were capable of detecting the
water table—seismic velocity values

for the saturated basin-fill deposit aver-
aged 2,400 m/s and ranged from 1,500
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to 3,500 m/s. Thickness of stream-chan-
nel deposits estimated by the refraction
surveys generally agreed with geologic
logs at adjacent wells to within about a
meter allowing for confident extension
of the definition of the basin-fill contact.
Thickness of the stream-channel depos-
its averaged approximately 7 m and
ranged from 3 to 9 m along the 20-km
reach (fig. 2A). Cross-channel surveys
were used to estimate the width of the
stream-channel deposit, such as shown
in the cross section in figure 2B.

Figure 2. ' A, Section

of longitudinal section
based on seismic and
borehole data; B, Cross-
channel section based
on seismic data, Rillito
Creek, Pima County, Ariz.
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ity of most unconsolidated geologic materials depends upon
the volumetric water content with only minor dependence

on the volume fraction or the composition of the solids or

of the composition of the water and other pore fluids. As

a result of this insensitivity to medium-specific proper-

ties, the volumetric water content can be determined with
reasonable accuracy by using a general calibration equation,
such as that presented by Topp and others (1980). Examin-
ing the change in bulk dielectric permittivity with time and
relating this to the change in water content can reduce the
dependence on the bulk dielectric permittivity of the soil
solids further. While general relationships relating dielectric
permittivity (change) and volumetric water content (change)
can be applied under most conditions, two limitations must
be considered. First, measurements in highly electrically
conductive environments can lead to systematic measure-
ment errors and increased measurement uncertainties (Hook
and others, 2004). Second, clay-rich soils can have a large
fraction of water that is bound to solid surfaces. The dielec-
tric permittivity of bound water is lower than that of free
water and can be temperature dependent (Or and Wraith,
1999). As a result, clay-rich soils may require soil-specific
calibration and temperature corrections.

Point-scale measurements of water content can be
made by using capacitance probes, time domain reflectom-
etry (TDR), or time domain transmission (TDT) methods.
Capacitance methods compare the capacitance of a circuit
including a sample of soil to the capacitance of the circuit
without the soil present to determine the relative apparent
dielectric permittivity. TDR and TDT methods measure the
velocity of propagation of a fast rise time electromagnetic
signal through the medium along waveguides of known
length to infer the relative apparent dielectric permittivity.
Capacitance and TDR probes are used widely in hydrology
and related fields because they allow for rapid, automated
monitoring of water content within a small sample volume.
In addition, TDR probes can be multiplexed readily and
the probes can be designed to fit specific monitoring needs.
TDT probes are not used as widely due to the need to con-
nect wires to each end of the probe, making installation
more difficult. However, due to the small sample volumes
(tens of cubic centimeters) of TDR and capacitance instru-
ments, individual probes cannot be used to monitor changes
in water storage throughout the unsaturated zone. Rather,
many of these probes must be used together to define the
volumetric water content profile through time. However,
automated depth profiling requires that each TDR or capaci-
tance probe be connected, individually, to an instrument or
data logger. While both TDR and capacitance probes have
been designed to measure through access tubes, in practice
this greatly restricts the sample volume of the instruments
to the region immediately adjacent to the access tube. As a
result, both the depth of investigation and the spatial resolu-
tion of the water content profile achievable with capacitance,
TDR and TDT probes are limited. The primary contribution
of capacitance, TDR and TDT probes to recharge monitor-
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ing lies in ability to collect their high temporal resolution
data at single depths for calibration of unsaturated flow
models. The case study, “Monitoring temporal changes in
water storage with time domain reflectometry,” provides an
example where the high time resolution and ability to make
automated measurements made TDR the ideal choice for
recharge monitoring beneath an ephemeral stream. Robinson
and others (2003) provide an extensive review of TDR.
Unlike TDR and TDT methods, ground-penetrating
radar (GPR) instruments measure the velocity of propagation
of unguided electromagnetic waves. Separate transmitting
and receiving antennae generate and detect the electromag-
netic (EM) energy. Antennae can be deployed either on or
above the ground surface or in parallel boreholes. Surface
applications typically produce radargrams, which show the
strength of the received signal as a function of time since the
source signal was produced. Analysis follows that developed
for seismic methods, leading to images of subsurface reflec-
tors that are associated with locations of sharp dielectric
permittivity contrasts. Because GPR uses higher frequency
sources than seismic methods, GPR offers greater spatial res-
olution than seismic methods; however, the maximum depth
of penetration is much smaller. For example, while surface-
based GPR can penetrate many tens of meters through ice, it
may be limited to the shallowest several meters in clay-rich
soils. Surface GPR methods are well suited to characterizing
geologic structure in relatively shallow unsaturated zones.
However, the method currently lacks sufficient spatial resolu-
tion and sensitivity to quantify changes in water content
throughout the unsaturated zone to constrain unsaturated
flow models. The spatial resolution of GPR may improve
with advances in equipment and signal processing, but there
is an inherent limitation of the depth of investigation of any
surface-based method. In contrast, borehole GPR (BGPR)
has been shown to be able to resolve the water content
profile with very high spatial resolution to great depths. The
ability of BGPR to characterize the water content profile
rapidly and to great depths will likely lead to expanded use
of the method for monitoring changes in water storage and
for calibrating unsaturated flow models. An example of
quantitative monitoring with BGPR is given in the case study
“Monitoring infiltration and redistribution with borehole
ground-penetrating radar.” The primary limitation on the
use of BGPR is the need for two parallel boreholes for each
measurement location. The cost of borehole installation will
likely relegate this method to limited application in areas of
particular interest within a basin. Huisman and others (2003)
provide an excellent review of GPR.

Electrical Conductivity

The electrical conductivity describes the ability of
a medium to transmit electric current in accordance with
Ohm’s law applied to a multiphase porous medium. In gen-
eral, the bulk electrical conductivity of a medium depends



Monitoring Temporal Changes
in Water Storage with Time
Domain Reflectometry

By Kyle W. Blasch

A two-dimensional array of time-
domain reflectometry (TDR) probes
was installed perpendicular to the path
of streamflow in a 60-m wide, coarse-
grained alluvial channel. The study site
was located where Dodge Boulevard
crosses Rillito Creek, about 3 km west
of Swan Road (fig. 1). The array was
used to measure changes in soil water
content at the onset and cessation of
ephemeral streamflow events. The
changes in the water-content pro-
files with time were used to quantify
infiltration at the onset of streamflow
and redistribution at the cessation of
streamflow. In addition, the data were
used to infer the timing of onset and
cessation of streamflow. TDR was
selected because it provides rapid, auto-
mated measurements of water content
with little need for medium-specific
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calibration. For this study, it was also
critical that the TDR probes could be
installed in the streambed beneath the
zone of scour.

The volumetric water content
was measured at 2-minute intervals
from July 2000 through December
2002 using 28 TDR probes installed
in a trench, arranged in four verti-
cal profiles, spaced 3 m apart (fig. 3).
Twenty-eight type-T thermocouple
probes were collocated with the TDR
probes. The southernmost instrument
profile was installed at the point of
lowest elevation in the channel cross
section, approximately 4 m from the
south bank. TDR probes were placed
at depths of approximately 0.50, 0.75,
1.0, 1.25, 1.50, 2.0, and 2.5 m below
the stream channel surface. A Camp-
bell Scientific TDR 100 time domain
reflectometer was used in conjunction
with a Campbell Scientific CR10X data
logger to transmit, receive, and convert
waveforms into volumetric water
content. TDR probes were constructed
from two stainless steel wave-guides
0.20 m in length, spaced 0.03 m apart.

ARIZONA

Probes were connected by coaxial cable
(RG-8; 50-ohm impedance, 2.6-mil-
limeter diameter center conductor) to
minimize signal attenuation between
the probes and the TDR 100 instrument.
Cable lengths ranged from 11 to 26 m.
Each probe was calibrated in the labo-
ratory with the RG-8 cable attached.
The precision of the water-content
measurements was approximately 0.03
cubic meter of water per cubic meter of
bulk sediment (m*/m?). Copper-constan-
tan thermocouple probes were operated
using a Campbell Scientific CR10X.
Temperature sensors were programmed
to measure temperature every 5 seconds
and to record a time-averaged tempera-
ture at 5-minute intervals with a preci-
sion of 0.1°C.

The water content generally
increased from about 0.20 to 0.35-0.40
m%/m? within 10 minutes of the onset of
streamflow (fig. 4). Vertical infiltration
rates were estimated from the velocity
of the wetting front and from the mea-
sured water contents. The wetting front
velocity was determined by dividing
the depth of the deepest probe minus
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Figure 3. Photograph and schematic of two-dimensional array of sensors within the Rillito Creek stream-channel deposits, Tucson, Ariz.
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0.5 m by the elapsed time between an
increase in water content exceeding
0.05 m*/m? at 0.5 m and an increase in
water content to more than 0.30 m*/m’
at the deepest probe. The infiltration
flux at the onset of flow was as high as
300 m/d, with higher infiltration rates
associated with lower antecedent water
contents, which agrees with the values
reported in a previous investigation

in Rillito Creek (Wilson, 1980). The
infiltration rate reduced by an order of
magnitude within minutes and contin-
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ued to decrease as water percolated to
greater depths. Late-time redistribution

occurred at a rate of approximately 0.12

m/d, which is lower than the reported
range of 0.34 to 1.1 m/d for steady state
infiltration flux reported previously for
this site (Turner, 1943; Katz, 1987).
Vertical redistribution fluxes at
the cessation of streamflow averaged
about 0.12 m/d. Variability among
redistribution fluxes shows strong
correlation with temperature, with
the magnitude of the redistribution

flux increasing with increasing tem-
peratures. Specifically, redistribution
fluxes ranged from about 0.07 m/d for
sediment and fluid temperatures near
10°C to 0.17 m/d for temperatures near
30°C. Water content measurements
were used in conjunction with tem-
perature and pressure measurements
to constrain a variably saturated heat
and fluid flow model of the upper 2.5
meters of the subsurface. This model
was used to infer hydraulic properties
of the soil (Blasch, 2003).
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Figure 4. Change in volumetric water content of the stream-channel deposits at: A, The onset of an ephemeral event on
September 28, 2000; and B, The cessation of the ephemeral event.

Monitoring Infiltration and
Redistribution with Borehole
Ground-Penetrating Radar

By Andrew M. Binley

Borehole ground-penetrating radar
shows promise for investigating focused
ground-water recharge in arid and semi-
arid environments. This sidebar illustrates
its potential by summarizing results
of borehole ground penetrating radar
(BGPR) surveys conducted at a field site
in the United Kingdom:.

The Permo-Triassic Sherwood
Sandstone is a major groundwa-

ter resource subject to increasing
demand for public and private water
supply. The aquifer is threatened by
heavy chemical loading from agri-
cultural practices. Consequently,
models are required in order to assess
travel times and attenuation within
the unsaturated zone. Recent work
demonstrated the value of borehole
geophysical methods for monitoring
water flow through the unsaturated
zone (induced by natural and tracer
loading) at two sites (Binley and
others, 2001; Binley, Cassiani, and
others, 2002, Binley, Winship, and
others, 2002). Results for one of the
sites are shown here.

The site, near Hatfield, South
Yorkshire at the Lings Farm smallhold-
ing (National Grid Reference SE 653
079), was instrumented during June
and July of 1998. The site is an exam-
ple of potentially vulnerable sandstone
islands, a term used by UK environ-
mental regulators to indicate areas of
relatively clay-free drift deposits that
allow direct and rapid recharge to the
underlying sandstone aquifer relative
to clay-covered areas. Because such
areas permit potentially rapid, poorly
attenuated, contaminant transport to
the water table, the hydrological char-
acterization is essential for accurate
vulnerability evaluation.



Two boreholes (H-R1 and H-R2)
were drilled 5 m apart at the site for
deployment of borehole radar. Two
102-millimeter (mm) diameter cores
(H-M and H-AC) were drilled near
to H-R1 and H-R2 by Leeds Univer-
sity, UK. Drift thickness at the site is
typically 2—3 m and consists of mainly
fluyio-glacial sand and gravel. From
analysis of the cores, the sandstone
sequence at the site consists of fluvially
derived fining upwards sequences 1-3 m
thick, grading from medium grained to
fine grained sandstone. Pokar and others
(2001) present physical and hydraulic
analysis of samples extracted from a
core at the site. Two main distinguish-
able lithologies are medium-grained
sandstone, which comprises the bulk of
the core, and fine and medium sand-
stone, subhorizontally laminated on a
millimeter scale.

Specimens from the core were
extracted by Leeds University for mea-
surement of the dielectric permittivity
under varying volumetric water con-
tents. West and others (2003) show that

VOLUMETRIC WATER
CONTENT, IN PERCENT
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for 100 MHz frequency measurements

a value of relative permittivity k=5 is
appropriate for the main lithological unit
of the core.

To determine dielectric properties at
the field scale, borehole-to-borehole sur-
veys may be conducted in two transmis-
sion modes. In both cases, a radar signal
is generated from a transmitter placed in
one borehole with a receiver deployed in
the other. Measurement of the trayvel time
of the received wave permits determina-
tion of the first arrival and, hence, the
apparent velocity of the electromagnetic
wave. In one mode, using a multiple off-
set gather (MOG), the receiver is moved
to different locations in one borehole
whilst the transmitter remains fixed. The
transmitter is then moved and the process
repeated. Following collection of all data
in this mode and determination of the
travel time for each wave path-line it is
possible to derive a tomogram of velocity
within the plane of the borehole pair. In
contrast, a zero offset profile (ZOP) may
be determined by placing the transmitter
and receiver common depths for each
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measurement. By systematically lower-
ing or raising the pair of antennae in the
two boreholes, it is possible to obtain
a one-dimensional profile of travel
time over the entire borehole length.
Typically, MOG surveys offer two-
dimensional discrimination of the water
content or change in water content at the
expense of greater measurement times.
Borehole-to-borehole radar
measurements in ZOP mode were
conducted at the Hatfield site between
February 1, 1999, and November 19,
2000, at approximately monthly inter-
vals. During 1999, a number of MOG
surveys were also carried out at the
site. For all surveys, the Sensors and
Software (Mississauga, ON, Canada)
PulseEKKO borehole radar system
was used with 100 MHz borehole
antennae. Surveys were conducted
using 0.25-m depth intervals between
antennae positions over the range
1-12 m below ground level. Typical
survey times were 2 hours for MOG
mode and 5 minutes for ZOP mode.
Instrument calibration was carried out
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Radar derived volumetric water contents on February 1, 1999, at the Hatfield site together with core lithologic logs.
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prior to and following each mode of
survey and regularly during each MOG
survey to remove instrument drift. For
both survey modes first time arrivals
were picked manually. Tomographic
analysis of the MOG data was carried
out by using the straight-ray inversion
procedure of Jackson and Tweeton
(1994) using a discretization of 0.5 m
in the horizontal and 0.25 m in the
vertical. A repeat set of measurements
was made for each ZOP survey. The
average, manually picked, first arrival
travel time from the two measure-
ments at each depth was used to define
the volumetric water content profile
with depth.

A. Net rainfall
150
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The volumetric water content
profile was collected on February 1,
1999, at the Hatfield site with a ZOP
BGPR survey (fig. 5). The volumetric
water content varied from 0.6 to 0.16
m?/m> and showed some correlation
with the lithologic information pro-
vided by the core logs (J. West, oral
commun., 1999). A comparison of the
core logs illustrates that the tops of the
fine-grained units are not necessarily
horizontal because these are erosional
contacts (fig. 5). The logs do show,
however, similar larger scale character-
istics, see for example the fine-grained
units at approximately 6-, 8- and 10-m
depths. The layers at 6 and 10-m depth

are also associated with zones of higher
yolumetric water content.

Seasonal characteristics of pre-
cipitation at the Hatfield site are the
occurrence of main net inputs during
September to January with a number
of spring events during March or April,
followed by relatively high evapotrans-
piration during summer. The monthly
net rainfall estimates at the Hatfield site
for the period July 1, 1998, to Decem-
ber 31, 2000, and the temporal dynam-
ics of water content change throughout
the profile are compared in figure 6.
The shape of the response in the upper
sandstone follows the seasonal pattern
of the net rainfall. Note the reduction in
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volumetric water content changes for the
peak in 2000 in comparison to the peak
in 1999 because of significantly reduced
rainfall during winter 1999. The delays
in wetting and drying patterns are also
clearly visible over this interval when
compared with the rainfall input series,
as 1s the smooth cyclic pattern, both
demonstrating the impact of drift cover.
More significant, however, is the trans-
mission of this signal throughout the
profile. A delay of two to three months
in the initial peak is apparent when
comparing series at 3.5 to 4 m and 6.5

to 7 m. A similar delay is also apparent
in the propagation of the drying front. It
1s interesting to note the marked change
in the time series for the 5.5 to 6 m and
6.5 to 7 m intervals, indicating that the
transmission of the wetting front appears

March 12
25

DEPTH BELOW LAND SURFACE, IN METERS
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geologically controlled at about 6 m.
This may be due to the low permeability
unit identified on the core logs (fig. 5).
This is also consistent with the observed
response during tracer experiments at
the site (Binley and others, 2001).

The change in volumetric water
content determined from selected MOG
surveys reveals a more complex evolu-
tion of wetting and drying fronts within
the sandstone (fig. 7). The impact of the
high net rainfall during March 1999 can
be seen clearly at a region of high posi-
tive water storage change that advances
to a maximum depth of 7 m by June
1999. Through the summer of 1999
emergence of a drying front can be seen
which continues to develop through
to winter 1999. The tomograms also
show the effect of the impeding layer
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September 15

previously referred to between 6 and 7 m
depth, during the drainage period.

The examples shown here dem-
onstrate the potential value of BGPR
for monitoring recharge processes. Our
results indicate that, at least for the
sandstone site reported here, we are
able to resolve changes of less than one
percent absolute moisture content. The
method allows greater assessment of
spatial variability of recharge dynamics
than conventional localized measure-
ment approaches (TDR, neutron probe,
and so on). When used in profile (ZOP)
mode, the method permits an integrated
measure of changes in moisture content
between two boreholes and, as such,
uses a measurement support volume
potentially more appropriate for model-
ing unsaturated zone processes.
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Figure 7. Change in volumetric water content using multiple offset gather (MOG) borehole ground penetrating radar (BGPR)
surveys. All differences are relative to February 1, 1999.
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on the electrical conductivities of the constituents of the
medium. This dependence is described as

0,=0,¢"S"+0, , (2
where
o, = the bulk electrical conductivity (1/ohm-L),

= the pore water electrical conductivity
(1/ohm-L),

1) = the porosity (volume of pores per bulk
volume),

w

S = the water saturation (volume of water per
volume of pores), and

m, n = empirical fitting parameters (Archie, 1942).

The final term, o, (1/ohm-L), has been added to describe the
contribution of the electrical conductivity of the soil solids
to the bulk electrical conductivity (for example, Patnode and
Wyllie, 1950; Waxman and Smits, 1968). The dependence of
the bulk electrical conductivity on several properties limits
the uniqueness of the interpretation of any one property
(water content, for example) from the measured bulk electri-
cal conductivity. However, for many recharge studies, the
water quality does not vary enough with time or space to
give rise to changes in the pore water electrical conductivity
that are large enough to affect interpretations of the water
content distribution. In the absence of clay-rich soils, the
porosity and the electrical conductivity of the soil solids are
nearly constant throughout the unsaturated zone, as well. In
most cases, the porosity and electrical conductivity of the
soil solids are constant in time. This offers the possibility

of location-specific calibration or the use of measured bulk
electrical conductivity changes to infer temporal changes in
the water content distribution.

The electromagnetic geophysical methods that cur-
rently show the most promise for application to recharge
monitoring are time domain reflectometry (TDR), time
domain transmission (TDT), ground penetrating radar
(GPR), capacitance probes, electrical resistance probes,
electrical resistance tomography (ERT), electromagnetic
induction (EMI), time domain electromagnetics (TEM),
self potential or streaming potential (SP), controlled source
audio magnetotellurics (CSAMT), and nuclear magnetic
resonance (NMR). TDR, TDR, capacitance probes, and
GPR are used primarily to measure dielectric permittivity,
as discussed above. ERT, EMI, TEM, and CSAMT are used
primarily to measure the electrical conductivity distribu-
tion of the subsurface. These methods can be divided into
direct and inductive methods on the basis of how electri-
cal energy is applied to the ground and how the electrical
response of the subsurface is measured. Directly coupled
methods require that electrodes be inserted into the ground
to apply electrical current and to measure voltage. Induc-
tively coupled methods typically use coils to apply electrical
current and to measure voltage, thereby eliminating the need
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to insert electrodes into the ground. (CSAMT is a hybrid
method in which a directly coupled source and both directly
and inductively coupled receivers are used.) Electromagnetic
methods for measuring the electrical conductivity distribu-
tion can be separated further into time domain methods,
which measure the electrical conductivity over many fre-
quencies simultaneously, and frequency domain methods,
which measure over singles frequencies. TEM is an example
of a time domain method, while ERT, EMI, and CSAMT are
frequency domain methods. Telford and others (1990) and
Rubin and Hubbard (2005) provide reviews of electromag-
netic methods.

The design of direct current (or low frequency) EM meth-
ods allows for great flexibility in sampled volume, measure-
ment sensitivity, and distribution of measurement sensitivity
within the sampled volume. Typically, each measurement is
made with four electrodes. Two electrodes are inserted into
the ground and used to inject current. The remaining two
electrodes are inserted into the ground and used to measure
an electrical potential. SP methods are an intriguing varia-
tion of direct current electrical conductivity methods in which
current is generated naturally due to the flow of water in the
subsurface. This method offers the ability to identify regions
in the subsurface through which water is flowing. With further
development, SP methods combined with other methods may
be able to quantify water flux. ER and SP methods use similar
instruments and survey designs, so they will be discussed
together. The size of the sample volume and the measurement
sensitivity within the sample volume of these instruments
are controlled by the separations of the electrodes; gener-
ally, larger separations lead to larger sample volumes. Further
refinement of the sensitivity distribution can be achieved by
the choice of array type (the relative positions of the four
electrodes). Point scale measurements of the bulk electrical
conductivity can be made by using closely spaced electrodes
either at the ground surface or within boreholes. The simulta-
neous inversion of multiple measurements made at the ground
surface, in boreholes, or some combination of both, leads
to a two- or three-dimensional image of the subsurface bulk
electrical conductivity distribution. This is known as electri-
cal resistance tomography (ERT). Modern advances in ERT
instrumentation allow for automated selection of electrode sets
to conduct many measurements with different combinations of
stationary electrodes. This ability makes ERT particularly use-
ful both for structural mapping and for time-lapse monitoring.
Because of the sensitivity of the bulk electrical conductivity to
properties of both the medium (porosity, solid electrical con-
ductivity) and the fluid (water saturation, pore water electrical
conductivity), ERT is less useful for stand-alone structural
mapping than seismic methods. However, when used in
conjunction with other methods (seismics, for example), ERT
can improve structural mapping and can be used for water
content mapping and monitoring. Based on these qualities of
ERT, together with the ability of ERT to construct multidi-
mensional images from static instruments, it is likely that ERT
will be applied more routinely for monitoring changes in water
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content throughout the unsaturated zone both for constrain-
ing detailed hydrologic models and for direct interpretation

of the water fluxes during transient infiltration. ERT has been
applied widely in hydrologic studies and many examples of its
successful use have been published. The great flexibility of the
ERT method to allow for novel applications is demonstrated
through the steel-casing resistivity technology (SCRT) varia-
tion of the mise-a-la-masse method described by Telford and
others (1990, p. 523) in the case study “Temporal monitoring
of infiltration by using a hybrid electrical method.”

As with the directly coupled low frequency EM methods,
there is also a wide variety of designs of inductively coupled
electrical conductivity measurement devices. Typically, these
instruments are comprised of two coils. One coil applies a
time-varying EM field. The second coil measures secondary
currents that are induced in conductive bodies in the subsur-
face. Frequency domain methods measure the applied and
induced signals simultaneously while the signal is applied; the
induced field is determined by nulling or accounting for the
primary field. Time-domain methods measure the time rate of
decay of the induced currents after the source current has been
turned off. The size of the sample volume and the measure-
ment sensitivity within the sample volume are controlled by
the separation of the coils and the frequency of the applied
signal. Generally, larger separations and lower frequencies
lead to larger sample volumes and lower resolution within the
sample volume. Inductively coupled EM methods range from
very small scale (hand held metal detectors and down-hole
EM tools, for example) to very large scale (TEM, for example)
with an instrument available for almost every intermediate
scale of measurement. EM induction methods can also be used
to profile through a nonmetallic borehole, providing very high
resolution of the electrical conductivity profile. Callegary and
others (2007) analyze spatial resolution and exploration depth
of low-induction-number frequency-domain electromagnetic
induction methods.

Inductive EM techniques are most likely to contribute
to recharge monitoring either through definition of geologic
structure (especially airborne methods and borehole logging)
and through time-lapse monitoring at smaller scales or at sin-
gle locations. Two examples are provided to demonstrate the
use of frequency domain methods. “Use of electromagnetic
logs to monitor downward movement of focused infiltration”
describes the quantitative use of borehole EM for monitor-
ing infiltration. Depth profiling with surface-based frequency
domain methods requires the use of different frequencies and
different coil separations, limiting the practically achievable
temporal and spatial resolution of the electrical conductiv-
ity profile. Time domain methods measure over a wide range
of frequencies in a short time, allowing for efficient depth
profiling. However, because these methods typically require
the use of relatively large antennae loops, they are difficult
to deploy quickly at many surface locations, limiting spatial
coverage. The ability of time domain electromagnetic meth-
ods to make rapid, nondestructive measurements of electrical
conductivity suggests that these methods could contribute to

monitoring transient infiltration and to calibrating numeri-

cal models describing water flow throughout the unsaturated
zone. However, quantitative application of these methods for
recharge monitoring will require improved understanding of
the spatial resolution of TEM methods to subsurface water
content distributions. Therefore, borehole logging remains

the most useful approach to depth profiling for hydrologic
investigations. “Electromagnetic induction as a reconnaissance
tool to map recharge” examines the use of surface-based EM
to map likely areas of recharge. This case study is of particular
interest because EM mapping is often included in hydrogeo-
logic investigations because the lack of direct contact of the
instrument with the ground allows for rapid mapping of lateral
changes in hydrogeologic structure over large areas.

Proton Precession

Protons of hydrogen atoms in water molecules have a
magnetic moment that aligns with an external magnetic field.
Typically, this magnetic moment is aligned with the local
magnetic field of the earth. When another magnetic field is
applied, the axes of the spinning protons are deflected to align
with the total field. When the applied field is removed, the
protons realign with the local magnetic field of the earth. As
the protons realign, they generate a relaxation magnetic field.
Nuclear magnetic resonance (NMR) methods measure this
relaxation magnetic field in response to a magnetic field due to
an alternating current in a loop placed on the ground surface.
The instrument response is a time-varying, time-decaying
voltage measured with either the same loop or a secondary
loop. The initial amplitude and rate of decay of the measured
voltage is related to the volumetric water content of the sub-
surface. The water-content profile can be inferred based on
measurements made with a range of excitation intensities. In
addition, the decay time can be related to the mean pore size,
giving an indication of the hydraulic conductivity (Yaramanci
and others, 1999). As with most surface-based geophysical
methods, the resolution and accuracy of the method decrease
with depth. Currently, 100-150 m depth can be investigated
with a resolution of a few decimeters at shallow depths and
a few meters at greater depths. The accuracy achievable for
water content is roughly a few percent, depending on depth.
NMR is a promising new method for rapid profiling to great
depths, but the method is currently in too early a stage of
development to present a case study for recharge monitoring.

Mass Change

The gravitational attraction at a point on the surface of
the Earth depends primarily on the density distribution of the
materials in the subsurface. Gravity methods have long made
use of spatial changes in the subsurface density distribution
to define geologic structure. However, given that water is less
dense that geologic materials and that the shape of the water
table typically changes gradually with lateral distance (unless
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Temporal Monitoring of
Focused Infiltration Using a
Hybrid Electrical Method

By James B. Fink and Marc T. Levitt

A performance evaluation test
was performed at the Hanford Nuclear
Reservation in Benton County, eastern
Washington State to meet U.S. Environ-
mental Protection Agency and Ameri-
can Society of Testing and Materials
protocols for statistically determining
the effectiveness of electrical geophysi-
cal methods for monitoring leaking
underground storage tanks using mea-
surements made exclusively exterior
to the tank. Although the controlled
leak sources were released at points,
the results can be extended to electrical
geophysical methods for monitoring

infiltration beneath planar sources, such
as recharge impoundments, ephemeral
streambeds, or basin floors under field
conditions. The location of the test at the
Hanford facility was of particular inter-
est for recharge investigations because
of its thick unsaturated zone and desert
conditions, making it a useful model
for much of the western U.S. As part
of this investigation, a new application,
called steel casing resistivity technology
(SCRT), was evaluated.

The target of the investigation was
a mock-tank cold test facility in the 200
East area of Hanford (NRC, 2001). The
mock tank is a two-thirds-scale mock-up
of a million-gallon (3,800 cubic meters),
single-shell-tank (SST) such as those
buried in several tank farms at Hanford.
The 15-m diameter mock-tank was par-
tially buried to better simulate tank-farm
conditions with the bottom of the tank 1.2

m below ground surface and the top of
the tank 3.0 m above the ground surface.
Figure 8 shows a plan view of the mock
tank and related infrastructure. Fourteen
injection points were in the base of the
mock-tank to simulate point-source leaks
beneath SSTs.

The mock tank is placed in the
Hanford formation, a permeable, uncon-
solidated sand and gravel sequence rang-
ing in thickness from 60 to 100 m. The
formation is characterized by little or no
clast cementation and few fine-grained
horizons. Gravel content is commonly
more than 40 percent. Depth to water
beneath the mock tank is approximately
60 m. The Hanford formation typically
has a volumetric water content of 0.06
m*/m’. The saturated volumetric water
content ranges from 0.12 to 0.38 m?/
m°. The saturated hydraulic conductiv-
ity ranges from 4 x 107°to 2 x 10~ m/s.

Figure 8. Plan view of
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Generally, the Hanford formation allows
rapid vertical infiltration. The Hanford
formation is underlain by a Pliocene—
Pleistocene unit, which constitutes an
impermeable clay-and-caliche-rich zone
up to 8-m thick and variably present
throughout the facility. This confining
unit is either absent beneath the mock
tank facility or sufficiently deep to have
no effect on infiltration within the depth
of this investigation.

The solution used for the test was
36 percent by weight sodium thiosul-
fate pentahydrate (Na,S,0,-5H,0).
This solution was selected to simu-
late the specific gravity, concentra-
tion, relative viscosity, and electrical
conductivity of typical tank waste. A
total volume of about 51 cubic meters
(m?) was released in 14 leak events of
approximately 4.6 m® each. Test leak
rates were 0 (no-leak), 7.6, 38, and 76
liters per hour (2, 10, and 20 gallons
per hour). Specific leak timing was
unknown to monitoring personnel.

Sixteen vertical electrode arrays
had been placed uniformly around the
mock tank by direct push technology.
Each array was located approximately
three meters away from the edge of the
mock tank. Each array was made up of
eight stainless steel screen electrodes
approximately ten centimeters long and
spaced equally from a few centimeters to
ten meters below surface. In addition to
the point electrode arrays, four steel cas-
ings were installed to simulate drywells
surrounding the tanks within the tank
farms. One casing was placed in each
quadrant around the tank. Each casing
was about three meters from the tank and
extended to a depth of about ten meters.
A steel sheet piling about five meters
tall by ten meters wide was placed to the
southwest of the mock tank to represent
the effects of an adjacent tank. The sheet
piling was electrically connected to the
mock tank for the majority of the testing
period. It was disconnected as an addi-
tional complicating factor during a brief
portion of the test.

The SCRT measurements were
collected continuously throughout the
110-day test except for a two-hour
period each day when ERT data were
acquired. Each SCRT sweep required
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approximately 15 minutes. Approxi-
mately 3.8 million data points were
acquired during the test. The SCRT sur-
veys made use of the four steel dry-well
casings and the eight electrically shorted
ERT arrays that were intended to approx-
imate drywell casings. In addition, the
steel mock tank; the injected solution,
surface electrodes and other electrically
grounded infrastructure were used to
inject current and to detect potential
distributions. This use of the tank and the
leaked solution is an important differ-
ence between conventional ERT methods
and the SCRT approach. This direct con-
nection to the leaking solution allowed
SCRT to acquire mise-a-la-masse type
data by energizing the leaking solution.
The reciprocal arrangement of receiv-
ing on the tank while energizing a dry
well, for example, performed equally
well. All data acquisition activities were
controlled remotely through a virtual pri-
vate network that was accessible via the
Internet. All instruments were kept in a
climate-controlled, temporary enclosure
on-site at the mock tank and powered
from the regional electrical grid.

The SCRT results include mea-
surements with many combinations
of electrodes and electrode types.
For ease of visualization, the SCRT
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time series for one dry-well sensor is
shown in figure 9 for a portion of the
test. The abscissa is time in decimal
days. The ordinate of the SCRT time
series is normalized transfer resis-
tance; that is, the normalized intensity
of the electric field measured using a
four-electrode array. The leak events
are indicated by increasing portions
of the cumulative infiltration-volume
curve. The leaks and intervening non-
leak periods are readily seen as sudden
changes in the SCRT time series at
both the onset and the cessation of
each leak. Such well-defined offsets
in the time series could offer accurate,
long-term, quantitative monitoring

of the timing of leak activity. After
compensation for cultural distortions
of the local electric field, the change
in transfer resistance with time during
leak periods is highly correlated with
the leak rate. The time series collected
at other locations show similar patterns
through time, but different amplitudes
reflecting the length of the electrode,
distance from the leak, and location
within the background electric field.
Such techniques provide possibilities
for long-term, semi-automated moni-
toring of ground-water recharge from
ephemeral stream infiltration.
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Use of Electromagnetic
Logs to Monitor Downward
Movement of Focused
Infiltration

By John A. Izbicki and Steven M.
Crawford

An experiment was conducted
to determine if water infiltrated from
a 0.4-hectare artificial recharge pond
could recharge the water table about
122 m below land surface. The facility
was located along Oro Grande Wash
in the western Mojave Desert, near
Victorville, Calif. (fig. 10). About
580,000 m® of water was infiltrated
during three periods from October
1 to December 19, 2002; February
10 to March 24, 2003; and May 10
to September 31, 2003. The pond
was allowed to dry between infiltra-
tion periods and accumulated fines
were removed before more water was
infiltrated.

The downward movement of
water in the unsaturated zone beneath
the pond was monitored at an instru-
mented borehole adjacent to the pond
by using a variety of techniques. The
U.S. Geological Survey installed
the borehole in January 2001. Air,
rather than water, was used to drill the
borehole and remove drill cuttings.
Steel casing stabilized the borehole
during drilling and instrument installa-
tion. The cuttings from the hole were
logged at 0.3-m intervals. On the basis
of those logs, the 0.22-m diameter
borehole was instrumented with three
tensiometers connected to land surface
with 0.025-m diameter PVC pipe,
eight heat-dissipation probes, five
suction-cup lysimeters, and a 0.05-m
diameter PVC well screened across
the water table. The well also served
as an access tube for repeated logging
with geophysical tools. Each instru-
ment was packed in suitable material
to allow communication with the for-
mation (combinations of 60-mesh sand
and diatomaceous earth) and isolated
vertically with low-permeability ben-
tonite grout to prevent flow of water
within the borehole during the experi-

ment. The grout was installed dry,

and hydrated in the borehole within
several weeks of installation. The steel
casing used to stabilize the borehole
was removed as the instruments and
backfill material were installed.

The tensiometers and heat-
dissipation probes installed within the
borehole recorded changes in matric
potential at 4-hour intervals during
the recharge experiment. The tensi-
ometers recorded both matric poten-
tial and head (positive pressures).

In addition to changes in moisture
content, the tensiometers also were
sensitive to changes in air pressure
and compression of the unsaturated
material beneath the pond from the
weight of the infiltrated water. The
heat-dissipation probes measured only
matric potential and were not sensitive
to changes in air pressure or compres-
sional forces. Both the tensiometers
and heat-dissipation probes responded
to the rapid downward movement of a
small amount of water in advance of
the main wetting front.

The position of the wetting
front also was measured intermit-
tently during the experiment with
an electromagnetic induction (EMI)
geophysical tool. In this case, an EMI
tool was chosen rather than a neutron
probe because of the likelihood that
the hydrated bentonite grout used
to seal the borehole would lead to
an unacceptably small sensitivity of
the neutron probe to the surrounding
medium. The EMI tool has a larger
sample volume, making it sensitive to
changes in the moisture content of the
native material beyond the grout.

Selected EMI logs collected
between November 11, 2002, and
May 6, 2003, show the downward
movement of water in the upper 75 m
of the borehole (the lower 47 m are
not shown; fig. 11). Increased water
content as the wetting front progressed
downward was recorded as increased
electrical conductivity on the EMI
log. The downward rate of movement
of the wetting front ranged from 0.75
to 0.06 m/d (fig. 12). The position
of the wetting front measured with
the EM logs and other instruments

within the borehole show good agree-
ment throughout the experiment. The
downward rate of movement, initially
as high as 1 m/d, decreased through
time to a relatively constant rate of
about 0.08 m/d (fig. 12). Assuming no
impermeable units were encountered,
the wetting front was estimated to
reach the water table underlying the
pond by late February 2005 (fig. 12).
The downward rate of movement of
the wetting front decreased rapidly

at the beginning of the experiment as
the wetting front spread laterally in
the subsurface. The downward rate

of movement of the wetting front
decreased further between December
22,2002, and May 6, 2003, when
water was not being continuously infil-
trated from the pond.

Decreased water content,
recorded as decreased electrical con-
ductivity on the EMI logs (fig. 11),
also was measured at certain depths
within the unsaturated zone during
the recharge experiment. The larg-
est decreases occurred after water
accumulated on top of coarse-grained
gravel layers. Saturated conditions
developed on top of these layers until
the pressure exceeded the entry pres-
sure of the underlying coarser-grained
deposits. Once the entry pressure was
exceeded the water drained rapidly to
greater depths. Smaller decreases in
resistivity were associated with redis-
tribution of previously infiltrated water
to greater depths when no water was
being infiltrated at the ground surface.

The arrival of the wetting front
estimated from heat-dissipation probe
data appears to lag the arrival esti-
mated on the basis of tensiometer and
EM log data (fig. 12). This probably
results from the placement of the
instruments within the borehole. For
example, several heat-dissipation
probes were placed beneath clay lay-
ers thought to impede the downward
movement of water.

Borehole logging instruments allow
more flexibility in a monitoring program
than buried instruments. For example, in
this study, the EM data could have been
collected at any time to determine the
position of the wetting front. This would



not possible be with the instruments that
were installed at a fixed depth, which
require that the depth of the wetting
front be inferred between measure-
ment points. The EM logs also yielded
information throughout the entire
thickness of the unsaturated zone and
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were sensitive to the dynamic movement
of water within the subsurface in both
fine-grained and coarse-grained units.
The EM logs were not sensitive to con-
founding influences from air-pressure
changes or compression of unsaturated
material as the water from the pond
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moved downward. As a result, borehole
EM data were useful for monitoring
wetting front movement and for predict-
ing the arrival of the infiltrated water at
the water table, especially when used
together with traditional unsaturated-
zone monitoring techniques.
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Figure 10. Location of artificial recharge pond along Oro Grande Wash, western Mojave

Desert near Victorville, Calif.



396 Geophysical Methods for Investigating Ground-Water Recharge
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DEPTH OF WETTING FRONT:
O Advanced tensiometers
O Heat-dissipation probes
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O Electomagnetic logs
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Figure 12. Downward movement of wetting front at an artificial
recharge pond near Oro Grande Wash, western Mojave Desert
near Victorville, Calif.

Electromagnetic Induction as
a Reconnaissance Tool to Map
Recharge

By Bridget R. Scanlon

This study was conducted to
evaluate the potential of surface-based
electromagnetic (EM) induction as a
reconnaissance tool to map recharge
areas at a site 120 km southeast of El
Paso, Texas, in the Chihuahuan Desert
(fig. 13; Scanlon and others, 1999).
Because EM induction measures the
apparent electrical conductivity (EC ),
which varies with clay content, water
content, and salinity, it may be able
to map recharge indirectly through
relationships between recharge and one
of these parameters. For example, Cook
and Kilty (1992) showed a correlation
between recharge and EC that was con-
trolled by clay content. Other studies
have shown a correlation between high
chloride concentrations in pore water
with high evaporative concentration in
areas of low recharge (Scanlon, 1991;
Phillips, 1994; Tyler and others, 1996).
Despite the promise of EM induction

methods for identifying areas of rela-
tively high recharge, the possibility of
conflicting multiple influences on the
EM response must be considered for
each site.

To evaluate the potential of EM
induction for mapping recharge, we
first need to determine what parameter
exerts a controlling influence on the EM
response for a given site. Then we need
to assess the hydrologic significance of
that parameter relative to recharge. In
this study, surface-based EM transects
were conducted with EM31 and EM38
meters (Geonics Inc., Mississauga,
Canada) from a playa to an interplaya
setting and across a fissure (fig. 13). The
playa is characterized by lacustrine clay
sediments whereas the adjacent inter-
playa is a sand-dune setting. Previous
studies in the High Plains have shown
that playas focus recharge (Wood and
Sanford, 1995; Scanlon and Goldsmith,
1997). The fissure (640-m long) con-
sists of an alignment of discontinuous
surface collapse structures underlain
by a fracture. Water ponds occasion-
ally on this structure, possibly inducing
focused recharge. In addition to the EM
transects, boreholes were drilled and

sampled for clay, water, and chloride
contents.

The playa has higher EC_values
than the interplaya sand sheet setting
due to 50 percent higher water content
and 60 percent higher clay content (figs.
14 and 15A). Higher water contents in
the playa sediments could reflect higher
recharge through the playa or may
simply be related to higher clay content
within the playa. In this case, there is a
high correlation coefficient (r) between
the water and clay contents in samples
collected in a profile adjacent to the
playa (GL 4, r> = 0.97, fig. 15B). This
indicates that the variability in water
content can be explained entirely by
variations in water storage associated
with differing clay contents and is not
related to recharge. Therefore, mapping
EC_ with surface EM in this region
would not be an effective approach to
mapping recharge.

The EC_ was higher in the fissure
relative to the adjacent sediments in
several transects (fig. 16). The fissure
sediments are characterized by lower
weighted average chloride content,
higher water content, and higher clay
content than the adjacent sediments.
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The higher water content and lower
chloride content indicate the presence
of focused flow beneath the fissure. The
increased water content and increased
clay content tend to increase ECa, while
the decreased chloride concentration
tends to decrease EC . Increased clay
contents are generally associated with
lower recharge. Decreased chloride
concentration suggests increased
recharge. As discussed above, increased
water content can indicate higher
recharge or higher clay content. In

this case, higher water contents in

the fissure reflect higher recharge as
shown by lower weighted average clay
contents in profiles beneath the fissure
relative to those adjacent to the fissure
(Scanlon and others, 1999). In addi-
tion, considering all paired profiles
(fissure versus nonfissure) with similar
clay contents, there are higher water
contents beneath fissures than adjacent
to the fissures. Therefore, the high ECa

105°18'

values in the fissure are primarily due
to increased water content that reflects
higher recharge in the fissure, and not
simply variations in clay content. The
EC value is not well correlated with
the chloride content because water con-
tents in areas of high chloride are too
low for electrolytic conduction.

The results of this study indicate
mixed utility of EM induction for
mapping recharge. Areas where EC_
is controlled by clay content may be
hydrologically significant if clay con-
tent controls infiltration and recharge
(Cook and Kilty, 1992). However, in
this study variations in clay content do
not play a significant role in controlling
recharge. Correlations between EC and
water content are difficult to interpret—
in many cases they simply reflect
variations in clay content because
clay and water contents are codepen-
dent, such as in the playa-interplaya
setting. Higher water contents in the

105°13'

fissure were related to higher recharge.
Differences in chloride content are
extremely valuable in delineating water
flux in unsaturated systems because
chloride is readily leached in zones of
high recharge and accumulates in areas
of low recharge. In fact, chloride is a
much more accurate indicator of high
recharge than water content because

of the complexities of clay-water
content codependence. Unfortunately,
high water flux is associated with high
water content, which contributes to
high ECa, while low chloride content
leads to low ECa. Therefore, the effects
of water content and chloride content
counter each other, potentially limit-
ing the effectiveness of monitoring of
recharge with EM methods. As a result
of the competing influences of salinity,
water content, and clay content on the
response EM instruments, the utility of
EM methods for recharge monitoring
must be assessed on a site by site basis.
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Figure 15. Relationship between water content and clay content:
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six meters. The square of the correlation coefficient (r?) indicates
] the fraction of variation accounted for by each line. Adapted from
Scanlon and others (1999). See figure 13 for locations.
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Figure 16. Variations in apparent electrical conductivity
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controlled by geology) gravity monitoring has limited use for
subsurface water content mapping.

Recently, however, the value of time-lapse grav-
ity surveys has been recognized for inferring changes in
subsurface water content distributions. This use of grav-
ity methods relies on the fact that, in most environments,
changes in subsurface mass through time are dominated by
changes in water storage. Therefore, after standard correc-
tions are applied for tidal and instrument effects, the change
in gravitational attraction at the ground surface can be
related to the cumulative change in the water stored in the
subsurface. Gravity-based water storage change monitoring
has great promise for water balance applications because the
method is portable, rapid, and requires far less infrastruc-
ture than monitoring wells. However, the method does not
provide measurements of the subsurface water distribution.
In fact, the method may be susceptible to errors if water
accumulates at shallow depths above the water table, due
to the inverse dependence of gravitational attraction on the
distance to a body. Despite this potential error, gravity-based
methods are uniquely capable of providing spatial estimates
of water storage change over large areas. As a result, they
will likely see expanded use both for direct estimation of
water storage change and for calibration of saturated flow
models. An example of the direct use of time-lapse gravity
for monitoring changes in water storage throughout a basin
is provided in “Monitoring temporal changes in water stor-
age with gravity.”
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120

Hydrogen Density

One borehole logging technique has shown particular prom-
ise for recharge monitoring—neutron logging. Neutron probes
emit epithermal neutrons produced from a radioactive source.
These neutrons enter the medium surrounding the borehole,
where they collide with the constituents of the medium. Because
neutrons and hydrogen atoms have similar masses, collisions
of epithermal neutrons with hydrogen atoms cause a relatively
large loss of energy. Many such collisions “thermalize” (slow)
the emitted neutrons. By counting the rate of thermalization of
the emitted neutrons, the hydrogen density of the medium can be
inferred. In the absence of neutron capturing elements, neutron
counts are well correlated with the volumetric water content of
the medium in close proximity to the borehole. Neutron probes
are unique among water content profiling methods in their ability
to measure to great depths. This ability is due to the location
of both the neutron source and the detector in the probe body,
requiring only a one-way information link with the surface.
However, the placement of the radioactive source in the bore-
hole is also a primary limit on the widespread, continuing use of
neutron methods due to regulatory and liability considerations.
In addition, because neutron methods use a radioactive source,
measurements must be made over relatively long times (0.5 — 1
minute per measurement point). This measurement time is fast
enough to track slow recharge, but may not be sufficiently rapid
to characterize rapid processes near the ground surface. Further-
more, due to neutron loss across the ground surface and to safety
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considerations, neutron methods are not typically used at or near
the ground surface. Due to their unrivaled ability to profile the
water content to great depths in a single borehole, it is likely that
neutron probes will remain a standard method for measuring
water content profiles to calibrate unsaturated flow models. The
case study “Estimating recharge using time-lapse neutron mois-
ture logging” is provided as an example of the unique abilities of
neutron probes for episodic recharge monitoring.

Well Logging

Many borehole-logging techniques have been developed
for oil and mineral exploration (Labo and Mentemeier, 1987;
Kearey and others, 2002). Most of these methods are aimed at
defining either geologic structure or fluid distributions, both of
which may be adopted for similar uses for recharge monitor-
ing. Borehole logging techniques typically give high-resolution
depth-continuous measurements at a limited number of loca-
tions. The utility of borehole geophysical methods is commonly
increased through simultaneous interpretation of multiple meth-
ods. Similarly, borehole methods are useful for constraining the
interpretation of surface-based geophysical methods. Borehole
geophysical measurements are often conducted in boreholes
upon completion. It is likely that this information could be used
more routinely and more completely to characterize the spatial
structure of the chemical, physical, and hydraulic properties
within the unsaturated zone. At a minimum, these data should
be used to identify those areas that may impact water flow and
solute transport to ensure that more-detailed measurements are
made in critical zones. This would represent a first step toward
the use of geophysical methods to optimize the design of moni-
toring networks for recharge monitoring.

Standard texts provide descriptions of the full range of
well logging methods (for example, Desbrandes and Brace,
1986; Keys, 1990; Telford and others, 1990). Neutron logging
and electromagnetic-induction logging were already discussed
in connection with the mapping of fluid distributions. An illus-
tration of the combined use of neutron and electromagnetic-
induction logging to define geologic structure appears in the
case study “Geophysical well-logging to estimate subsurface
physical and hydraulic properties.”

Closing Remarks—A Conceptual
Framework for Applying Geophysics to
Recharge Monitoring

Geophysics has much to offer to the characterization of the
rates, timing, and patterns of recharge. Gravity could be used
directly by water resource planners to monitor water storage
changes in time. Temperature monitoring and self potential
methods may allow for direct measurement of water fluxes in
the subsurface, offering the possibility to quantify recharge

locally. Seismic and well-logging methods can be used to build
more accurate representations of subsurface hydrogeologic
structure. Borehole ground penetrating radar, neutron probes,
and borehole electromagnetic induction, and point methods
like TDR and capacitance probes allow for detailed monitoring
throughout the unsaturated zone, improving the calibration of
unsaturated flow models and thereby advancing our understand-
ing of the linkages between unsaturated zone processes and
recharge. Finally, a suite of electromagnetic methods allow for
coarse-scale monitoring of unsaturated zone processes through-
out a basin, allowing for better identification of critical areas
within a basin that require more intensive characterization.

The key to the successful use of geophysics in recharge
investigations is the identification of the appropriate geophysi-
cal method or methods for specific hydrologic monitoring
needs. The choice of monitoring method must begin with the
eventual application in mind. That is, what will be the primary
use of the geophysical data? Possible uses include definition
of the hydrogeologic structure of the subsurface for basin
scale saturated flow models or for more localized unsaturated
flow models, estimation of recharge for use in saturated flow
models, testing of conceptual models of unsaturated flow, and
identifying critical areas for traditional hydrologic monitoring
efforts. It is critical that hydrologic insight be used to identify
these key processes for a particular investigation. Once the
eventual uses of the geophysical data are identified, available
geophysical methods should be analyzed quantitatively to
address two questions. First, is the method likely to have suf-
ficient sensitivity to the key hydrologic parameters of interest
to help resolve the hydrologic question? Second, is the method
likely to produce data with sufficient spatial and temporal
resolution for accurate hydrologic analysis? These questions
can only be addressed confidently through the application
of geophysical insight, through the direct participation of
someone who is familiar with the application of geophys-
ics to hydrologic problems. The optimal use of geophysics
in hydrologic studies will likely require the increased use of
geophysical forward models to predict instrument response for
expected hydrologic conditions. Ideally, these models should
be integrated with standard numerical flow models to encour-
age the routine use of geophysical tools in hydrologic investi-
gations. The case studies presented here have shown just a few
examples of the promises and pitfalls of geophysical methods
for recharge monitoring. The common lesson is that measure-
ment methods can only be successful if they are applied to
appropriate problems. Eventually, all monitoring methods
(traditional hydrologic methods, geochemical methods, and
geophysical methods) should be considered in a common
cost-benefit framework, balancing the capital and labor costs
of measurement methods with their likely benefits in terms of
reduced uncertainties in hydrologic analyses. This will allow
for the design of an optimal mixture of methods to address a
given problem within an available budget. This holistic, inte-
grated view of the role of measurement in hydrology provides
an effective conceptual framework for applying geophysics to
recharge monitoring.
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permeable alluvium occur along the
stream channels and may accept and
store significant amounts of stream-
bed infiltration. Ground water is
removed from the aquifer through
ground-water withdrawals, evapo-
transpiration, and ground-water flow
out of the study area. Ground-water
withdrawals and evapotranspira-
tion within the study area are small,
however, in comparison to ground-
water flow across the area boundary.
Ground-water primarily flows toward
a major area of ground-water with-
drawal south of Rillito Creek and
outside of the study area.

The foothills gravity-station
network included 23 stations. Two
stations were on crystalline rock
at the base of the mountains where
ground-water storage and gravity
change should be minimal. One of
the stations on crystalline rocks was
also a gravity reference station where
the absolute acceleration of grav-
ity was measured six times during
the study by the National Geodetic
Survey. Gravity at each station was
measured relative to the reference
station nine times between June 1999
and March 2002. Few wells are avail-
able for water level monitoring in the
area because few water supply wells
have been drilled in the relatively
low-permeability saturated-zone
materials. Water levels were mea-
sured at monitoring wells shown on
figure 17.

The general distribution of grav-
ity changes during the study period
included an area of decline of up
to 60-70 microgal along the lower
reaches of Rillito Creek and a swath
of increased gravity (up to 10-20
microgal) along the base of the Santa
Catalina Mountains (fig. 17). The larg-
est increase in gravity was measured
near Sabino Creek, the largest drain-
age from the mountains. The distribu-
tion of gravity change was dominated
by declines due to ground-water flow
out of the study area and increases
due to periodic streamflow infiltration
along the major ephemeral chan-
nels. Increased storage resulted from

precipitation and streamflow infiltra-
tion that primarily occurred during
two periods, summer of 1999 and July
through October of 2000 (fig. 18).
Three water-level hydrographs display
representative variations in water-level
response to infiltration and recharge
(fig. 18). Two of the wells, B-92A and
A-54A, display water-level declines
of 1 to 3.5 m resulting from ground-
water withdrawals outside of the study
area. High rates of water-level decline
along Rillito Creek also resulted from
redistribution of recharge that occurred
during the winter of 1998. Well D-56A
is far from major areas of ground-
water withdrawal and displayed

slight water-level increases during

the period. Gravity change during the
period displays a pattern similar to the
water levels. Major periods of infiltra-
tion and recharge were followed by
water-level recovery or significantly
reduced rates of water-level decline
near major ephemeral streams (wells
D-56A and A-54A). Gravity increases
also occurred at most stations follow-
ing major periods of infiltration and
recharge.

The distribution of gravity
change was monitored in detail along
two profiles across Rillito Creek
(fig. 17) to assess the redistribution
of infiltrated water following major
streamflow. Distributions of subsur-
face storage change in the unsaturated
and saturated zones across a profile
along First Avenue were simulated
with a 2-dimensional gravity model
that applies the algorithm of Talwani
and others (1959; fig. 19). Constraints
on the interval of saturated storage
change were available from water
levels at several wells. Changes in
gravity were defined by surveys on
June 25 and August 18, 1999, which
included a period of high precipita-
tion and streamflow. Changes along
the profile indicate that increases in
gravity of 30 to 70 microgal near the
stream channel were superimposed on
a regional trend of declining gray-
ity (fig. 19). Increases occurred near
Rillito Creek and near the mountains.
A portion of the gravity change near

the stream was attributable to a rise

in the water table of a few meters at
well North First. The remaining grav-
ity increase was caused by increased
storage in the unsaturated zone. The
lateral extent of the unsaturated zone
storage increase is well constrained

by the distribution of gravity stations.
The model assumes saturated zone
storage change near the Santa Catalina
Mountains; however, the vertical dis-
tribution of storage change within the
saturated and unsaturated zones in the
area cannot be separated because no
water-level data are available. Grav-
ity decline of less than 10 microgal

at most wells distant from the stream
channel were simulated adequately by
using the measured water-level decline
and assuming a specific yield of 0.27.
Gravity decline of 10 to 30 microgal
at wells A-54A and B-92A, however,
were larger than could be explained by
the observed water-level change. Sig-
nificant storage change in the unsatu-
rated zone was therefore required at
these wells to simulate the observed
gravity change.

The volume of ground-water stor-
age change for the monitored period
within the study area was estimated by
integration of the linearly interpolated
gravity changes across the study area
and applying the excess-mass equation
(Telford, 1990). Storage change since
June 1999 was calculated for gravity
surveys done in August 1999, Janu-
ary 2000, June 2000, November 2000,
March 2001, and March 2002 (fig.
20). Total ground-water storage for the
study area increased more than 25 mil-
lion cubic meters (Mm?) following July
1999 and generally decreased thereafter
to a total loss of more than 40 Mm’.
Storage changes in the Rillito Creek and
foothills subareas displayed somewhat
different trends. The foothills subarea
comprised most of the increase follow-
ing July 1999, 20 Mm?, and displayed
continuous declines thereafter. The Ril-
lito Creek subarea displayed a smaller
increase following July 1999 and slight
increases in storage following October
2000 with declines through the rest of
the monitoring period.



404

Geophysical Methods for Investigating Ground-Water Recharge

CUMULATIVE PRECIPITATION, IN CENTIMETERS

Figure 18.

foothills of the Santa Catalina Mountains, Tucson, Ariz.

Observed and simulated gravity change

GRAVITY CHANGE, IN MICROGALS

ALTITUDE ABOVE SEA LEVEL, IN METERS

Rillito Creek

Cumulative precipitation and water levels in selected wells, June 1999 through March 2002, near the

WATER-LEVEL CHANGE, IN METERS

South North
60 — + Measured ———Calculated =
i +
40 I A —
1\ ,/ e
20 + + s hme=eod L
\ ’
] “ P
0 1 =
_____+___——+————+\\ I \ J/
20 T~ ‘\ /
P -+
_40 | | | | | | | | | | | |
-1 0 1 2 3] 4 5 6 7 8 9 10 " 12
DISTANCE, IN KILOMETERS
Two-dimensional model of ground-water storage change
South North
950 — —
Rillito Creek ;
900 — —
850 — —
= .
800 — € Saturated-storage gain |
Storage gain in the saturated % o Specific yield=0.27
I or unsaturated zones E [}
ol water content gain=10 percent 2 3
750 7 ’3;: (2] o < % ? B
s < = =\ E
= 3 S =
CD (5} —
700 = = =
1 + LIl
Unsaturated-storage loss Saturated-storage loss
650 — water content loss=10 percent Specific yield=0.27 -
Unsaturated-storage loss
water content loss=10 percent
600 | | | | | | | |
-1 0 1 2 3] 4 5 6 7 8 9 10 " 12

Storage gain in the saturated zone

Specific yield=0.27

DISTANCE, IN KILOMETERS
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Figure 20. Total storage change in the foothills of the Santa Catalina Mountains, June 1999 through March 2002,

Tucson, Ariz. Total for study area is the sum of Rillito Creek and foothills subareas.

Estimating Recharge Using
Time-Lapse Neutron Moisture

Logging

By Alan L. Flint and Lorraine E. Flint

Spatially distributed recharge from
natural precipitation was estimated by
measuring soil-water-content profiles
at Yucca Mountain, southern Basin and
Range, Nevada. Soil-water contents
were determined with moisture meters
containing an americium-beryllium
neutron source (model CPN-503,
Campbell Pacific Nuclear, Martinez,
Calif.; Flint and others, 2001). Pro-
files were measured in 100 boreholes
for up to ten years by using field- and
laboratory-calibrated neutron-moisture
meters. The boreholes ranged in depth
from approximately 10 meters to 84
meters. Water-content profiles were
measured regularly—on a monthly
basis and more frequently after major
rainfall events (Flint and Flint, 1995).
These measurements were used to
help develop conceptual models of
the mechanisms of recharge in various
topographic settings.

One method of interpretation of
the water content profiles was to iden-
tify the depth of the wetting front as a
function of time following a precipita-

tion event. The wetting front depth can
be determined by statistical analysis of
a time series of water content profiles.
Due to the random radioactive decay
from the neutron source, the smallest
resolvable variation in water content is
about 0.01 m*/m’> (Hignett and Evett,
2002). The depth below which the
measured water content changes with
time are less than this threshold can
be associated with the depth to which
water has infiltrated. Data collected dur-
ing a ten-year period show that, on the
basis of this criterion, infiltration never
reached depths greater than five meters
in the thick alluvium at the location
shown in figure 21.

Examination of a time series
of water content profiles provides
additional insight into the infiltration,
redistribution, and recharge processes.
A ten-year series of water content pro-
files was collected in a site located in a
wash with 8 m of alluvium overlying a
nonwelded volcanic tuff (fig. 22). The
borehole was installed in 1984, several
weeks after a major runoff event.
Water drained from the alluvium and
the underlying tuff during the next sev-
eral years. Several minor runoff events
occurred in the mid 1980s, followed
by dry conditions persisting through-
out the drought of 1989 and 1990,
followed by El Nifio period runoff

events in 1991 and 1992. Even these
large events do not show measurable
increases in water content below three
meters, indicating that evapotranspira-
tion could easily remove the infiltrated
water before it became recharge. In
contrast, the 1995 El Nino runoff event
caused significant infiltration below the
zone of evapotranspiration, eventually
resulting in recharge.

The previous analyses use relative
measures of water content change to
identify the maximum depths of infil-
tration. These can be achieved without
the need for soil-specific calibrations.
More-quantitative assessments of
infiltration flux require calibration to
determine the volumetric water content
from neutron counts. As an example,
neutron counts, measured in a 79-m
borehole drilled through alluvium and
several different types of tuffaceous
rock, are compared with laboratory-
measured water contents from rock
cores (fig. 23A). A linear correlation
between counts and volumetric water
content has a square correlation coef-
ficient (r?) of 0.88, a root-mean-square
error of 0.036, and a measurement
repeatability of 0.01. The laboratory-
and field-measured water content pro-
files compare well except at the surface
(fig. 23B). This discrepancy is likely
due to the effects of large changes in
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water content with depth in this region
and uncertainty regarding the averag-
ing of water contents within the verti-
cal sampling interval (approximately
0.5 m; Klenke and Flint, 1991).

The ability to measure changes in
volumetric water content with time to
great depths allows for the calculation
of transient infiltration fluxes directly
through measurements of changes in
water storage. Based on the time series
of water content profiles shown in figure
22, it can be argued that recharge will
occur only if infiltration extends below
a depth where evapotranspiration can
remove all infiltrated water. Flint and
Flint (2000) used measured increases
and decreases in water content below the
zone of evapotranspiration to determine
recharge rates in a variety of topographic
positions. Specifically, increased water
contents below the depth of evapotrans-
piration were taken to represent potential
recharge. Borehole UZ N-15, located in
a small channel in a large flat mesa, was
drilled in 1992 and flowed once during
1993 and twice during the 1995 El Nifio
periods (fig. 24A). The soil is 0.7 m thick

and overlies fractured, welded tuff grad-
ing downward to a moderately welded
tuff with depth. The soil-tuff interface
became saturated allowing water to
enter the fractured rock. The water con-
tent initially increased following each
runoff event, and then drained through-
out the profile. Specifically, water
moved through fractures in the top 2

m of welded tuff with little imbibition
into the matrix. Below 3 m, water was
imbibed by the more permeable mod-
erately welded tuff. The average water
content between 2 m depth and the soil/
bedrock contact increased after each
event (fig. 23B). There were increases
ranging from 150 to more than 300
mm of water in storage from the four
infiltration events. Drainage, calculated
as the slope of the line between the

last El Nino event in 1993 and the first
El Nino event in 1995, declined at an
average rate of approximately 20 mm/
yr (fig. 24B).

Under steady-state conditions,
infiltration occurs without changes in
water storage with time. Assuming a
unit gradient condition, the measured
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water content can be used together with
an independent measure of the unsatu-
rated conductivity function (Flint and
others, 1999) to calculate the steady-
state flux with the Buckingham-Darcy
flux law (Jury and others, 1991). This
method was employed to develop the
first spatially distributed map of net
infiltration for Yucca Mountain, NV
(Flint and Flint, 1994). More advanced
analysis of water content profiles makes
use of inverse hydrologic modeling to
calibrate infiltration models, which in
turn can be used to calculate recharge.
Hevesi and others (1994) and Hudson
and others (1994) used this approach
to calibrate 1-dimensional models at
Yucca Mountain. Eventually a series of
1-dimensional models were combined
to develop a large-scale rainfall/runoff
model by using runoff data and the
estimated fluxes in the neutron holes
(Flint and others, 1996). The calibrated
model results were used to provide

the upper boundary conditions for a
three-dimensional site scale model of
the Yucca Mountain region (Flint and
others, 2001; 2002).

Figure 21. = Volumetric water content
(points) and standard deviation (curve)
with depth at borehole UZN #19 for ten
years of sampling during 1984-1995. Each
symbol type denotes measurements from
a different day.
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Geophysical Well-Logging to
Estimate Subsurface Physical
and Hydraulic Properties

By James B. Callegary

Geophysical well-log data were
collected to identify areas of active
recharge and to help quantify recharge
in ephemeral channels of the Sierra
Vista subwatershed of the Upper San
Pedro River Basin, Ariz. (fig. 25).
Sixteen boreholes were drilled at 15
sites, twelve in the active portions of
ephemeral stream channels and four
in inter-basin sites. The boreholes in
active channels were distributed among
five ephemeral channels, representing
the variation of tributary types found
in the Sierra Vista subwatershed. All
boreholes were lined with unscreened
polyvinyl chloride (PVC) casing with
a diameter of 0.05 meters. Most of the
boreholes were completed above the
regional water table. Manual estima-
tion of the grain size distribution of
cuttings was conducted in the field for
each 0.3-meter depth interval. Gaps in
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the grain size distribution logs occur
where cuttings were not retrieved or
were lost. Laboratory estimates of
grain size distribution were conducted
on cuttings and a subset of retrieved
cores in three boreholes.
Electromagnetic induction
logging (EMI) was used to distin-
guish between clay layers and sand/
gravel layers. Analyses of drill cut-
tings showed uniformly low chloride
concentrations. Therefore, zones of
increased electrical conductivity (EC)
can be associated with high volumetric
water content or high clay content.
High neutron counts are associated
with zones of high volumetric water
content. As a result, the EMI and neu-
tron results can be used together to
distinguish zones of increased water
content or clay-rich regions. This can
be especially useful for distinguishing
between zones with high water content
due to high water retention associated
with high clay content, and zones with
high water content due to subsurface
structure, such as capillary barriers.
EMI measurements were col-
lected in all boreholes at a logging rate
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of 3 meters per minute. Measurements
were recorded at 0.01-0.02-m inter-
vals. Neutron soil moisture counts were
measured in six boreholes. Counts
were measured over a 32-second period
at each depth with a 0.25-m measure-
ment interval. Quantitative analysis of
volumetric water content requires soil-
specific calibration (Hignett and Evett,
2002). No calibration was performed in
this investigation. Rather, the neutron
responses were used as qualitative indi-
cators of variations in water content
with depth.

Data collected at Banning Creek
represent the subsurface conditions of
an incised, ephemeral stream channel
(fig. 26). Incision of the channel near
the borehole ranges from 2 to 5 meters.
The channel surface is cobbly to sandy.
Flows occur only after summer convec-
tive or winter synoptic scale storms.
The laboratory and field grain size
distributions are similar. Both grain
size distribution logs show shallow
and deep regions with relatively low
clay fractions bounding a middle depth
interval (7-17 m) that is more clay
rich. Both logs also show isolated, thin
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Figure 25. Location of Sierra Vista subwatershed of the Upper San Pedro River Basin, southeastern Ariz.
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ing relatively low clay contents at 23
meters depth.

All electrical conductivity meth-
ods suffer from lack of uniqueness in
distinguishing among lithologic, tem-
perature, and pore water salinity. As
described above, these confounding
factors are accounted for in this study
through uniformly low pore water
salinity and the combined use of EMI
and neutron logs. However, lack of
depth resolution remains as a primary
limitation on using EMI alone for
identifying subsurface structure. This
arises due to the relatively large sam-
ple volume of the instrument, evident
in the EMI response to the 0.3-m thick
clay layer located 20 meters below the
surface. The EMI response shows a
double peak that spans a depth interval
of approximately three meters. The
double peak is caused by the relatively
high sensitivity of the instrument near
the transmitting and receiving coils,
which are separated by 0.5 meters
vertically in the borehole. This instru-

ELECTRICAL CONDUCTIVITY,

ment response places a limitation on
the achievable spatial resolution. The
neutron log, as a result of a smaller
sample volume, provides higher reso-
lution than the EMI log.
Woodcutter’s Wash is also
incised (about 6 m) and ephemeral
with a sandy channel bottom and out-
crops of caliche both up- and down-
stream of the borehole. Data gathered
at Woodcutter’s Wash demonstrate the
utility of combining EMI and neutron
logs (fig. 27). Unlike the Banning
Creek logs, the neutron probe counts
vary strongly with depth. This is espe-
cially apparent at a depth of seven
meters, where neutron counts drop
significantly while the measured EC
remains high. The neutron response
indicates that the region has a low
volumetric water content. Assuming
that pore water electrical conductiv-
ity (EC) does not vary significantly
with depth, the high EC in this region
could indicate that the clay content is
higher than the surrounding regions.

FIELD GRAIN-SIZE

The elevated clay content would offset
the reduction in EC associated with
the lower water content. This could be
associated with water ponding above
the low water content region and the
change in lithology below this region.
The change in lithology is supported
by the laboratory grain size analysis,
which indicates that the deepest cut-
tings (from about 9 m) contain sig-
nificantly less clay than the material
above, possibly indicating the pres-
ence of a capillary barrier. However,
it is difficult to infer the soil physical
property distribution on the basis of
one set of cuttings and geophysical
logs. Additional laboratory analyses
for grain size distribution and water
content would result in a better under-
standing of the spatial variations in
these properties. This underscores the
fact that geophysical logs are often
most useful as a screening tool for
identifying regions in which the drill
cuttings should be examined closely
to interpret subsurface structure.

LAB GRAIN-SIZE STRATIGRAPHY
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Figure 27. Neutron soil log, electrical conductivity, field and lab grain-size distribution (GSD), stratigraphy and lithology, Woodcutter's
Wash, Upper San Pedro Basin, southeastern Ariz.
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