
PNNL-14058 

 
 
 
 
 
 
 
 

Prototype Database and User’s Guide of 
Saturated Zone Hydraulic Properties for 
the Hanford Site 
 
P.D. Thorne 
D.R. Newcomer 
 
 
 
 
 
September 2002 
 
 
 
 
 
 
 
 
 
 
 
 
 
Prepared for the U.S. Department of Energy 
under Contract DE-AC05-76RL01830 



 

 

 
 
 
 
 
 

 DISCLAIMER 
 
This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor Battelle Memorial Institute, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any 
specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government
or any agency thereof, or Battelle Memorial Institute. The views and opinions
of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof. 
 
 
 PACIFIC NORTHWEST NATIONAL LABORATORY 
 operated by 
 BATTELLE 
 for the 
 UNITED STATES DEPARTMENT OF ENERGY 
 under Contract DE-ACO6-76RLO183O 
 
 
 Printed in the United States of America 
 
 Available to DOE and DOE contractors from the 
 Office of Scientific and Technical Information, 
 P.O. Box 62, Oak Ridge, TN  37831-0062; 
 ph:  (865) 576-8401 
 fax:  (865) 576-5728 
 email:  reports@adonis.osti.gov 
  
 Available to the public from the National Technical Information Service, 
 U.S. Department of Commerce, 5285 Port Royal Rd., Springfield, VA  22161 
 ph:  (800) 553-6847 
 fax:  (703) 605-6900 
 email:  orders@ntis.fedworld.gov 
 online ordering:  http://www.ntis.gov/ordering.htm 
 
 
 
 

  This document was printed on recycled paper. 
  (8/00)



 

 
 

 
 
 
 
 
 
 
 
 
 

Prototype Database and User’s Guide 
of Saturated Zone Hydraulic 
Properties for the Hanford Site 

 
 
 
 P.D. Thorne 
 D.R. Newcomer 

 
 
 
 
 
    September 2002 
 
 
 
 
 
 
    Prepared for 
    the U.S. Department of Energy 
    under Contract DE-AC06-76RL01830 
 
 
 
 
 
    Pacific Northwest National Laboratory 
    Richland, WA  99352 



 

 



 

iii 

ABSTRACT 
 
 

Predicting the movement of contaminants in groundwater beneath the Hanford Site is important 
for both understanding the impacts of these contaminants and for planning effective cleanup 
activities.  These predictions are based on knowledge of the distribution of hydraulic properties 
within the aquifers underlying the Hanford Site.  The Characterization of Systems (CoS) Task, 
under the Groundwater Protection Project, is responsible for establishing a consistent set of data, 
parameters, and conceptual models to support estimates contaminant migration and impact 
(DeLamare 2000).  Therefore, a prototype database of aquifer hydraulic properties has been 
developed for the Hanford Site.  These hydraulic property data have been compiled from several 
different reports, as well as, from unpublished analyses.  The data were originally calculated 
through analyses of measured hydraulic responses, such as water levels in a well that occur when 
a known stress is applied.  The calculated hydraulic property values are based on fitting the 
measured hydraulic responses to a particular analytical model that incorporates both knowledge 
and assumptions about the tested aquifer system.  Given that these assumptions and the analysis 
method affect the validity of the calculated hydraulic properties, several fields are provided in the 
prototype database for documenting test conditions and analysis procedures.  A field is also 
provided for a “data quality” flag that will indicate whether the validity of the calculated 
hydraulic properties is considered reliable, questionable, or unknown.   
 
 



 

 



 

v 

Table of Contents 
 
Abstract ................................................................................................................................ iii 
 
1.0 Introduction .............................................................................................................. 1 
 
2.0 Background .............................................................................................................. 2 
 
 2.1 Hydraulic Properties ....................................................................................... 2 
 2.2 Test Methods .................................................................................................. 3 
 2.3 Quality of Available Data............................................................................... 13 
 
3.0 Database Design ...................................................................................................... 13 
 
4.0 Database Users Guide .............................................................................................. 14 
 
5.0 Status ........................................................................................................................ 16 
 
6.0 Recommendations .................................................................................................... 17 
 
7.0 References ................................................................................................................ 17 
 
 
 
Appendix A: Prototype Saturated Zone Hydraulic Properties Database...............................   A.1 
 
 
 

List of Figures 
 
Figure 1.  Characteristic Log-Log Drawdown and Drawdown Derivative Plots for Various 

Hydrogeologic Formation and Boundary Conditions..................................... 6 
 
Figure 2.   Predicted Slug-Test Response for Nonelastic Formation, Elastic Formation, and 

High Hydraulic Conductivity Sand-Pack Conditions..................................... 9 
 
 
 
 
 



 

vi 



 

1 

1.0  Introduction 
 
Groundwater movement through aquifers beneath the Hanford Site is a major pathway for 
transport of radioactive and hazardous chemical wastes that have been discharged in various 
locations on the Hanford Site since 1944.  Contaminant plumes already exist within the upper 
aquifer system (Hartman et al. 2002).  These are mainly from high-volume wastewater discharges 
that occurred during the period of nuclear materials production.  Additional wastes are present in 
surface facilities, underground tanks, and within the vadose zone that lies between ground surface 
and the top of the uppermost aquifer.  These wastes are a continuing source of contamination to 
the underlying aquifer.  Removing these wastes and cleaning-up contamination in the vadose 
zone and the aquifer in order to limit impacts to human health and the environment is the focus of 
current work at the Hanford Site.     
 
Predicting the movement of contaminants in groundwater and determining the discharge of 
contaminants to the Columbia River are important to both understanding the impacts of Hanford 
Site contaminants and to planning effective cleanup activities.  These predictions are based on 
either analytical or numerical models of groundwater flow, both of which require knowledge of 
the three-dimensional distribution of hydraulic properties within the aquifers.   
 
The Characterization of Systems (CoS) Task of the Groundwater Protection Project (formerly the 
Groundwater/Vadose Integration Project) is responsible for establishing a consistent set of data, 
parameters, and conceptual models needed to estimate the impacts of Hanford Site contaminants 
(DeLamare 2000).  The CoS task is assembling data and information on several aspects of 
contaminant release, transport, and impact.  These include the following elements: 
 

• waste inventory 
• contaminant release 
• vadose zone  
• groundwater 
• Columbia River 
• exposure and risk. 

 
For each of the above elements, the CoS Task is assembling and integrating a multitude of 
databases and information to provide a technical basis for impact predictions and, ultimately, for 
informed planning of waste storage and cleanup activities. 
 
The development of a central, uniform database where modelers and analysts can access available 
hydraulic property information will save much time and effort currently expended on finding and 
evaluating the data in diverse sources.  It will also facilitate peer review and quality control of the 
data.  Errors or questionable data can be more easily identified and possibly corrected.  
Establishing a central database should also provide more consistency in model parameters and 
results. 
 
This report documents the development of a prototype database for saturated zone hydraulic 
properties.  These property data generally result from the analysis of measured hydraulic 
responses, such as water levels in a well, that occur when a known stress is applied, such as 
pumping at a particular flow rate from a well a known distance from the measured well.  The 
calculated hydraulic property values are based on fitting the measured responses to an analytical 
model that incorporates both knowledge and assumptions about the tested aquifer system.  The 
same response data could, therefore, result in different hydraulic property values depending on 
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the assumptions made about the analytical model (e.g., confined or unconfined aquifer).  The 
database does not include the measured hydraulic responses (i.e., well drawdown measurements).  
However, it does attempt to identify the location of the measured responses and to document 
important assumptions about the analytical model used in calculating hydraulic properties.   
 
Hydraulic property data for the aquifers underlying the Hanford Site have been compiled in 
several documents during the past 50 years.  Two of the earliest were a classified 1953 report, 
later published as Newcomb et al. (1972), and Bierschenk (1957).  Later compilations include 
Kipp and Mud (1973), who reported the results of several tests conducted in 1969, and Deju 
(1974).  Newcomer (1992a and 1992b) compiled hydrologic test results for the 200 West and 200 
East Areas, respectively.  Thorne and Newcomer (1992) provided a review and partial 
compilation of sitewide test results and reanalyzed several tests using updated analysis methods.  
The database described in this report attempts to combine the information in these reports with 
results of recent hydrologic tests and to provide more complete information on test conditions and 
analysis assumptions.  It also attempts to assign a data-quality flag to the test results to reflect the 
reliability of the hydraulic property estimates.  The database is planned to be available 
electronically in a web-based format and to be updated regularly.   
 
The purpose of this report is to document the prototype database of aquifer hydraulic properties, 
assemble data from multiple locations in a consistent format, and serve as a users guide for the 
database files that will be maintained in an electronic format and be accessible to interested 
parties.  The prototype database presented in this document is incomplete and limited in scope.  It 
is expected that population and refinement of the database will be a continuing process. 
 
 

2.0  Background 
 
Groundwater beneath the Hanford Site occurs in both a local, generally unconfined aquifer 
system and in regional aquifers confined by relatively low-permeability basalt flows.  The local 
aquifer system is within unconsolidated to semiconsolidated sediments overlying the basalt 
bedrock.  Parts of the local aquifer system are locally confined by mud units.  However, because 
the entire suprabasalt aquifer system is interconnected on a site-wide scale, it has commonly been 
referred to as the Hanford "unconfined" aquifer while aquifers located within the Columbia River 
Basalts have been referred to as the basalt confined aquifer system. 
 
 
2.1  Hydraulic Properties 
 
The primary aquifer properties affecting groundwater flow are hydraulic conductivity (K), 
specific storage (Ss), and aquifer thickness (b).  Transmissivity (T) is the product of hydraulic 
conductivity and aquifer thickness.  Storativity is the product of specific storage and aquifer 
thickness.  For unconfined aquifers both the storativity associated with elastic aquifer response 
and the specific yield (Sy) from dewatering of the aquifer are important.  In addition, effective 
porosity (ne) is an important parameter in determining groundwater velocity and rates of 
contaminant transport.  Most sedimentary aquifers are anisotropic and the horizontal hydraulic 
conductivity (Kh) is different than the vertical hydraulic conductivity (Kv).  The ratio of Kv/Kh is 
called the vertical anisotropy.  When combined with information on boundary conditions and 
hydraulic gradient, the distributions of these hydraulic properties provide a complete description 
of the groundwater flow system.  Aquifer thickness is most commonly determined from the 
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logging of geologic materials recovered during well drilling.  Aquifer thickness may also be 
determined from downhole or surface geophysical measurements.   
 
2.2  Test Methods 
 
Aquifer hydraulic properties are usually determined by using wells to observe the water-level 
changes in response to an applied or natural stress on the aquifer.  In the case of aquifer pumping 
tests and slug tests, the stress is applied by adding or removing water at a well.  Natural stresses 
may result from changes in the water level of a surface-water body hydraulically connected to the 
aquifer, earth tides, or atmospheric pressure changes.  Hydraulic properties may also be 
determined from laboratory tests on samples removed from boreholes or excavations.  A 
disadvantage of these tests is that properties may be altered by disturbing the sample during 
removal, transport, and testing.  The following discussion gives an overview of in-situ tests and 
conditions that may affect the quality of hydraulic property data determined from these tests. 
 
Several different types of hydrologic tests have been conducted to determine hydraulic properties 
of aquifers beneath the Hanford Site.  Pumping tests have been conducted at many wells using 
either a single-well configuration, where aquifer drawdown and recovery is measured in the 
pumped well, or a multiple-well configuration, where aquifer response is measured at one or 
more observation wells.  Single-well pumping tests have been conducted more frequently because 
of the expense of installing multiple wells.  Many single-well slug tests have also been conducted.  
These tests are generally performed more quickly and with less elaborate equipment than 
pumping tests.  They also have an advantage in areas of groundwater contamination because it is 
not necessary to remove large volumes of contaminated groundwater.  However, single-well slug 
tests are analyzable over a relatively narrow range of transmissivity and the results apply to only a 
small area surrounding the well.  A multiple-well slug test method that avoids these problems to 
some extent has been used by Spane (1992).   
 
In addition to these standard hydraulic test methods, a few estimates of hydraulic properties have 
been obtained from analysis of: 
 

• tracer test results 
• water-level responses to changes in Columbia River elevation 
• formation of groundwater mounds under waste-water disposal areas. 

 
Aquifer tests have been carried out under many different programs and projects at the Hanford 
Site.  The results are contained in project files and various published and unpublished test reports.  
The quality of the analysis results varies over a wide range.  Most test analyses are affected by 
formation and well conditions that do not exactly conform to the analysis method applied.  These 
nonideal test conditions and their effect on analysis results are discussed in the following 
subsections.  Test results may also be affected by external stresses such as barometric pressure 
changes or pumping at nearby wells.  The severity of the resulting errors also varies widely.  
Therefore, the prototype database contains a field for a data quality flag to reflect the reliability of 
the hydraulic property estimate.  
 
Brief descriptions of the test and analysis methods used for determining hydraulic properties of 
the unconfined aquifer at Hanford are provided below.  Most of this information was taken from 
Thorne and Newcomer (1992) and Spane et al. (2001b).  Additional details are available in these 
documents and in Spane (1993). 
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2.2.1 Constant-Rate Pumping Tests 
 
A constant-rate discharge (or pumping) test is performed by removing water from a well at a 
constant rate and measuring the associated drawdown and recovery of hydraulic head in the 
aquifer.  Hydraulic head responses may be monitored at the pumping well, at one or more nearby 
observation wells, or both.   
 
The mathematical equation describing drawdown, s, in an aquifer resulting from transient radial 
flow of compressible groundwater to a well pumped at a constant rate was given by Theis (1935) 
as: 
 

 W(u) 
T4

Q = s
π

 

where:  T =  transmissivity of the aquifer    [L2/T] 
 
  Q =  constant discharge rate     [L3/T] 
 
 
The dimensionless well function, W(u), is defined as: 

du 
u
e  = W(u)

-u

u
∫
∞

 

 
where:         [dimensionless] 
 
 
 
and where: r =  radial distance to the pumping well   [L] 
  S =  storativity of the aquifer   [dimensionless] 
 
The Theis equation makes several assumptions including: the aquifer is confined, homogeneous, 
isotropic, and of infinite lateral extent; the well is a line-sink (i.e., has no storage) and completely 
penetrates the aquifer; and flow is laminar.  A number of other equations have been presented for 
cases where one or more of these assumptions is not met.  The Boulton (1963) and Neuman (1974 
and 1975) equations account for delayed yield from unconfined aquifers.  The image well method 
(Ferris et al. 1962) may be used for analysis of tests in bounded aquifers.  Corrections for the 
effects of vertical flow gradients caused by partially penetrating wells have been presented by 
Hantush (1962), Dagan (1967), Kipp (1973) and Neuman (1974).   
 
Most of the constant-rate pumping tests conducted at Hanford have been analyzed using the Theis 
equation.  These analyses applied either the type-curve matching method (Theis 1935) or semilog 
straight-line methods (Theis 1935, Cooper and Jacob 1946).  Other Hanford tests (Kipp and Mud 
1973) have utilized type-curve matching with the unconfined aquifer solution of Boulton (1963) 
and some have applied corrections for partial penetration of the pumping well and for aquifer 
dewatering at the pumped well. The WTAQ3 computer program (Moench 1997) has been used to 
generate aquifer pumping test type curves for analysis of some recent constant-rate pumping tests 
(Spane and Thorne 2000; Spane et al. 2001a; Spane et al. 2001b).  This program generates type 
curves that represent a wide range of test and aquifer conditions, including partially penetrating 
wells, confined or unconfined aquifer models, well-skin effects, and wellbore storage at both the 
stress (pump) and observation (monitor) well locations. 
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Type-Curve Matching Method 
 
Type-curve matching methods are best suited to data from observation wells because friction loss 
at the pumping well may cause an additional component of drawdown independent of the aquifer 
response.  This causes the data to be shifted vertically on the log-log plot employed in type-curve 
matching and introduces error in the calculated transmissivity and storativity values.  Most tests 
at Hanford have had to rely on measurements of aquifer drawdown and recovery solely at the 
pumped well.  Errors may have been introduced in some cases by applying type-curve matching 
methods for analysis of pumping well data.  Attempts have been made to determine the friction 
loss component through step-drawdown tests and then correct the drawdown measurements prior 
to type-curve matching (Kipp and Mud 1973).  However, when it can be applied, the semilog 
straight-line method is considered a more reliable technique for analyzing data from a pumping 
well. 
 
Semilog Straight-Line Method 
 
The semilog, straight-line analysis techniques commonly used are based on either the Cooper and 
Jacob (1946) method (for drawdown analysis) or the Theis (1935) recovery method (for recovery 
analysis).  As indicated by Cooper and Jacob (1946), semilog straight-line methods are only valid 
for data corresponding to small values of the parameter u.  It is generally accepted that the 
method is valid when u<0.01.  However, in some cases the error introduced by using data 
corresponding to somewhat larger values of u in straight-line analysis is minor (Chapuis 1992).  
These methods are theoretically restricted to the analysis of test responses from wells that fully 
penetrate nonleaky, homogeneous, isotropic, confined aquifers.  Straight-line methods, however, 
may be applied under nonideal well and aquifer conditions if infinite-acting, radial flow 
conditions exist.  Infinite-acting, radial flow conditions are indicated during testing when the 
change in pressure, at the point of observation, increases in proportion to the logarithm of time.  
Unfortunately, for many aquifer tests at the Hanford Site the combination of partially penetrating 
wells and unconfined aquifer conditions causes infinite-acting, radial flow conditions to not occur 
within a reasonable amount of pumping time.  Review of previous test analyses has shown that 
many tests were incorrectly analyzed using the straight-line method when infinite-acting, radial 
flow conditions were not established.  As discussed below, the use of diagnostic derivative 
methods (Bourdet et al. 1989) makes it easier to identify the range of test data where straight-line 
analysis is appropriate. The most likely source of error in this technique is to attempt to fit a 
straight-line to data collected before the straight-line approximation applies (large u), or to data 
that do not reflect radial flow conditions in an “infinite-acting” aquifer.  Often, in Hanford Site 
tests, more than one straight-line segment will appear on a semilog plot due to nonideal aquifer 
conditions.   
 
Diagnostic Analysis and Derivative Plots 
 
It is important to recognize when nonideal well or aquifer effects are significant.  When they are 
not significant, the aquifer displays “infinite acting” behavior.  The appropriate analysis model 
can then be selected for calculating hydraulic properties from the response data.  Nonideal 
conditions may be discerned by preparing a diagnostic plot of the test data and comparing it to 
characteristic curves associated with various nonideal conditions.  Log-log plots of water level 
versus time have traditionally been used for diagnostic purposes and recently the derivative of the 
water level or pressure change has also been used (Bourdet et al. 1989) as a diagnostic tool.  Use 
of derivatives has been shown to significantly improve the diagnostic and quantitative analysis of 
various hydrologic test methods (Bourdet et al. 1989; Spane 1993).  The improvement in test 
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analysis is attributed to the sensitivity of pressure derivatives to various test/formation conditions.  
Specific applications for which derivatives are particularly useful include 
 

• determining formation-response characteristics (confined or unconfined aquifer) and 
boundary conditions (impermeable or constant head) that are evident within the test data 

 
• assisting in the selection of the appropriate type-curve solution through combined type-

curve/ derivative plot matching 
 

• determining when infinite-acting, radial flow conditions are established and, therefore, 
when straight-line analysis methods are applicable. 

 
Figure 1 shows log-log drawdown and derivative responses that are characteristic of some com-
monly encountered formation conditions.  The early data, occurring before the straight-line 
approximation is valid or where wellbore storage is dominant, produce a steep, upward-trending 
derivative.  The derivative normally decreases during transition from wellbore storage to radial 
flow and stabilizes at a constant value when infinite-acting, radial flow conditions are established.   
 

 
Figure 1.  Characteristic Log-Log Drawdown and Drawdown Derivative for Various  

Hydrogeologic Formation and Boundary Conditions Plots  
(adapted from Spane 1993) 
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The stable derivative reflects the straight-line on the semilog plot for infinite-acting radial flow.  
Unconfined aquifers and formations exhibiting double-porosity characteristics (e.g., fractured 
media) may show two stable derivative sections at the same vertical position separated by a 
“valley” that represents the transition from one storage value to the other.  Diagnostic derivative 
plots are also useful in identifying boundary effects. 
 
A linear, no-flow boundary will result in a doubling of the magnitude of the derivative.  If radial 
flow is established before the influence of the boundary is seen, a stable derivative will occur for 
a time followed by an upward shift to twice the original value.  Constant-head boundaries display 
a downward trend in the derivative, which may be preceded by a stable derivative if radial flow 
conditions occur before the boundary effect becomes dominant. 
 
The diagnostic log-log plots mentioned above are useful in identifying the radial flow, part of the 
test data, and regions of data affected by nonideal conditions.  The derivative plotting technique is 
particularly helpful in determining data where semilog analysis is valid (Bourdet et al. 1989).  A 
log-log plot of the head response versus time is prepared and the derivative of the semilog plot is 
then calculated and graphed on the log-log plot along with the water-level data.  For recovery 
data, the "Agarwal equivalent time function" (Agarwal 1980), or some other superposition 
function, is used in calculating the derivative.  This accounts for the effect of the pumping period 
and causes the recovery data to fall on a straight-line (constant derivative) on the semilog plot.  
The effects of various aspects of the well-aquifer system show up on the derivative plot and can 
be easily correlated with features of the log-log plot that have traditionally been used to diagnose 
test behavior.  As shown in Figure 1, the early data, occurring before the straight-line 
approximation is valid or where wellbore storage is dominant, produces a steep upward trending 
derivative.  The derivative normally decreases during transition from wellbore storage to radial 
flow, and stabilizes at a constant value when radial infinite-acting flow conditions are established.  
The stable derivative reflects the straight-line on the semi-log plot for infinite-acting radial flow.  
Delayed yield and double-porosity aquifers may show two stable derivative sections at the same 
vertical position separated by a "valley," this represents the transition from one storage value to 
the other.   
 
Pressure derivative plots are also useful in identifying boundaries.  A linear no-flow boundary 
will result in a doubling of the magnitude of the derivative.  If radial flow is established before 
the influence of the boundary is seen, a stable derivative will occur for a time followed by an 
upward shift to twice the original value.  Constant-head boundaries show up as a downward trend 
in the derivative, which may be preceded by a stable derivative if radial flow conditions occur 
before the boundary effect becomes dominant.      
 
2.2.2  Slug Tests 
 
Slug tests are conducted by instantaneously raising or lowering the water level in a well and 
monitoring the recovery to static formation conditions.  These tests are generally easier to 
conduct and require less time than aquifer pumping tests.  However, slug tests stress a relatively 
small volume of the aquifer around the well and, therefore, have a limited zone of influence.  Slug 
tests are popular for determining the hydraulic properties of aquifers at hazardous waste sites.  
This is partly because they do not require the withdrawal of large volumes of water.  Disposing of 
contaminated groundwater from pumping tests may pose a significant problem at such sites.  Slug 
test results are also commonly used to estimate hydraulic properties for use in the design of 
subsequent hydrologic tests having greater areas of investigation (e.g., slug interference and 
constant-rate pumping tests). Slug tests have been conducted at many of the wells installed on the 
Hanford Site.   
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The range of transmissivities for which single-well slug tests give analyzable results is also 
limited.  If the transmissivity is too low, a very long time may be required for a sufficient 
percentage of recovery to occur.  In these situations, steps can be taken to reduce wellbore storage 
and speed the response for low-transmissivity tests.  If the transmissivity is too high, friction loss 
at the well is dominant and the test results are not analyzable.  Single-well slug tests are generally 
applicable for transmissivities below 100 m2/d (Spane 1992) and multiple-well slug interference 
tests may provide good results for transmissivities up to 1000 m2/day (Spane 1992).  
 
Several different methods have been presented for analyzing the water-level response to a single-
well slug test.  The method presented by Bouwer and Rice (1976) and updated by Bouwer (1989) 
is designed for unconfined aquifer testing and includes provisions for partially penetrating wells.  
This analysis technique is commonly used on the Hanford Site because most wells partially 
penetrate the unconfined aquifer.  The analysis method presented by Cooper et al. (1967) is based 
on non-steady radial flow of a compressible fluid in a confined aquifer.  These analysis methods 
have been most commonly employed at the Hanford Site and are discussed in more detail below.  
 
Bouwer and Rice Analysis Method 
 
The Bouwer and Rice (1976) analysis method and the similar Hvorslev (1951) method are based 
on equations describing steady-state radial flow of an incompressible fluid.  Hydraulic 
conductivity (K) is given by: 
 

 
y
y

 
t
1 

L2
)r/R(r = K

t

o

e

we
2
c lnln

 

 
where: rc = radius of the casing      [L] 
 
  rw =  radius of the well     [L] 
 
  Le =  length of the open well section   [L] 
 
  Re = effective radius of influence    [L] 
 
  t  =  time since the test began    [T] 
 
  yt =  water level - static water level   [L] 
 
  yo = induced water-level change at beginning of test  [L] 
 
 
For the Hvorslev method, Re is assumed to be equal to the length of the open interval.  Bouwer 
and Rice (1976) provide empirical formulas for determining ln(Re/rw), based on the results of 
electrical analog studies of different flow system geometries.   
 
For both these analysis methods, water-level data are plotted on a logarithmic scale versus time 
on an arithmetic scale.  Based on the above equation, the result should be a straight-line, at least 
over a section of the plot corresponding to early time.  The quantity [ln(yo/yt)]/t can be 
determined graphically from the straight-line portion and used to calculate K.  In practice, near 
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borehole effects, such as a gravel pack or other altered permeability zone near the well, 
sometimes cause a deviation from the predicted single straight-line (Bouwer 1989).  
 
The Bouwer and Rice method is a well-known technique and is widely applied in the analysis of 
slug tests.  A number of analytical weaknesses, however, limit the successful application of the 
Bouwer and Rice method for analyzing slug-test response.  These weaknesses constrain its 
application to slug-test responses that exhibit steady-state flow, isotropic conditions, no well-skin 
effects, and no elastic (storage) formation response.  Unfortunately, these limitations are 
commonly ignored and the Bouwer and Rice method has been applied to slug-test responses that 
do not meet the test analysis criteria.  A more detailed discussion on the analytical limitations of 
the Bouwer and Rice method is provided in Hyder and Butler (1995), Brown et al. (1995), and 
Bouwer (1996). 
 
For slug tests exhibiting elastic storage response, it should be noted that improved estimates can 
be obtained if analysis criteria specified in Butler (1996, 1998) are observed.  Figure 2 shows the 
predicted, normalized, slug-test response for three well/aquifer-test conditions:  1) nonelastic 
formation, 2) elastic formation, and 3) elastic formation with high-K sandpack effects.  The test 
responses were calculated using the KGS model described in Liu and Butler (1995) for the given 
test conditions listed in Figure 2.  As shown, the presence of elastic aquifer storage (i.e., specific 
storage, Ss) and effects of a high-permeability sand pack cause curvilinear test responses (concave 
upward) that deviate from the predicted linear, nonelastic formation response.  When this 
diagnostic curvilinear response is exhibited in the slug-test response, Butler (1996, 1998)  

 
Figure 2.  Predicted Slug-Test Response for Nonelastic Formation, Elastic Formation, and High 

Hydraulic Conductivity Sand-Pack Conditions (adapted from Spane et al. 2000b) 
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recommends that the late-time test analysis be employed (i.e., the normalized head segment 
between 0.3 and 0.2) when using the Bouwer and Rice (1976) method.  As shown in Figure 3.1, 
the two elastic curvilinear test responses over the specified late-time segment closely parallel the 
nonelastic test-formation response.  This indicates that quantitative estimates for K can be 
obtained using the Bouwer and Rice method over a wide range of test-response conditions 
(nonelastic or elastic formation, high-K sandpack effects), if the proper analysis criteria are 
applied. 
 
Due to its semiempirical nature, analytical results obtained using the Bouwer and Rice method 
(i.e., in contrast to results obtained using the type curve analysis method) may be subject to error.  
Bouwer and Rice (1976) indicated that the K estimate, using their analysis method, should be 
accurate to within 10% to 25%.  Hyder and Butler (1995) state an accuracy level for the Bouwer 
and Rice method within 30% of actual for homogeneous, isotropic formations, with decreasing 
levels of accuracy for more complex well/aquifer conditions (e.g., well-skin effects).  For these 
reasons, greater credence is generally afforded the analytical results obtained using the type-
curve-matching approach, which has a more rigorous analytical basis. 
 
Type Curve Analysis Method 
 
A slug test analysis method based on non-steady radial flow of a compressible fluid in a confined 
aquifer was presented by Cooper et al. (1967).  They present type curves of dimensionless head 
response, HD, versus a dimensionless time parameter, β, for various values of a dimensionless 
wellbore storage parameter, α.  These parameters are defined by: 
 
      HD =  H/Ho   [dimensionless] 
 
      β =  Tt/rc

2   [dimensionless] 
 
      α  =  rw

2S/rc
2    [dimensionless] 

 
 
where,   H = observed head - pretest static head   [L] 
 
    Ho = instantaneous head change at start of test [L] 
 
    t = time since start of test    [T] 
 
    rc = radius of well casing where    [L] 
     water level chnge occurs 
 
    rw = effective radius of well    [L] 
 
 
Test data are plotted in the form H/Ho versus log t and matched to the dimensionless type curves 
to determine values for α and β.  Transmissivity and storativity can then be calculated by 
rearranging the above equations for α and β.  However, in practice, the method does not give 
reliable estimates of storativity because the shape of the curves differ only slightly for changes in 
α of an order of magnitude (Cooper et al. 1967).   
 
Although the type-curve method is based on the response of a fully penetrating well in a confined 
aquifer, acceptable results may be obtained for unconfined aquifers and partially penetrating 
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wells as long as the vertical flow component is small and the saturated thickness of the aquifer 
does not change significantly during the test (Walter and Thompson 1982).  All or any part of the 
slug-test response can be used in the analysis procedure.  Therefore, analysis of unconfined 
aquifer tests can be limited to the appropriate portion of the response.   
 
Heterogeneous Formation Effects on Slug Tests 
 
Inherent in the analytical methods discussed above is the assumption that the test interval is 
homogeneous.  A number of formation heterogeneities, however, can exert significant influence 
on slug test responses.  These include:  multi-layers of varying hydraulic properties within the 
well-screen section, presence of linear boundaries, and radial variation of hydraulic properties 
with distance from the well (i.e., radial boundaries).   
 
The effects of multi-layer conditions within the test interval have been examined previously by 
Butler et al. (1994) and Butler (1998).  These studies indicate that the presence of multi-layers of 
varying hydraulic properties cannot be distinguished from the pattern of the slug test response.  
For well screens that fully penetrate a heterogeneous, multi-layer aquifer, the hydraulic 
conductivity estimated from the slug test will be an arithmetic average of the thickness-weighted 
Kh values of the individual layers.  For well screens that partially penetrate the upper-part of a 
multi-layer aquifer, the hydraulic conductivity estimated from the test will also represent a 
thickness-weighted arithmetic average, as long as significant vertical leakage does not occur from 
layers underlying the test interval. 
 
 The effects of linear boundaries on slug test response have been examined previously by 
Karasaki et al. (1988), and Guyonnet et al. (1993).  These effects are largely dependent on the 
nature of the boundary (i.e., no-flow or constant-head), proximity to the test well, and the storage 
characteristics of the aquifer and well.  As a generalization, Guyonnet et al. (1993) state that no-
flow boundaries cause the slug test response to deviate from and delay recovery, while constant-
head boundaries cause the slug test to recover faster than that predicted for a corresponding 
unbounded system response.   Karasaki et al. (1988) accounts for the presence of linear 
boundaries within slug test response by employing image-well theory.  The effect of linear 
boundaries is very similar to that imposed by radial boundaries – this is discussed below.   
 
The effects of radial variations of hydraulic properties surrounding the test well have been 
investigated previously in studies examining slug tests in the presence of finite-thickness skin 
(e.g., Moench and Hsieh 1985).  A finite-thickness skin is essentially a radial boundary condition 
surrounding a fully-penetrating well where the inner zone has significantly different hydraulic 
properties than the outside zone.  A negative skin refers to the case where Kh of the inner zone is 
much greater than that of the outer zone (i.e., K1>> K2); while a positive skin denotes the opposite 
condition (i.e., K1<< K2).  The effects of a radial boundary on slug test response are largely a 
function of the contrast in Kh for the inner and outer zone, the storage characteristics, and radial 
distance from the well to the boundary. 
 
2.2.3  Multiple-Well Slug Interference Tests 
 
Multiple-well slug interference tests use observation wells to monitor the aquifer response to a 
slug test (Spane 1992; Spane 1996).  This method gives analyzable results for aquifers that are 
too transmissive for a single-well slug test and can also provide reliable estimates of specific 
yield.  The analysis method is based on the analytical solutions and boundary conditions 
presented in Cooper et al. (1967).  Although the analysis is strictly valid only for a fully 
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penetrating well in an unconfined aquifer, it also gives valid results for partially penetrating wells 
and unconfined aquifer conditions if radial flow conditions exist during the analyzed portion of 
the test and the aquifer saturated thickness does not change significantly during the test (Spane 
1992).  Portions of the test response where radial flow conditions are established can be detected 
through diagnostic analysis using pressure-derivative techniques discussed above.  A field 
evaluation of this technique (Spane and Thorne 1995) showed that results were comparable to the 
results of a constant-rate discharge test at a site with favorable test conditions (i.e., moderate 
transmissivity and appropriate well spacing). 
 
2.2.4  Other Hydrologic Test Methods 
 
Other methods that have been applied to determine hydraulic properties for the unconfined 
aquifer at Hanford include:  
 

• analysis of aquifer water-level changes in response to river-stage fluctuations 
 

• analysis of water-table mound formation resulting from waste-water discharges 
 

• multiple-well tracer tests and single-well dilution tests   
 

• inverse numerical models. 
 
At this time, results of these tests have not been included in the prototype database.  However, 
they are regarded as valuable information and should be included in the future.  Some of these 
methods have the advantage of representing a larger volume of the aquifer and incorporating 
aquifer heterogeneity over this larger area into the results.  The analysis of responses to river 
stage fluctuations can only give a value for aquifer dispersivity (T/S); calculating transmissivity 
requires assuming a storativity value.  Tracer tests must be analyzed in conjunction with other 
hydrologic test results.  
 
2.2.5  Barometric Pressure Effects 
 
The analysis of well water-level responses during hydrologic tests provides the basis for 
estimating hydraulic properties.  Barometric pressure fluctuations, however, can have a 
discernible impact on well water-level measurements.  This barometric response is most severe in 
confined aquifer wells where it is immediate.  However, wells completed within unconfined 
aquifers may exhibit a time-lagged response to barometric changes (Weeks 1979; Rasmussen and 
Crawford 1997).  The time-lagged response in unconfined aquifers is caused by the time required 
for the barometric pressure change to be transmitted to the water table through the vadose zone 
compared to the instantaneous transmission of barometric pressure through the open well. 
 
Barometric responses have the greatest impact on tests with relatively small head changes, such 
as responses in observation wells during pumping tests or slug-interference tests.  In some tests, 
the barometric response may be of similar or greater magnitude than the test response.  
Barometric effects are generally not significant for single-well pumping and slug tests unless the 
test response is very small.   
 
To determine the significance of barometric effects, water-level changes should be monitored 
during a baseline period before or after a test and compared to the corresponding barometric 
pressure changes.  The barometric responses can then be analyzed and removed from the 
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recorded water levels using the multiple-regression deconvolution techniques described in 
Rasmussen and Crawford (1997) and Spane (2001a; 2001b).  This technique relies on a least-
squares fit of the water-level change to the corresponding barometric pressure change and time-
lagged earlier barometric pressure changes. 
 
 
2.3  Quality of Available Data 
 
Hundreds of aquifer pumping tests and slug tests have been conducted on wells at Hanford to 
determine hydraulic properties.  However, the accuracy of the hydraulic property results is 
questionable for many of these tests.  This is mainly because of the complexity of the flow system 
and the simplifying assumptions inherent in the analysis methods.  Many tests have also been 
affected by inadequate and irregular pumping rates, short durations, noisy data, barometric 
effects, borehole storage effects, and less than ideal well construction.  Observation well data are 
generally required to determine storativity and specific yield, and relatively few multiple-well 
tests have been performed.  Because of these problems, each analysis in the database requires a 
review and assignment of a data quality flag.  This flag will indicate that the reliability of the 
calculated hydraulic properties is either: 1) reliable, 2) questionable, or 3) unknown.   
 
Because the depth to the water table beneath parts of the Hanford Site has changed dramatically 
over the period of Hanford operations, different sediments may be saturated at different times.  
This will cause the T and average K at a well to change depending on the position of the water 
table.  This is particularly important in areas where the water table has moved upward from the 
Ringold Formation into the more permeable Hanford formation.  Therefore, it is important to note 
the depth to the static water table at the time of the test.  This information has been included as a 
field in the database. 
 

 
3.0  Database Design 

 
The primary purpose of creating a database for saturated zone hydraulic properties is to provide 
input and comparison (calibration) data for numerical model simulations of groundwater flow and 
contaminant transport.  Hydraulic properties – together with boundary conditions, initial 
conditions, and other parameter data sets – form a conceptual model of the aquifer system.  
Therefore, selection of hydraulic properties included in the database was based on input 
requirements of the numerical and analytical models.  These parameters include the following: 
 

• Transmissivity (T) 
• Storativity (S) 
• Aquifer thickness (b) 
• Hydraulic conductivity (K) 
• Storage coefficient (Ss) 
• Specific yield (Sy) 
• Vertical anisotropy (Kv/Kh) 
• Effective porosity (ne). 

 
Depending on the test and analysis method, either T or K is directly determined from the analysis 
and the dependent parameter (K or T) is then calculated based on the aquifer thickness (b).  The 
storage coefficient (Ss) is not normally calculated directly from aquifer test analyses, therefore, it 
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was not included as a database field.  It can be calculated from S based on the aquifer thickness.  
In some cases, a parameter that cannot be determined from the analysis may be assumed (based 
on expert knowledge of independent information) to support the calculation of other parameters.  
Therefore, the database contains fields associated with each parameter to indicate whether the 
value was determined from the analysis, calculated based on the aquifer thickness, or assumed 
based on independent information. 
 
The prototype database was created using an EXCEL spreadsheet as the primary template.  Each 
test has at least 36 fields (listed below).  Additional fields apply for particular test types and for 
observation wells.  Each of the fields can be designated as one of the following types of 
information. 
 

• Raw Observational Data – Measurements or observations made during or associated with 
the execution of a given test procedure (e.g., measured aquifer thickness or depth to 
water). 

 
• Raw Analytical Data – Data from a given procedure (e.g., partial penetration percentage 

calculated from aquifer thickness and measure well configuration). 
 

• Interpreted Data – Information generated from a subjective analysis of raw 
analytical/field data and/or interpretations made to classify or categorize the raw 
analytical data (e.g., transmissivity calculated from fitting a type-curve based on a 
particular analytical model). 

 
• Qualitative Data – Data that are not in numerical form (e.g., test type). 

 
The database records are indexed by well name and test date (start date for tests lasting longer 
than one day).  For some cases, more than one test may have been completed in a day.  Therefore, 
another “test sequence” field was added to differentiate these test records.  This field contains a, 
b, c, etc. for cases where more than one test was started on the same day.  Additional fields in the 
database provide information on the type of test, type of analysis, and supporting information on 
the tested interval and test conditions.  These fields are described in the following sub-section.  
Certain fields are only applicable for particular types of tests.  For example, observation well 
information is only applicable to multiple well tests.  Therefore, it is recommended that an 
interactive database would only show those fields for the appropriate type of test.  All fields 
currently included in the prototype database are listed below and units are specified where 
applicable. 
 
 

4.0  Database Users Guide 
 
This section lists each of the fields included in the prototype database of saturated hydraulic 
properties.  For fields that have a limited set of possible string entries, the possible entries are 
listed in parenthesis.  Units of dimensional parameters are shown in square brackets.  For the 
“source” fields that follow the T, Kh, Kv/Kh, S, Sy, and Ss fields, an entry of “analysis” indicates 
that the value was determined directly from an analysis of hydraulic response data.   An entry of 
“calculated” indicates that the value was calculated from a related parameter such as K=T/b and 
an entry of “assumed” means that the value was assumed based on expert opinion or independent 
information to facilitate the analysis.  Fields for which the entry determines whether additional 
fields are applicable are marked with an *. 
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Index fields displayed for all tests are: 

• well name 
• test start date 
• sequence (“a”, “b”, “c”, etc. for more than one test at this well on this date). 

 
Results fields displayed for all tests are: 

• transmissivity (T)  [m2/d] 
• source of T value (analysis, calculated, or assumed) 
• aquifer thickness (b)  [m] 
• horizontal hydraulic conductivity (Kh)  [m/d] 
• source of Kh value (analysis, calculated, or assumed) 
• vertical anisotropy Kv/Kh  [dimensionless] 
• source of  Kv/Kh (analysis, calculated, or assumed) 
• specific yield (Sy)  [dimensionless] 
• source of Sy (analysis, calculated, or assumed) 
• storativity (S)  [dimensionless] 
• source of S (analysis, calculated, or assumed) 
• effective porosity (ne  [dimensionless] 
• source of ne(analysis, calculated, or assumed). 

 
Information fields displayed for all tests are: 

• test type (constant rate/step/slug) * 
• aquifer type (unconfined/confined) 
• single or multiple well (single or multiple)  * 
• quality flag 
• reference / source 
• data location 
• analysis method 
• barometric effects removed (yes or no) 
• analysis date 
• static depth to water at time of test, below ref point [m] 
• reference point elevation  [m] 
• reference datum (ground surface, top of casing, brass cap, etc.) 
• stress well open interval, top depth below ref point  [m] 
• stress well open interval, bottom depth below ref point  [m] 
• percentage of aquifer penetration, stress well [percentage] (or unknown) 
• saturated open interval length [m] 
• hydrogeologic unit tested 
• maximum head change at stress well [m] 
• comments. 

 
Fields displayed for “constant rate test” are: 

• pumping duration [min] 
• flow rate [L/min]. 

 
Fields displayed for “step test” are: 
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• total pumping duration [min] 
• min flow rate [L/min] 
• max flow rate [L/min] 
• calculated head loss – friction [m] 
• calculated well efficiency [percentage]. 

 
Fields displayed for “slug test” are: 

• slugging method (withdrawal, injection). 
 
Fields displayed for “multiple” well tests are: 
number of observation wells. 
 
Fields displayed for each observation well (determined by number of observation wells) are: 

• observation well name 
• distance from stress well [m] 
• reference point elevation  [m] 
• reference datum (ground surface, top of casing, brass cap, etc.) 
• observation well open interval, top depth below ref point  [m] 
• observation well open interval, bottom depth below ref point  [m] 
• percentage of aquifer penetration, observation well [percentage] (or unknown)  
• saturated open interval length  [m] 
• maximum observed head change  [m] 
• transmissivity (T)  [m2/d] 
• source of T value (analysis, calculated, or assumed) 
• aquifer thickness (b)  [m] 
• horizontal hydraulic conductivity (Kh)  [m/d] 
• source of Kh value (analysis, calculated, or assumed) 
• vertical anisotropy Kv/Kh  [dimensionless] 
• source of  Kv/Kh (analysis, calculated, or assumed) 
• specific yield (Sy)  [dimensionless] 
• source of Sy (analysis, calculated, or assumed) 
• storativity (S)  [dimensionless] 
• source of S (analysis, calculated, or assumed) 
• effective porosity (ne)  [dimensionless] 
• source of ne (analysis, calculated, or assumed). 
 

 
5.0  Status 

 
This effort has focused on establishing a database format and providing a prototype set of data 
that are currently available.  Many of the entries in the prototype database are incomplete and 
additional information must be obtained from the original hydraulic test records.  The “data 
quality” field has not been completed for any test records and must be assigned based on expert 
review of the test records.  There are also additional hydraulic tests that have not yet been 
included in the prototype database.        
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6.0  Recommendations 
 
Establishing the prototype database of aquifer hydraulic properties is a first step towards the goal 
of developing a standardized, consistent, reliable, and centralized database.  However, this effort 
requires additional work to become a complete, integrated, and functional database.  The 
following are recommendations for completing this effort: 
 

• incorporate the prototype database into the CoS database management system and 
establish configuration control 

 
• assign responsibility for updating the database and determining the data quality flag for 

each test to the groundwater technical element representative of CoS 
 

• create an interface that allows the user to interactively access the aquifer hydraulic 
property data 

 
• provide links to data from other complimentary databases (e.g., geologic, geochemistry) 

and link the aquifer hydraulic property data to other databases, including GIS databases 
 

• capture newly acquired aquifer hydraulic property data and update the database following 
a review of the acquired data 
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APPENDIX A 
 

PROTOTYPE DATABASE OF SATURATED ZONE 
HYDRAULIC PROPERTIES FOR THE HANFORD SITE 

 
The eight tables in this appendix list data and information from the current prototype 
database of saturated zone hydraulic properties.  Columns for the “well name”, “test start 
date”, and “sequence” (for more than one test or analysis) are listed in each table.  Taken 
together, these fields uniquely identify each test and analysis.   
 
Information contained in these tables is preliminary and additional information is being 
added to the spreadsheet as part of the ongoing database development.  This includes the 
addition of available test information for the listed tests and addition of tests that are not 
yet included in the database.  No “quality flag” information has been assigned at this 
point.  
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Table A.1 Stress Well Test and Analysis Data 
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Table A.2 Stress Well Depth Interval and Comments 
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Table A.3 Analysis Results 
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Table A.4 Constant Rate and Step Drawdown Test Information 
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Table A.5 Slug Test Information 
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Table A.6 First Observation Well Information and Results 
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Table A.7 Second Observation Well Information and Results 
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Table A.8 Third Observation Well Information and Results 
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