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ABS"CT

A  considerable  body  of research  has  shown  that  large-scale  spatial  variations

®eterogeneities)  in  hydraulic  conductivity  play  an  important  role  in  controlling  the
movement of a contaminant plume in the subsurface.   Quantifying these heterogeneities,
however,  can be a very difficult task.   If we are to improve our predictive capabhities
of  the  fate  and  transport  of  pollutants  in  the  subsurface,   it  is  critical  to  develop
methodology  that  enables  a  more  accurate  characterization  of hydraulic  conductivity
variations  at  a  site to be obtained.    The purpose of the research  of this project is  to
evaluate, through both theoretical and field experiments, promising methodologies for the
characterization of heterogeneities in hydraulic conductivity.

A major thrust of the first year of this project was an assessment of the type of
information that can be obtained from slug tests in heterogeneous formations.  This effort

had  both  theoretical  and  field  components.    The  theoretical  components  included  the

development of a time-continuous numerical model that can be used for the analysis of

slug-test data from  wells in heterogeneous  formations,  a detailed  study of the viability
of slug tests  (and  specifically multilevel slug tests) in layered aquifers,  an examination

of the effeetive properties obtained from slug tests performed in wells surrounded by a
finite-radius zone of low permeability, and an examination of slug tests with observation
wells.

The field component of this study of slug tests in heterogeneous formations mainly

concentrated on an assessment of multilevel slug tests in highly permeable alluvium.   A

prototype multilevel slug-test system was tested at the Geohydrologic Experimental and
Monitoring Site (GEMS), the field site for all of the work of this research.   The results

of the multilevel tests indicated  that slug tests in the sand and gravel  section at GEMS

are being affected by meehanisms not accounted for in the conventional theory on which
the  standard  methods  for  slug-test  data  analysis  are  based.    The  existence  of  these
mechanisms  were  refleeted  by  a  concave  downward  curvature  on  log  head  versus
arithmetic  time  plots,  a  dependence  of  slug-test  responses  on  the  magnitude  of  the
induced slug (EL) , and systematic deviations between plots of the test data and the best-fit

conventional  models.    A  series  of experiments  was  carried  out at  GEMS  in order  to

clarify the mechanisms producing the observed  behavior.   Although these experiments

have not yet been completed, they have served as the basis for the development of a new
nonlinear model for the analysis of slug-test data.  The initial form of this model appears

to be superior to the conventional approaches for the analysis of slug-test data from the
sand and gravel section at GEMS.



In addition to the research on slug tests in heterogeneous formations, a significant

amount  of the  work  in  the  first  year  of this  project  was  directed  at  increasing  our
knowledge of the subsurface at GEMS.  This work included hydraulic testing of wells in

the  aquifer  and  underlying  bedrock  at  GEMS;  a  detailed  study  of  the  aqueous

geochemistry  of the  upper clay  and  silt  layer,  the  sand  and  gravel  section,  and  the
underlying bedrcek; continued drilling and sampling activities; further modifications of
the  bladder  sampler  developed  at  the  Kansas  Geological  Survey  (KGS);  continued
laboratory analyses of the cores obtained with the bladder sampler; and a detailed seismic
survey.  These characterization efforts are directed towards the development of a detailed

picture  of the  subsurface  at  GEMS.  so  that  we  can  better  assess  the  results  of the
hydraulic and tracer tests that are being performed as part of this research.

A considerable  amount of construction  and assembly of equipment took place

during  the first  year of this  project.    This  equipment included  an  additional  bladder

sampler. a laboratory calibration system for pressure transducers, a portable field trailer, a

tripod  and  winch  system  for  moving  equipment  in  a  well,  and  interfaces  for  data
acquisition equipment.

The research team for this project is composed of professional staff from the KGS
and the Department of Geology of the University of Kansas.   Three graduate students

(two directly funded by this project and one funded by the KGS) are using aspects of the
work  of this research  as  subjects  for their dcetoral dissertations.  Additional  graduate

students are benefitting from this project as a result of the establishment of a computer
lab for graduate  students in hydrogeology and the incoporation of material from this
work into courses at the University of Kansas taught by members of the research team.

Acknowledgment
This research was sponsored in part by the Air Force Office of Scientific Research. Air

Force Systems Command, USAF, under grant number AFOSR 91-0298.  The views and

conclusions  contained  in  this  document  are  those  of the  authors  and  should  not  be
interpreted as necessarily representing the official policies, either expressed or implied, of
the  Air Force  Office  of Scientific  Research  or of the  U.S.  Government.     The  U.S.
Government is authorized to reproduce and disribute reprints for Governmental purposes
notwithstanding any copyright notation thercon.

iii

-i



TABLE OF CONTENTS*

I. INTRODuorloN
A. Research Objectives

8. Brief Outhne of Report
n. THEORETlcAL INVESTIGATIONs  OF SLUG TESTs IN HETEROGENEous

AQurERs
A. A Continuous-in-Time Numerical Model for the Analysis of Weu Tests in
Three-Dimensional Nonuniform Aquifers

8. The Use of Slug Tests to Describe Vertical Variations in Hydraunc

Conductivity

C. Improvements to Suprpump
D. Sensitivity Analysis

E. Slug Tests in the Presence of a Well Skin
F. Slug Tests With Observation Wells

IH. FHLD INVESTIGAHONS OF MULHLEVEL SLUG TESTS
A. KGS Multilevel Slug-Test System

8. Multflevel Slug Tests at GEMS

C. Development of a Nonlinear Model for Analysis of Slug Tests
IV. SITE CIIARACTERIZAHON ACTIVITH3S

A. GEMS Slug-Test SuLrvey

a. Pumping Test of Bedrcok Well
C. Aqueous Geochemistry at GEMS
D. Drilling and Sampling Activities

E. Laboratory Activities

F. Wireline Logging Survey

G. High-Resolution Seismic Reflection Study

V. CONSTRUCTION PROJECTS AND EQUIPMENT PURCIIASES
vl. pERsONNEL AND pRODuc'nvlTy lssuEs

A. Published and Planned Papers

8. List of Participating Persormel

C. Interactions With Other Research Groups

VII. SUMMARY OF YEAR ORE RESEARCH AND OUTLOOK FOR YEAR TWO

A. Summary of Research in Year One
8. Outlook for Research in Year Two

VIH. REFERENCES

iv



Ix. AppErolcEs
Appendix A - Numerical Laplace Transforms
Appendix 8 - Concepts of Seismic Reflection Prospecting
Appendix C - Approximate Flow Regime Around Bedrock Well
Appendix D - Walkaway Noise Tests (Seismic)

* - Note that pages are numbered according to section and subsection.



I  n`ITRODucTloN

A. RESEARCH OBJECTIVES
The accurate prediction of pollutant transport and fate in aquifers is one of the

most difficult and pressing problems in hydrogeology today.   Physical. chemical, and
microbial processes all play major roles in controlling pollutant transpon.  Before we can
begin to understand the influence of the chemical and biological side of this problem,
however, we must fully understand the role of physical prceesses and, specifically, the
influence of the physical hydrogeological properties.   Many researchers now recognize

(e.g.,  Molz  et  al.,  1989)  that  if  we  are  to  improve  our  predictive  capabilities  for
subsurface transport. we must first improve our capabilities for measuring and describing
conditions in the subsurface.   That is the fcous of the research described in this report.
The specific objective of this research is to assess the potential of advanced well-testing

technology for providing more accurate estimates of spatial variations in the physical

properties  that  control  contaminant  plume  movement  in  saturated  porous  media.
Although effective porosity is clearly an important consideration, the major emphasis of
this   work   is  on   characterizing   spatial  variations   (heterogeneities)   in   hydraulic
conductivity.

Ideally,   heterogeneities   in   hydraulic   conductivity   must   be   studied   and

characterized  at  several  different  scales in order to understand  their influence on  the
movement of a contaminant plume. Although thcoretical modeling work is an important

element of any study of the influence of spatial variations in hydraulic conductivity, a
rigorous study of this subject must have a ma].or field component.   A field site, at which
researchers at the University of Kansas can pursue work on assessing heterogeneities in
aquifer properties, has been set up as part of this research. The specific site of the field
effort is the Geohydrologic Experimental and Monitoring Site (GEMS), which is lcoated

just north of Lawrence, Kansas on land owned by the University of Kansas Endowment
Association.   Figure  1  is a map showing the location of GEMS and some of the major
features at the  site.   GEMS  overlies approximately 70 feet (21.3 in) of Kansas River
valley  alluvium.  These recent  unconsolidated  sediments  overlie  and  are  adjacent  to
materials of Pleistocene and Pennsylvanian age.  A cross-sectional view of the subsurface

at one of the well nests at GEMS is shown in Figure 2.  The alluvial facies assemblage at
this site consists of approximately 35 feet (10.7 in) of clay and silt overlying 35 feet (10.7

in) of sand and gravel.  The stratigraphy is a complex system of stream-channel sand and

overbank deposits.   Thus, a considerable degree of lateral and vertical heterogeneity in

hydraulic conductivity is expected at GEMS.
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In the first year of this research, the fceus of the work was on the use of slug tests
to  describe  spatial  variations  in  hydraulic  conductivity.     A  theoretical  and  field

exanination of the potential of multilevel slug tests for providing detailed information
about conductivity variations in the vertical comprises the majority of the work in this

period.   However, a considerable amount of additional work was directed at increasing
our knowledge  of the  subsurface at GEMS.   This effort involved additional  slug  and

pumping tests, analyses of the aqueous geochemistry, continued drilling and sampling of
the alluvium, laboratory analyses of sampled cores, and a detailed seismic survey.  These
characterization efforts are directed at providing the detailed information that will allow
us to better assess the quality of the information provided by  the various well-testing

approaches evaluated in this work.   In addition, this infomation will help us design the
tracer tests to be performed in the third year of the project.   The ultimate goal of these
characterization efforts is to describe the site in so much detail that it effectively becomes
an underground laboratory at which new technology can be evaluated.

8. BRIEF OUTLINE OF REPORT
The remainder of this report is divided into six major sections, each of which is

essentially a self-contained unit. Pages, figures, and equations are labelled by section and,

when wananted, subsection.
The  first  section  describes  theoretical  work  directed  at  developing  a  better

understanding of the information that can be obtained from slug tests in heterogeneous
aquifers.   A continuous-in-time numerical model, which has proven very useful for the
analysis of well-test data, is introduced.   This model is then used in a detailed study of

slug tests in layered aquifers.   Some improvements that were made to SUPRPUMP, a
well-test analysis package developed at the KGS, are described and an overview of the

sensitivity analysis approach on which SUPRPUMP is based is given.  SUPRPUMP is
then  used to carry  out  a study  of effective properties obtained  from slug  tests in  the

presence of a weu skin and an analysis of slug tests using observation wells.
The  second  section primarily describes field investigations of multilevel  slug

tests.   A prototype multilevel slug test system, which has been developed at the KGS, is
described and its use at GEMS is detailed.  An extensive series of field experiments that
were undertaken in order to understand the causes of anomalous behavior observed in

slug-test data from wells in the sand and gravel section at GEMS are then described.  The

section concludes with the derivation of a new model, which accounts for some of the

mechanisms affecting the GEMS  slug-test data, and a discussion of the applicability of

this model to the GEMS data.

I.2
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The  third  section  primarily  describes  activities  directed  at  increasing  our
knowledge of the subsurface at GEMS.  A program of slug tests carried out in the wells
screened in the sand and gravel section is deschbed.  A preliminary analysis of a pumping
test performed in a well in the bedrock underlying the auuvial section at GEMS is then
reported.  A detailed study of the aqueous geochemistry at GEMS is then given.  After a
description  of the drilling and  sampling activities that cecurred over the last year at
GEMS,  work  in  the  KGS  core  measurement  laboratory  is  discussed.  The  section
concludes with a brief report on the status of wireline logging activities and a detailed
description of the  shallow  seismic  survey that was undertaken during the past year at
GEMS.

The fourth section describes new equipment that was built or purchased during
the first year of this project.

The  fifth  section  describes  the  persormel  of the  research  team  that  has  been
organized to pursue this work, and lists relevant publications of the team over the last

year.   The  section concludes with a discussion of the interactions with other research

groups that have occulTed over the last year.
The sixth section summarizes the report and briefly outlines the work plarmed for

the second year of this project.
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Section F]cad

+ Highapacjty Pumping Well
* Nest of 2. PIozometers

Figure  1    -  Location  map  for  the  Geohydrologic  Experimental  and  Monitoring  Site

(GEMS).

Figure 2.  A typical well nest cross-section
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H. THEOREHCAL INVESTIGATIONS OF SLUG TESTS
IN HETEROGENEOUS hflDIA

A.  A CoNTINuouS-IN-Tnm NUMERlcAL MODEL FOR "E ANALYSIS oF
WELL TESTs IN TmEEDnmNsloNAL NONUNIfoRN AQumRS

htroduction
Analytical solutions for drawdown in reaponse to a pressure disturbance induced

at a central weu are the basis of conventional well-test analysis methodology.   For the
most part,  these solutions consider hydraulic behavior in an idealized aquifer in which

flow properties are invariant in apace.   Aquifers in nature,  however, are characterized
by a considerable degree of spatial variations Oeterogeneities) in flow properties.   Not
surprisingly, analyses based on solutions to flow in idealized uniform systems may be of
fimited  use  in  assessing  heterogeneities  in  the  vicinity  of the  stressed  well.    A  better
understanding of these near-well heterogeneities, however, is critical if we are to improve
our ability to predict the fate and transport of pollutants in the subsurface.   A component
of  the  research  in  the  first  year  of  this  project  was  therefore  directed  at  further
exploration of a numerical modeling approach that would allow the actual complexity of

the  geological  system  to  be  incorporated  into  the  analysis  of  well-test  data.     This

approach could then serve as a tcol for both the development of insight into the role of
heterogeneity in controlling well-test responses and the analysis of well tests and tracer

tests in  succeeding years of this project.

A general  model for wed-test analysis  must auow the actual complexity of the

geologic formation to be represented  in the full three dimensions.   Analytical solutions
for well tests in simplified three-dimensional settings have been developed by a number

of authors using traditional integral transform techniques (e.g. , Russell and Prats,1962;

Papadopulos,   1966;  Prijambodo  et  al.,1985;  Hayashi  et  al.,  1987;  Raghavan,   1989;

MCElwee  et  al.,   1990).      Because   of  the  complexities   introduced  by   the  vertical

component of flow at the stressed well and within the aquifer itself, however, an exact
analytical solution has yet to be derived for the general case of weu testing in a three-
dimensional  nonuniform  system.     Given  the  limitations  of  the  traditional  analytical

solution methodology, a new approach for the analysis of well-test data is considered in

this work.   The approach considered here is based on the idea of combining the spatial

discretization used in a conventional numerical model with the haplace transform in time

used  in  conventional  analytical  models.    A  solution  to  this  hybrid  numerical  model  is

obtained in laplace space using standard techniques of matrix algebra.  A set of solutions

II.A.1



in  replace  space is then back transformed  to real  space,  producing a  solution  in  real
space  that can  be  formulated  in  a  continuous  manner over a  range  of times.    In  the
following   discussion,   the   theoretical   basis   of  this   approach   is   explored   and   its
implementation in this work is described.

A Time+continuous Numerical Method
Approrimate  numerical  methods  such  as  the  finite  difference  a=E)  or  finite

element a]E) approaches have been widely used in groundwater studies for applications
where anal)rdcal  solutions are not feasible.   These numerical approaches  involve both
spatial  and temporal discretization of the governing  equations,  with the quality of the

approximation dependent on the discretization strategy.   The size of the time increment
is varied during the course of a simulation in order to improve computational efficiency.
However,  selection of the proper time increment may present difficulties when model
output  is  required  at  particular  points  in  time.    In  groundwater  flow  and  transport

applications,  problems  often  arise  with  conventional  numerical  approaches  when  a
comparison between model output and measured data is desired for the specific times at
which  the  measurements  were  made.   This  is especially  true when  working with  data
from hydraulic or tracer tests,  where the density of the data in time may be quite large.

In order to avoid  some of the problems associated with temporal discretization,
a hybrid method, which combines spatial discretization with a haplace transform in time,
is employed here.   The spatial discretization scheme is the same as that in a conventional

finite-difference model.  The resultant spatially discretized system of algebraic equations

in  complex  space  is  solved  using  complex  arithmetic  for  the  matrix  inversion.    The

I.aplace-space  solution  is  then  inverted  back  into  real  space  using  an  appropriate
numerical inversion scheme.   This procedure yields a solution that is continuous over a

range of times, with the only approximation in the temporal domain being that introduced
by the numerical inversion scheme.

This time¢ontinuous method has been employed by a number of workers during
the past two decades  (e.g.,  Gurtin,  1965; Javandel  and Witherspoon,  1968;  Chen and

Chen,  1988; Sudicky,1989; Moridis and Reddell,1991; Sudicky and MCLeren,  1992).

The most difficult problem  associated  with  this  method  has been the inversion  of the
I+aplace-space solution back into real space.  Various methods for approximate numerical

inversion,  all  of which  involve the evaluation  and  summation  of the transform-space
function,  have been  developed  by  a number of authors  (e.g.,  Stehfest,  1970;  Talbot,
1979; Crump,  1976).   One fceus of the research of this projeet is the development of a
more efficient inversion algorithm.   As noted by Sudicky (1989), De Hcog et al.   (1982)

II.A.2 '1



propose  a quotient difference algorithm  for increasing  the rate of convergence of the
summation-series  approach  of Crump  (1976).    This  quotientrdifference algorithm  has
been  shown  to  have  a  significant  computational  advantage  over  other  algorithms  in
decreasing  the computations required for the analysis of weu-test data a.iu and Butler,
1991).  The computational savings are such that this method appears to hold considerable

promise for use as a practical tool for analysis of well tests in fully threerdimensional
systems.   The following section describes a discrete-in-space, continuous-in-time model
that  has  been  developed  for the analysis  of well  tests  in  systems  where  conventional
analytical approaches are not viable.

The Three-Dineusional Finite Difference TimeLcontinuous Model (3DFDTC)
The time-continuous approach can be used only if haplace transforms erist for

the  governing  equation  together  with  all  boundary  and  initial  conditions.    Thus,  the

approach described here only strictly applies to confined flow systems.   The cynndrical-
coordinate  form  of the  governing  equation  for  three-dimensional  flow  in  a  confined
system is

±±(rKz#)  + ±*(Ka#)  + ±(Kz#)  = ss# (I)

where
h  =  drawdown,  P.];
S,  =  specific yield,  [1/L];

KT,  K¢,  Kz  =  hydraulic  conductivity in the radial,  angular,  and vertical  direction,

respeetively,  P./T] ;

t - time, in;
r  =  radial distance,  P.];
0  =  angular position, in radians;

z  = vertical depth from the top of the aquifer,  P.].
For the case of a pumping test in a layered aquifer, the initial and boundary conditions
are defined as

h(r,O)--h.,r<co

h(co,t)--hait>0

II.A.3
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2"£LKdmj(r#)I.I,=-£gIDlro (4)

where

E]i{t)--boxcar  function--{L;,±ef]ste±#hetrset2±'±--"'...'NP

h.  =  initial head in the aquifer,  P.];
NP  =  number of pumping periods;
tn  =  starting time for pumping period i,  rr];
t2i  =  ending time for pumping period i,  [1];
rv  = radius of pumping well,  P.];

qi  = pumpage for pumping period i, P,3/T];
J  =  total number of screened layers in the well bore;
Kd  =  conductivity in radial direction for layer j ;
mj  =  depth of layer j.

The  application  of  the  haplace  transformation  to  equations  (1)  and   (4),   in
conjunction with  (2),  results in:

±±(rKr#)  + ±£(fag)  + ±(Kg£)  = Ss(Hp-h.)  (5)

2tt7£[KrjmJ(r¥)I.I,=
JW-lz 9I et`1P-e-t.1P

P (6)

where

p  = Iaplace transform variable;

I   = head in Iaplace space.

h order to improve the ease of radial discretization, the derivatives in the radial

direetioncanberewritteninalogarithmicformusingthetransformationI=1og.(=).

This approach allows a discretization in the radial direction which increases exponentially

when using  AI.  Thus, the form of equations (5) and (6) employed for the discretization

is

±±tKz¥t  + ±£tKa#t  + £tKzft  = sstHp-j].t  t7i
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2njEKrjmJ(=)I-o=-£gJ et``p-e-t21P
P (8)

Unlike many analytical and  numerical  models,  which assume the radius of the
well to be infinitely small,  the model developed here allows the influence of well bore
storage to be taken into consideration.   As noted by Papadopulos and  Cooper (1967),
effeets of well-bore storage on drawdown can be significant during early times when the
majority  of the  water  is  being  removed  from  storage  inside the weu  bore.    As  time
increases, the influence of weu-bore storage will gradually diminish, eventually reaching
a point at which the infinitely small weu-bore assumption is viable.

The implementation of the weu-bore storage option in the three-dimensional finite
difference,  time-continuous  model  (3DFDTC)  is based  on  earlier work of Settari  and
Aziz  (1974),  Rushton  and  Chan  (1977),  and  Butler  (1986).    As  described  by  Butler

(1986), the approach is based on rewriting the classical pipe flow equation (Vennard and
Street,  1975) in a Darcy haw-like formulation and defining a term (involving the friction
factor,  the  cross-sectional  area  of the  well  bore,  and  distance  along  the  well  bore)
analogous to hydraulic conductivity.   This approach allows flow inside the well bore to

be  governed  by  the  porous  media  flow  equation  given  by  (7).    Note  that  the  initial
implementation of this approach for this project produces an approximation of well-bore
behavior  that   is  equivalent  to  the  hydrostatic  head   assumption   employed  in   most

analytical representations of the well bore (e.g. , Papadopulos and Ccoper,  1967; Cooper

et al.'  1967).

In  the  three-dimensional representation  employed  here,  the portion of the well
bore passing through the modelled unit consists of several grid cells in the vertical.   The

storage  ccefficient is  assumed  to be  one  for  the  top  cell  of the  well  bore,  while  the
storage  ccefficients  for  the  remaining  nodes  in  the  weu  bore  are  set  equal  to  the
compressibility of water or zero (assuming water is incompressible).   Since the radial-
discretization scheme employed in the model uses logarithmic increments, the minimum
radial location (I) of the first radial node inside the well bore must be larger than zero

(i.e. 0.0  <  rBLin  <  rtv).   This produces a well bore in the shape of an annular ring rather
than a circle.   The storage coefficient of the well-bore cells must therefore be adjusted

®y a factor of r3  - rfin ) to account for the decrease in well-bore cross-sectional area

produced by the annular ring representation of the well bore.   In addition, the traditional
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boundary condition at the well bore (8), which is based on the definition of radial flow
along the well screen, is not used in this approach.   Instead, a boundary condition at the

top node of the well bore,  based on the definition of the total flow out of the screened

portion of the well,  is employed.   This flow boundary condition is written as

ttKIJr,J
I-log,(±)      JT1

JVP

=  -I: gJ e1|P-e2|P
P (9)

where in, is the height of the top grid cell.   Note that no-flow conditions in the radial
direction are assumed at r=rqh for the remaining nodes in the well bore.   The use of (9)
as  a boundary  condition  makes  this  approach  very  useful  for  analyzing  well  tests  in
layered systems where the tested well may be screened in more than one layer (as in (4)
with J> 1).   Instead of having to define in advance the amount of water withdrawn from

each layer, the model win implicitly calculate the flow out of each layer given the total
flow out of the system defined by (9).

Since  the  representation  of the  well  bore  employed  here  is  equivalent  to  the
conventional  hydrostatic  head  assumption,  the hydraulic conductivity  of the well  bore
must be defined such that the heads for au the nodes in the well bore are approximately
equal.    Au three components of well-bore hydraulic conductivity  must be at least five
orders  of magnitude larger  than  the aquifer conductivity in  order  to  ensure  negligible
head  loss  along  the well bore.    In  order  to  ensure  that the  majority  of water will  be

drawn  from  the  well  bore  at  early  times,  the  ratio  of  vertical  well-bore  hydraulic

conductivity over its angular and radial counterparts must be large.   An extensive set of

experiments indicates that a ratio larger than  100 will ensure that all water will initially

be drawn out of well-bore storage.

The 3DFDTC model is developed by applying a conventional central difference
scheme  to  (7),  which  now  represents  conditions  within both  the aquifer  and  the well
bore.   After incorporating (9) and the haplace transform of (3) into the finite difference
scheme, the system of algebraic equations for 3DFDTC can be expressed in matrix form
as

([A]+p[B],[E]=-,c]d.+£gJe-c®-e-tc
P [0] (10)

where  A,  8,  C,  and  D  are  matrices  of constant  ccefficients  and   Zi   is  a  vector  of
unknown heads.   For the sake of conciseness,  (10) is rewritten in the following form:
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[G]   [Z5]  =[m                                                                                         (11)

Both the left-hand side coefficient matrix G and the right-hand side matrix W of

(11) involve the I.aplace variable p,  for which a value must be given before a solution
in laplace space can be obtained.   The resultant solution in replace space can then be
inverted back into real space using numerical inversion schemes such as those of Stehfest

(1970) or Crump (1976).  A detailed discussion of inversion algorithms with an emphasis
on the method of Crump (1976) can be found in Appendix A.

The Crump algorithm approximates the inversion of a haplace apace function by
means of a Fourier series that involve both sine and cosine functions.   This method has
a smaller error than that of a similar method presented by Dubner and Abate (1968).  If
the value of h at nedej is desired, hj is found using the following equation developed by
Crump  [1976]:

hj(t,=%xlE¥+

2J,+1

EERE(E3(pkncos(T£E±±)-IM{E(pknsln(#xnl(12)I-1

where

I j(pk)  =  solution from  (11) at node j  for p  =  pL;
2Tmax  = the period of the Fourier series approximating the inverse function on the

interval  [0,  2Tmax];

RE( I )  =  real part of  Z5 ;
IM( I )  = imaginary par of  I ;
Er  =  minimum relative error;

pi  = po +  ikTITmax;
Po  =  4 - inGr/2Tmax), the real part of pL;
4  =  maximum  real  value of all  the  singularity points  of the  function in  replace

Space;

i  -  (-1)lc.

Equation (12) shows that the time variable t appears only in the sine, cosine, and

exponential  functions.    Since pk is independent of time,  we can perform  the inversion
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over a range of times based on one set of solutions of  75   for one speeific Tmax.   The

solution is thus continuous in time because once a set of  75  values is calculated  from

(11),  (12) will give the desired result at any time within the range of [0, 2Tmar].
If the  summation  is  performed as  in  (12),  hundreds  of terms  (i.e.  solutions of

(11))  may be  needed  in  order  to obtain  a  solution  that  satisfies  a given  convergence
criterion.    Since the computational effort required  for the calculation of each p-space
solution  of (11)  is at  least equal  to that required  for one time  stay  in  a conventional
numerical  model,  considerable attention  is paid  to the convergence of the summation
series given in (12).  An algorithm developed by De Hcog et al.  (1982) has been found
to significantly accelerate the convergence of the summation series and has therefore been
incorporated into the 3DFDTC mcrdel.  The acceleration of the summation series is great

enough that the continuous-in-time approach is often the most computationally efficient
approach   for  the  analysis  of  well  tests   in  heterogeneous   formations.     A  detailed
explanation of the De Hcog algorithm is given in Appendix A.

Discussion and Model Validation
The 3DFDTC model is considerably more flexible than its conventional analytical

or numerical countelparts.    Since no  time-discretization  scheme is employed,  stability

issues related to the time-stepping scheme can be ignored and a solution can be obtained

direetly for any specific time.   Boundary conditions can also be changed easily to adapt

to different patterns  of stress  being placed on  the test well.    For example,  by  simply
setting  qj=0.0  and  changing  h.  to  IL  in  (10)  for  nodes  located  inside  the  well  bore,

3DFDTC can be used to  simulate a slug test with an initial head  of Ho.   If necessary,

partial penetration and well skin effects can be accounted for by specifying the vertical

position of the well screen and the radius of the skin,  respectively.   Unequal spacing in
both the angular and vertical direetion is allowed in order to model spatial variations in

flow properties.    If there exists a symmetry in heads in  either the angular or vertical
direetion, 3DFDTC will simulate only part of the aquifer system by assuming a no-flow
condition along the plane of symmetry.   Note also that 3DFDTC can be used in a one-
or two-dimensional mode if heads can be assumed equal in the angular and/or verdcal
direetions.   In such cases, only one node should be used in the direction of equal heads.

In order to validate the implementation of the time¢ontinuous approach and the

well-bore approximation,  3DFDTC has been checked against many analytical solutions

for both pumping and slug tests.  In all cases, a comparison between the analytical results
and  those  of 3DFDTC  revealed  very  small  differences.    Three  typical  examples  are
chosen here to demonstrate the viability of the 3DFDTC model.
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The   first   example   was   designed   to   assess   the   viability   of   the   well-bore

approximation employed in the model.   Drawdown produced by pumping at a constant
rate from a well of finite radius in a uniform aquifer is simulated.   in Figure II.A.1, the

simulated results for drawdown within the pumping well are compared with the analytical
results of Papadopulos and Cooper (1967) for the same case.   The results produced by
the two approaches essentially fall on top of one another throughout the duration of the
simulation.   The small difference in the computed drawdown is attributed mainly to the
error  caused  by  the  spatial  discretization  scheme  employed  in  3DFDTC.     Further
simulations have shown that by increasing the number of nodes in the radial direction,

the difference between the analytical and 3DFDTC results win gradually disappear.  Note
that  in  addition  to  the  two  curves  depicting  well-bore  storage  effeets,  a third  curve,
depicting  drawdown  calculated  by  3DFDTC  when  well-bore  storage  effeets  are  not
included,  is  plotted  on  Figure  II.A.1  to  illustrate  the  period  when  weu-bore  storage

effects are important.
In  the  initial  phases  of  this  project,   there  was   considerable  concern  about

numerical problems that might accompany the well-bore approximation as a result of the
dramatic change in  hydraulic conductivities between the aquifer and the well bore that
is  required  by  the  approach.     The  second  example  is  thus  chosen  to  illustrate  the

performance of 3DFDTC when adjacent hydraulic conductivities differ by many orders
of magnitude.   A slug test in a well surrounded by a low permeability well skin of finite

radius was simulated in order to assess model performance when a permeability contrast

of ten  orders of magnitude is employed.   The configuration consisted  of three distinct

zones  of  differing  properties:   a  very  high  permeability  well  bore  QC=107),  a  low

permeability skin (K= 10-3), and an aquifer of moderate permeability (K= I).   The well
was assumed screened throughout the aquifer.   Figure II.A.2 illustrates a comparison of

the heads simulated by 3DFDTC with the results from the analytical solution of Mormch

and Hsieh (1985) for a slug test in a well with a skin of finite radius.   The solid line in

Figure  II.A.2  depicts  the  head  at  the  slugged  well  simulated  by  3DFDTC,  while  the

dashed line displays the results of the analytical solution.   As with Figure II.A. I , the two

lines essentially fall on top of one another.   The differences between the two curves are
again mainly due to the error introduced by spatial discretization,  since only a total of
six nodes are placed inside the well bore and the skin.

The  last  example  is  selected  to  illustrate  model  performance  when  there  is  a

strong component of vertical flow,  such as might cocur in multilevel slug tests.   A slug

test is  simulated  in  a well  that is  screened  for only a portion  of the aquifer thickness.

The aquifer is assumed to be homogeneous and isotropic with respect to flow properties.
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Figure  II.A.3  displays  a  comparison  of  the  normalized  head  (II/IL)  simulated  by
3DFDTC with the results of the analytical solution of MCElwee et al.  (1990) for a slug

test in a well partially penetrating the aquifer.  The solid line in Figure II.A.3 depicts the
head at the slugged well simulated by 3DFDTC, while the dashed hoe displays the results

of  the  analytical  solution.    The  inset  provides  details  of  the  specific  configuration
employed for this example.   As with the previous examples, 3DFDTC yields results that
are essentially indistinguishable from those of the analytical solution.

Given the closeness of the match between the simulation results from 3DFDTC
and those from the analytical solutions, it is clear that 3DFDTC can be a very useful tcol
for  the  design  and  analysis  of  well  tests  performed  under  conditions  not  readily
represented by conventional analytical approaches.  Therefore, in the succeeding sections
of this report, 3DFDTC is used to examine the viability of multilevel slug tests in layered
systems.   The purpose of this numerical examination of multilevel slug tests in layered

systems  is to gain insight into how  such  tests  might be designed  in order  to get  more

accurate information concerning vertical variations in the flow properties of a unit.
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8.  THE USE OF SLUG TrsTs TO DrscRIBE vERTlcAL vARIATloNs IN
HYDRAULIC CONDUCTIVITY

Introduction
The slug  test has  become one of the  more commonly employed  techniques in

applied hydrogeology.  This test, which is quite simple in practice, consists of measuring
the rate of recovery in a well after a near instantaneous change of water level at that
well.   One of the primary objeetives of the first year of this project was to explore the

potential  of  slug  tests  to  provide  information  about  vertical  variations  in  hydraulic
conductivity.   Specifically, the aim was to assess if a series of multilevel slug tests in a
well that is fully screened  across  the unit of interest could provide useful information
about  vertical  variations  in  flow  properties.     In  this  section,  results  of  a  series  of
numerical experiments performed to assess  the theoretical viability of slug tests for the

pulpose of describing vertical variations in conductivity are reported.   In a later section
all.B), results of a program of field testing at GEMS are described.

Model Configuration
In order to assess the potential of slug tests for identifying vertical variations in

horizontal  hydraulic  conductivity,  an  early  version  of the  3DFDTC  model  described

previously  was  used  to  generate  synthetic  slug-test  results  under  a  number  of  test
scenarios.   The initial set of simulations was carried out using four different hypothetical

cases:  1)  a uniform,  isotropic aquifer;  2)  a uniform,  anisotropic aquifer;  3)  a layered,

isotropic aquifer;  and 4) a layered, anisotropic aquifer.   The layered aquifers consist of
alternating high and low conductivity layers, with the following radial (r) and vertical (z)

conductivity values (units are meters/day):

ani sotropic                 isotropic
case                           case

low conductivity layer                       KT= 1.;  Kz=0. I             KT=Kz= 1.

high  conductivity layer                     KT= 10;  Kz= 1.               KT=Kz=10.

The uniform aquifers are assigned the properdes of the low conductivity layer.   In all
cases,  the aquifer  is 25  meters  thick  (with  one node per  meter in  the vertical).    The
aquifer is bounded above and below by impermeable boundaries.   Twenty nodes (equal

log  spacing) are used  in the radial direction resulting in an outer radius  (constant head
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boundary) of 37364 in.   Other model parameters are as follows:
S.  =  specific storage  =  1.0 x  10-5   in.I;

IL  =  initial head in well  =  1.0 in;
rv  =  well radius  =  0.4 in.

Vertical Averaging in F\iuy Penetrating Slug Tests
One issue of considerable interest to hydrogeologists is the way in which aquifer

properties are averaged in various types of hydraulic tests in heterogeneous systems (e.g. ,
Butler and Liu,  1991; Desbarats,  1992).   In the initial phase of this work,  the manner
in  which  vertical  variations  in  hydraulic  conductivity  are  averaged  in  a  slug  test

performed over the entire screened interval in a fuuy penetrathg well (fully penetrating
slug test) was explored.   Figure n.B.1 displays the results of several simulations of slug

tests in aquifers with the same thickness-weighted average of layer conductivities,  but
with different patterns of conductivity variations.   Results are shown for the analytical
solution of Ccoper, Bredehceft, and Papadopulos (CBP) (Ccoper et al. ,  1967) for a slug
test in  a uniform,  isotropic aquifer with KT=  4.6,  and  for four numerical simulations.

The  numerical  simulations  include  a uniform,  arisotropic  aquifer  case  with  Kr=4.6,

Kz=0.46,  and three other simulations of layered aquifers with alternating bands of the

Properties  Kk„  and  Khifh  (anisotropic  case  of table  on  previous  page).    The  layering
schemes  are  shown  in  Figure  11.8.2.    All  three  layering  schemes  have  a  thickness

weighted average Kf of 4.6 (15 units of KT= 1.0 and 10 units of K,= 10.0) and a thickness

weighted average Kz of 0.46 (15 units of Kz=0.1  and  10 units of Kz= 1.0).

As shown in Figure 11.8.1A, the numerically simulated heads at the slugged well

are essentially identical in the uniform and all three layered cases.   All four plots of the
numerically  simulated  heads  fall  just  slightly  below  the  heads  computed  from  the

analytical solution as a result of the discretization error discussed in the previous section.

Clearly, slug tests over the entire screened interval in fully penetrathg weus can provide
little information about vertical variations in conductivity when the slugged weu is the
measurement  location.    In  all  cases,  the  computed  conductivity  will  be  a  thickness-
weighted average of the horizontal conductivities of the individual layers.  Figure 11.8.18

shows the responses at an observation well in the same set of slug-test simulations.   The
observation well is screened opposite vertical node  13  (the middle of the aquifer) at a

radial distance of 3.7 meters from the center of the slugged well.  Note than even though

the observation well cecurs in a low<onductivity zone in all three layering schemes, the

observation-well responses are different in au three cases.  Thus, the response at partially

penetrating observation wells is a function of the particular layering scheme in the tested
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unit.    This  result  clearly  demonstrates  the  potential  of observation  wells  to  provide
information about conductivity variations using  fully penetrating  slug  tests.    In  a later

section of this report q.E), the general issue of the use of observation wells in slug tests
is explored in more detail.

Although fully penetrating slug tests can provide some information about vertical
variations in conductivity when observation wells are employed , the need for observation
wells somewhat limits the applicability of the technique.   Another approach for gaining
information about vertical variations in flow properties is the multilevel slug test (e.g. ,
Dagan,1978; Braester and Thunvik,1984; Hayashi et al.,1987; Melvnle et al.,1991),

in which a series of slug tests are performed at different levels in the screened interval
in  a  single well  while  using packers  to isolate the test zone.    An  extensive  series  of
numerical  simulations  was  performed  in  this  work in order  to  assess  the potential of
multilevel  slug  tests  for  providing  information  about  vertical  variations  in  hydraulic
conductivity.

Mu]tHeve] Slug Tests

The simulations of multilevel slug  tests performed  here all employ a well  fully
screened in  the aquifer with the slug tests being carded out in a limited interval that is
isolated  by packers  above and below  the test zone  (straddle packer arrangement).    A
separate packer above the screened section prevents movement of water from the eased
region  of  the  well  into  screened  intervals  other  than  the  test  zone.     Note  that  this

configuration is the same as that used in the KGS  multilevel slug test system employed

in  the  field  testing  discussed  in  a  later  section  (III.A).    The  nodes  representing  the

slugged  interval  are assigned  an  initial head  of  I.0,  while the remaining  nodes  in  the

model (including those in the screened section of the well outside the straddle packer) are

assigned  an initial hcad of 0.   The slugged interval is assigned a specific storage equal

to the inverse of its length, so that the storage coefficient for the slugged interval equals
1.0.   The open sections of the wellbore outside the straddle packer are assigned a value

for  specific  storage  that  corresponds  to  the  compressibility  of water.    A  number  of
experimental simulations revealed that the simulated slug-test results are fairly insensitive

to the length of the individual packers in the straddle packer, a finding similar to that of
Braester  and  Thunvik  (1984)  in  their examination of constant-head packer  tests.    The

following results were therefore obtained using packers both above and below the slugged
interval that are two meters in length.

An initial series of simulations was performed in order to assess the dependence
of slug-test results  on  the length  of the slugged interval and on proximity to the upper
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and lower impermeable boundaries.   For this initial set of simulations,  the results were
analyzed using the CBP analytical solution incorporated in an automated well-test analysis

package  (Bohling  and  MCElwee,   1992)  that  utilizes  a  nonrinear  least  squares  fitting
scheme.   Figure 11.8.3 presents  the results of a series  of simulations investigating  the

effects of the length of the test interval on slug tests in the unifom aquifers described
earlier a=igure II.B.3A) and in the layered  aquifers represented by the middle case of
Figure 11.8.2 a=igure n.B.3B).   In these simulations, the slugged interval is centered on

verdcal node 13 and the length of the interval is gradually increased symmetrically about
that node.   Results are presented in terms of the vertical position of the top node of the
slugged  interval.    Note  that  the  conductivity values  determined  using  the  automated
analysis package can only be considered apparent conductivities, since the true flow field
contains a significant vertical flow component, while the CBP analytical solution assumes

strictly  horizontal  flow.    Results  in  Figure 11.8.3  are presented  in  terms  of a ratio of

apparent Kr to true Kr,  so that uniform and layered cases may be readily compared.   In

this investigation, the true Kr is taken to be the thickness-weighted average of the medel
Kr values over the length of the slugged interval.

Figure 11.8.3 clearly demonstrates that the analysis of multilevel slug tests under

the assumption of negligible vertical flow can result in a significant overestimation of the
horizontal hydraulic conductivity.   The vertical component of flow allows the effeet of
the pressure disturbance at the slugged well to be dissipated more rapidly than it would

be  under purely  horizontal  flow  conditions.    Figure 11.8.3  also  demonstrates  that  the

apparent Kf approaches the thickness-weighted average of the true Kr values as the length
of the  slugged  interval  approaches  the  thickness  of the aquifer.    However,  there  is  a
slight discrepancy between  the true and apparent values even  for the fully penetrating
case.   Additional simulations have shown that this difference is due to the discretization

error  resulting  from  the  fairly  coarse  discretization  scheme  employed  in  the  radial
direction.   Note that the overestimation of Kr is worse under isotropic conditions than
under anisotropic conditions as a result of the flow being increasingly constrained to the
horizontal plane as the ratio of verical to hydraulic conductivity deereases.

Figure 11.8.4 presents the results of simulations designed to examine the effects
of impermeable boundaries on slug-test results.   A series of simulations was performed
in the unifom aquifer configurations described earlier using a three-node slugged interval

Q=igure II.B.4A) and a one-node slugged interval Q=igure 11.8.48), with the center node
of the slugged interval being progressively moved from node 2 (in the three-node slugged
interval case)  or node  1  (in the one-node interval case)  to node  13.   The difference in

magnitude in apparent Kr between the two plots is a result of the increased importance
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of vertica,I flow in the shorter slugged interval.   In both cases,  the boundary effeets are

fairly similar.   As the slugged interval approaches the boundary, the vertical flow out of

the slugged interval is constrained,  resulting in a smaller overestimation of KT.
Figure n.B.5 presents  the results  from a series  of simulations  similar to those

shown in Figure 11.8.4 performed in layered  aquifers.   Note that, as shown earlier,  a

greater  overestimation of KT occurs  in the isotropic case  than  in the anisotropic case.
Although use of a one-node slugged interval results in a greater overestimation of Kr, it
dces  allow  for  clearer  definition  of  the  boundaries  bet`veen  layers  of  contrasting
conductivity.

Up to this point, the simulated slug-test data have been analyzed using the CBP
model,  which  is clearly  an overly  simplified representation  of the flow system.    Two
issues of some importance are  1) will the nature of the fit of the CBP model to the data
indicate that an inappropriate model is being employed, and 2) will different divergences
from  the  model  assumptions  produce different types  of model  misfits.    Figure n.B.6

presents the observed and CBP best-fit head values for four of the simulations included
in  Figure  11.8.5.    Figure II.B.6A  shows  the results  for a  three-node  slugged  interval

centered  at  vertical  nodes  7  and  12  in  the  layered,  anisotropic  aquifer,  while  Figure

H.B.6B shows the results for a one-node slugged interval at the same nodes.   The CBP

model  heads consistently  fall below the observed  heads early  in the test and above the
observed heads later in the test.   This systematic lack of fit is the result of neglecting the
vertical component of flow.   Unfortunately,  a very  similar lack of fit results  from the

presence  of  a  positive  well  skin  Cow  conductivity  zone  sunounding  the  well)  in  a
homogeneous  aquifer  (MCElwee  et  al.,  1990).    Thus,  skin  effeets  and  the  effects  of

partial penetration may be difficult to discriminate in practice.
Given that analyses of slug-test responses using the CBP model do provide at least

a  gross  picture  of verdcal  variations  in  conductivity,  it  is  reasonable  to  assume  that

analyzing the slug-test data with a more appropriate model, i.e. one that accounts for the

partial penetration effects seen  with  multilevel slug tests,  would reduce or remove the
problem of overestimation of KT due to negleet of the vertical component of flow.   Two
other models were considered  here for use in  the analysis of multilevel  slug-test data.
MCElwee et al.  (1990)  have developed an analytical  solution  for slug  tests  in partially

penetrating wells with well skins, which can be readily con figured to analyze data from
multilevel slug tests in homogeneous, anisotropic aquifers.   Unfortunately, this solution,

which  is  based  on  the  application  of  both  Fourier  and  haplace  transforms,   is  so

computationally  intensive  that  it  cannot  presently  be  used  for  the  analysis  of  large

amounts  of  field  data.     Ongoing  work  is  directed  at  improving  the  computational
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efficiency of this model.

Hvorslev (1951) developed a model for the analysis of slug tests performed in a

screened  interval  of finite length  in a uniform,  vertically  unbounded,  medium  with  a
vertical to horizontal anisotropy in hydraulic conductivity.   A major assumption of the
Hvorslev approach is that the specific storage of the aquifer can be ignored.   MCElwee
et al.  (1989), in a thcoredcal analysis of slug tests in confined aquifers, have shown that
the head response at the slugged well is relatively insensitive to the speeific storage of
the unit, indicating that the assumption of Hvorslev may be acceptable for some cases.
Figure 11.8.7 shows the results of Hvorslev analyses of the same simulated multflevel

slug tests employed in Figure 11.8.5.   Note that the Hvorslev model requires the use of
a "shape factor", which is related to the geometry of the weu intake region.   The shape
factor used here is that for Case 8 described in Hvorslev (1951).  The Hvorslev function

for  this  case  is  in  the  form  of  a  two-parameter  (KT  and  anisotropy  ratio)  model.
Unfortunately, the two parameters are perfectly correlated,  so they cannot be estimated
independently (Bohling et al. ,1990).   For the analyses presented in Figure 11.8.7, three

different  values  of  anisotropy  ratio  are  employed.     The  true  value  of  the  ratio  of
horizontal  to  vertical  conductivity  is  10.     As  shown  in  Figure  11.8.7,  the  resulting

overestimation  or  underestimation  of  K,  is  not  strongly  influenced  by  the  improper
specification of the anisotropy ratio.   The correlation between the two parameters is also

apparent, since the estimated hydraulic conductivity changes by a multiplicative constant
for all analyses as a result of using a different value for the anisotropy ratio.

Figure 11.8.8 displays the Hvorslev model fits for the same intervals as shown in

Figure  11.8.6  for  the  CBP  analyses.     The  plots  are  for  the  case  in  which  the  true

anisotropy ratio is used.   The fitted results,  however,  would be essentially identical for

all  values  of  anisotropy   ratio,   due  to  the  perfect  correlation  between   the  model

parameters.   Specifying a different anisotropy ratio would result in the same optimal fit
(measured in terms of the sum of squared head deviations) for a different value of KT.
Comparing Figures 11.8.7 and  11.8.8 to Figures n.B.5 and 11.8.6 reveals  that,  in  this

case,  use of the Hvorslev model improves the estimates of Kr and provides a better fit
to the observed data.   The improved fit is attributed to the fact that the Hvorslev model
accounts for the verdcal flow component, while the CBP model dces not.  The Hvorslev
model, however,  must be used with caution due to its neglect of storage effeets on slug-

test responses  (Chirlin,  1989) and its poor performance in the presence of a well skin

(MCElwee et al.,  1990).    Note that the Hvorslev  analyses  were  not performed  in  the
conventional fashion in this work.   The optimal conductivity was determined here using
a nonlinear regression algorithm to minimize the sum of the squared differences between
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the  actual  observed  heads  and  the  model-predicted  heads.    A  conventional  Hvorslev
analysis is performed by minimizing the sum squared deviation between log-transformed
head values, using that portion of the data that appear to fall on a straight line on a log-
head  versus  arithmetic-time  plot.    The  conclusions  of  this  work,  however,  are  not
dependent  on  the  fitting  criterion.     Given  the  closeness  of  the  Hvorslev  calculated

parameters to the actual model values, the Hvorslev model was used for the analysis of
simulated slug-test data for the remainder of this work.

Dependence   of  Multflevel   Slug   Test   Results   on   layer   'Thickness   and   S]ch
Pe-cability

The simulations described above showed that multilevel slug tests will indicate the
existence of layers of differing conductivity to some degree and that the Hvorslev model
is the most appropriate model at present for the analysis of the test data.   Further work,
however,  is  needed  to explore the dependence of multilevel  slug-test results  on  layer

thickness  and  to  assess  how  a  well  skin  will  influence  test  results.     A  series  of
simulations designed to address these issues is described here.

For this series of simulations, the configuration consisted of an aquifer made up
of layers of two distinct materials (denoted here as A and 8).   The model parameters are
as follows:

Ss^  =  SsB  =   1xl0-5  in-I;

Ho  -1.0 in;

L  -  0.05 in;
K^  =  2xl0-5  in/see;

KB  =  2xl04 in/sec.

In this case, a model grid of 20 nodes in the radial and 40 nodes in the vertical directions

was employed.   Equality of heads in the angular direction was assumed, so no additional

nodes in the angular direetion were required.
The initial scenario  examined in this series of simulations (see Table 11.8.1  for

details of all scenarios examined in these simulations) consisted of an isotropic aquifer
of material A in the center of which is located a single isotropic layer of material 8.  The

purpose of this first set of simulations was to examine how layer thickness impacts the
conductivity calculated from a slug test.   Seven different thicknesses were used for the

8 layer,  which,  in all cases,  was symmetrically located about the center of the aquifer

(total thickness of 50 meters in all cases).   Note that a test interval of four meters was
assumed.

Figure  11.8.9  displays plots  of conductivity versus  depth  to  the top  of the  test

11.8.7



interval for each of the different thicknesses of layer 8.   An important point to note is

that even when  the test interval lies completely within layer 8 Gayer thicknesses 4,  6,

and  10), the calculated conductivity will underestimate the layer conductivity as a result

of the influence of the lower conductivity material adjoining layer 8.   Only in very thick
layers  (i.e.  layer  thicknesses  of  20  and  30)  is  the  influence  of  adjacent  material
negligible.  Note that conductivities calculated for intervals in which layer 8 was thinner
than the slugged interval aayer thicknesses  1  and 2) underestimated layer conductivity
as a result of the vertical averaging discussed previously.

The results depicted in Figure n.B.9 were determined for the ideal case in which
formation  layering  extends  to  the  well  screen.     Often,  however,   well  drilling  and
development creates a near-well zone (well skin) of properties differing from those of the

portion of the formation in which the well is screened.   If the well skin is less permeable
than the formation, the verdcal flow out of the test interval will be suppressed as shown
by MCElwee et al.  (1990).   In addition, the calculated conductivity will be a function of

both  skin  conductivity  and  formation  conductivity.    As  discussed  by  MCElwee  et  al.

(1990),  this  function  is  hcavily  weighted  towards  the  skin  conductivity  when  a  low
conductivity skin exists and the Hvorslev model is used for the data analysis.   Thus,  a

low conductivity skin will cause the magnitude of the vertical variations in conductivity

to  be  underestimated.    If the  skin  conductivity  is  significantly  less  than  that  of the

formation,  little to no variation in conductivity will be seen in the vertical.

A well skin may be of higher permeability than the formation as a result of voids
forming along the well screen during well emplacement or of well development activities.

A high conductivity skin can  serve as a conduit for additional vertical flow.   A  second

set of simulations  was  run  using  a configuration  similar to  that used  in  Figure 11.8.9

except that a well skin of .11 in in radius with a conductivity of 5xl04 in/see was added

to the system.   The skin was assumed isotropic and to have the same specific storage as

the formation as a whole.  Figure n.B.10 displays the results of this series of simulations

for five of the seven layering schemes examined in Figure n.B.9.   Note that in all cases
the existence of a high conductivity sldn causes the calculated conductivities to increase

as a result of the increased vertical flow.   The increase is greatest for the thicker layers
since  the vertical  flow  moving along  the well  sldn  win be in  contact with  the higher
conductivity  layer  for  a  longer  time.     Thus,  the  spread  between  the  conductivities

calculated for the different layers increases with the addition of a high pemeability well
skin.   An additional set of simulations was performed to examine the effeet of increasing

skin conductivity an order of magnitude to 5xlo-3 in/see.   Although not shown here, the

results of these simulations indicate that the calculated conductivities continue to increase

n.B.8 '1



in a manner similar to the pattern shown in Figure 11.8.10.   In none of the  simulations

of  this  series  was  the  magnitude  of  the  vertical  variations  in  conduc.iivity  greatly

decreased by the existence of a high conductivity skin.
Two additional series of simulations were performed in configurations similar to

that employed in Figure 11.8.9 in order to examine the effeets of formation anisotropy
and a lower specific storage.  The addition of anisotropy into the configuration produced
results similar to those described previously, i.e. vertical flow was suppressed causing
a decrease in the calculated conductivity.   In addition, the suppression of vertical flow
caused  the influence of adjoining lower conductivity layers to be diminished, resulting
in  the  layer 8 conductivities calculated  for the different layering configurations to be
more  similar.    A  lower  apecific  storage,  on  the other hand,  resulted  in  the pressure
disturbance  induced  by the  slug  test to  apread  out more rapidly  in  all  directions,  thus
causing  the  influence  of adjoining  lower  conductivity  layers  to  be  increased.     This

increased influence of adjoining lower conductivity layers produced considerably lower
values for the calculated conductivity.  Thus, the specific storage can have a considerable
influence on  the calculated  conductivity in layered  systems.    This  is in contrast to the

work of MCElwee et al.  (1989) for slug tests in homogeneous  systems,  which  showed

that specific storage had relatively little influence on head reaponses at the slugged well.

An  important  objective  of this  theoretical  analysis  was  to  assess  under  what
conditions  vertical  variations  in  conductivity will  be  suppressed  or  completely  hidden
during  multilevel  slug tests.    As discussed  earlier,  the existence of a low conductivity

skin  can  cause  the  effeet  of layering  to  be  suppressed.    Additional  simulations  were

performed  here  to  assess  other  conditions  under  which  vertical  variations  may  be
suppressed.

It was shown previously that fully penetrating slug tests in a layered aquifer will

yield a conductivity that is a thickness-weighted average of the layer conductivities.   No
indication of layering will be evident from the head reaponse at the slugged well.   An
obvious question  of importance  for multilevel  slug tests is how  much will  layering be
suppressed  when  the  screen  length  is  larger than  the average layer thickness.    Figure
11.8. I I  displays the results of a series of simulations of slug  tests in a layered  aquifer

consisting  of alternating  layers  of A  and  8.    Each  layer is 2.5  in.  in  thickness.    The

screen length used in the simulation is 5.0 in.   As shown in Figure n.B.11, the vertical

variations in conductivity are strongly suppressed in this case.   The difference between

the calculated layer conductivities is 11 % of the actual difference.  Additional simulations

indicated that vertical variations are less strongly suppressed as the screen decreases in
length.    This  is  due  to the greater  influence of vertical  flow at either end of the well
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screen  as  the well  screen  deereases  in  length.   MCElwee et al.  (1990)  describe how a

decrease  in aspect ratio  (screen  length/rv) promotes  the partial penetration  effeet,  i.e.
vertical  flow out either end of the well  screen.    Those authors  show that for the well
radius  used  in  this  simulation,  partial  penetration  effeets  should  be  rather  small  for
screens greater than about 5 meters in length, a result that is in agreement with Figure
11.8.11.    Even  when  partial penetration  eifects are greater,  however,  relatively  little
information about vertical variations in conductivity can be gained when the screen length
is several times larger than layer thickness.   Thus, if one is interested in characterizing

the detailed nature of the conductivity variations in a formation with multilevel slug tests,
the screen length must be on the order of the layer thickness or less.

Even when the screen length is on the order of the layer thickness or less, there
is still  the possibility that other effeets could  serve  to dampen  the variations observed
through  multilevel  slug  tests.    A  very  extensive  set of simulations  was  performed  to

assess whether layer thickness and/or a high conductivity skin would serve to dampen the

conductivity variations.   Results from a small subset of these simulations are described
here (see Table 11.8.2 for a summary of results from all of the simulations).

Figure 11. 8.12 displays results for a series of multilevel slug tests performed using

a  2.5  in.  screen  in  a  layered  aquifer consisting  of alternating  layers  (each  2.5  in.  in
thickness) of A and 8.   Note that the calculated conductivity for layer 8 is less than the
actual  conductivity  due  to  the  suppression  of vertical  flow by  the adjoining  layers  of

material  A  in  a  manner  similar  to  that  seen  in  Figure  11.8.9.    This  results  in  the

conductivity  variations  being  somewhat  dampened  (difference  between  the  calculated
layer  conductivities  is  85%   of  the  actual  conductivity  difference).     Figure  11.8.13

displays analogous results for the case of layers of .15 in.  in thickness and a screen   of

.15  in.  in length.   In  this case,  the effect of the adjoining lower conductivity layers is

even  greater  (calculated  conductivity  difference  is  42%  of actual)  as  a  result  of the

greater proportion of vertical flow that occurs as the aspect ratio deereases.   Note that
although the addition of anisotropy (KT > K) to this configuration dces serve to deerease

the amount of vertical flow, further simulation results show that calculated conductivity
variations change by only a small amount.

Although the simulation results displayed in Figure n.B.10 do not indicate that
vertical variations in conductivity are dampened by the existence of a high conductivity

skin,  a  further  series  of  simulations  was  performed  to  assess  the  role  of  a  high

permeability skin in the configurations employed in Figures 11.8.12 and 11.8.13.   Figure
11.8.14 displays the results of simulations in which a high conductivity skin  (K= 1xl0-3

in/see) of .11  in. in radius is added to the configuration employed in Figure 11.8.12.   As
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in  Figure 11.8.10,  the  addition  of a  highly  conductive sldn  causes  an  increase  in  the

calculated  conductivities.      In  this  case,   the  difference  between  the  conductivities

calculated  for the two layers is somewhat larger than the actual difference (calculated
difference is  116%  of actual difference).   As layer thickness decreases,  the effeet of a
high  conductivity  skin  changes.    Figure 11.8.15  displays  the results  of simulations in
which the same high conductivity sldn is added to the configuration employed in Figure
n.B.13.   In this case, the layers are thin enough that when the screen is apposite a layer
of material A, vertical flow occurs along the well sldn and into the layers of material 8.
This results in a great increase in the conductivity calculated for layers of material A and
a dramatic deerease in the calculated difference between layer conductivities (calculated
difference is  18%  of actual difference).   Thus,  a highly conductive skin in an aquifer
consisting   of  thin   layers   can  cause   multilevel   slug  tests   to  be  of  rather   limited
effectiveness in describing the vertical variations in hydraulic conductivity.

As stated earlier,  the Hvorslev model was employed to calculate Kr values from
simulated slug-test data.   One final issue to be addressed is that of the quality of the fits
of the Hvorslev model to the simulated data.   Figure 11.8.16 displays a typical plot from

the last  series  of simulations reported  on  here.   As  shown in the figure,  the Hvorslev

model provides a relatively good fit to the simulated data.   This was characteristic of all

the cases examined here.
The results discussed in this section are taken from a subset of all the simulations

performed  for this project.    Table 11.8.1  summarize all  the  scenarios  examined  here.
Butler et al.  (in preparation) provide a detailed discussion of the results for all cases.

Su-any
The  results  of this  modeling  investigation  of the viability  of slug  tests  for the

purpose of describing vertical variations in hydraulic conductivity can be summarized as
follows:

1)  Slug  tests  performed  in  a  screened  interval  that  passes  through  the  entire
aquifer will yield a thickness weighted average of layer conductivities.   The response at
the  slugged  well  will  show  no  indication  of  layering.     Observation  wells  must  be

employed  if fully  penetrating  slug  tests  are  going  to  provide  any  information  about

vertical variations in hydraulic conductivity;

2) In multilevel slug tests, when the screen length is considerably greater than the

layer thickness and the aspect ratio (screen length/rv) is greater than about  100,  a slug

test will yield a thickness weighted average of the layers intersecting the screen.   As the
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aspect  ratio  decreases,  the  properties  of layers  outside  of the  screened  interval  will
influence the calculated conductivity as a result of the increased vertical flow;

3) Experimental simulations showed that model results are relatively insensitive
to the length of the individual packer elements of the straddle packer as long as vertical
flow is prevented in the borehole;

4) Analysis of multilevel slug-test data with the CBP model (Ccoper et al. ,  1967)

can lead to a considerable overestimation of the radial hydraulic conductivity and also

produces a systematic lack of fit between predicted and observed responses;
5)  The model  of Hvorslev  (1951)  appears  to be the best present approach  for

analyzing multilevel slug-test data.   This approach provides more reasonable estimates
and a much better fit than the CBP model;

6) A low conductivity skin will make it difficult to describe vertical variations in
hydraulic conductivity because the conductivity calculated from the slug-test data will be
heavily weighted by the conductivity of the skin;

7)  A high conductivity skin will make it difficult to describe vertical variations
in  hydraulic  conductivity  when  the  screened  interval  and  the  layer  thickness  are  both

small.   In this case,  a large amount of vertical flow can occur along the skin,  making it

difficult to deteet the existence of layers of low conductivity;

8) Even when the screened interval is less than the layer thickness, considerable
error   can   be   introduced   into   the   description   of  vertical   variations   in   hydraulic
conductivity  as  a  result  of  the  influence  of  layers  adjoining  the  tested  layer.     The
magnitude of the influence of the adjoining layers will depend on the layer conductivities,

the specific  storage and anisotropy ratio of the tested layer,  skin conductivity,  and  the
aspeet ratio.

In  summary,  multilevel  slug  tests  can  provide  considerable  information  about
vertical variations in hydraulic conductivity under the right conditions.   However,  well

skins and screens of small aspect ratios can dramatically decrease the effectiveness of the

approach.
Note that the  discussions  of this  section  were based  on  a series  of simulations

performed in perfcetly stratified aquifers, i.e. Iayering is continuous throughout the entire
model  domain.    Many aquifers,  however,  consist  of a  series  of discontinuous  layers.

Further  work  is  required  to  assess  the  effeet  of  layer  discontinuity  on  the  results
described here.
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Figure  11.8.2:   Layering schemes employed for results shown in Figure H.B.1.
Low and high hydraulic conductivities are those for the layered, anisotropic
aquifer.
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Figure 11.8.14 - Conductivity versus depth plot for Scenario 3A of Table 11.8.1
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Figure 11.8.15  -  Conductivity versus depth plot for Scenario 7A of Table 11.8. I
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Figure 11.8.16 - Plot showing the results of the Hvorslev analysis applied to simulated

test data from Scenario 7A
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Scenano Ks KH/Kv r. I, + Note
(10-3m/s) (in) (in) (in)

I - 1 - 4 1* 1*

lA 0.5 1 0.11 4 1A* 1A*

18 5 1 0.11 4 18* 18*

1C - 1 - 4 lc* lc*

2 - 1 - 5 2.5 2*

2A - 1 - 0.6 0.30 2*

3 - 1 - 2.5 2.5 2*

3A 1 1 0.11 2.5 2.5 2*

38 - 2 - 2.5 2.5 2*

4 - 1 - I.25 2.5 2*

4A 1 1 0.11 1.25 2.5 2*

48 - 2 - I.25 2.5 2*

4C 1 1 0.11 1.25 2.5 2*

4D - 1 - 1.25 2.5 2*'3*

5 - 1 - 1.25 1.25 2*

5A 1 1 0.11 1.25 1.25 2*

6 - 1 - 0.3 0.3 2*

6A 1 1 0.11 0.3 0.3 2*

68 1 1 0.22 0.3 0.3 2*

7 - 1 - 0.15 0.15 2*

7A 1 1 0.11 0.15 0.15 2*

78 - 2 - 0.15 0.15 2*

Note:      Speeific storage is  1  I  10-5 in.I  if not specified otherwise.   K^  =  2 I  10-5 in/s and KB  =  2 I  10+
in/s for all scenarios.   r.=radius of skin, I.=length of screen,  and L=l&yer thichess.

1*:          Single layers of B located symmetrically about the center of oquifer A.   Simulations performed
for 8 layers of I, 2, 4, 6,10, 20, and 30 in in thichess.
Scenario sane as  1 with skin.
Scenario same as  1 with higher perrmbinty stcin.
Scenario same as  I  with lower speeific storage (I  I  |0.7 in-I).

2*:          Alternating layers of A and B.
3*:           Initial Head is  10 in.

Table 11.8.1  -Summary of layered-aquifer slug-test scenarios.
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Scenano Computed difference %  of actual difference
between layer A and 8 (actual difference  =
conductivities (104 in/s) 1.8 I  104 in/s)

2 0.202 11.22

2A 0.242 13.44

3 1.535 85.28

3A 2.080 115.56

38 1 . 475 81.94

4 1.572 87.33

4A 1.770 98.33

48 1.470 8 1 . 67

4C 1 . 860 103.33

4D 1.572 87.33

5 1 . 390 77.22

5A 1.510 83.89

6 1.030 57.22

6A 0.750 4 I . 67

68 0.360 20.cO

7 0.760 42.22

7A 0.325 18.06

78 0.690 38.33

Table H.B.2 -Summary of slug-test simulations in configuration consisting of alternating

layers of A and 8.   Results are given in terms of the difference between the computed

conductivities for the two layers.
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C.  "PROVEMENTS TO SUPRPUMP

Work  on  improving  the  well  test  analysis  progran  SUPRPUMP  continued
throughout this grant period.  h the March-April 1992 issue of Groi.nd Wafer,   a paper
on the program (Bohfing and MCElwee,  1992) was pubnshed.   Also, the program and
user`s manual (Bohling et al.,  1990) are being published as a Kansas Gcological Survey

Ground Water Series volume.   The development of this program has been an ongoing

project for several years.
Over  the  year  several  well  functions  were  added  to  the  program,  including

radially-dependent versions of two important slug test functions, that for a finite radius
well fully penetrating a confined aquifer (Cooper et al,  1967) and that for a finite radius
well with a finite radius well skin (Moench and Hsieh, 1985).  These two functions allow

an investigator to analyze well test responses not only in the slugged well, but also in
nearby  observation  wells.    This  greatly  enhances  the  ability  to  define  the  storage

coefficient of the aquifer (MCElwee et al.1991).  Other functions developed and added to

the program included a function describing the response in a finite-radius slugged well
with  a finite radius wed  skin partially penetrating a confined aquifer, a version of the
Hvorslev function incorporating a more general expression for the shape factor (and thus
a wider range of well geomeries), and a nonlinear version of the Hvorslev function (see
section in.C) accounting for ffictional losses across the well screen.

Other ongoing  work on the program includes  the development of a Microsoft
Windows  graphical  user interface  and program revisions which  will  allow  for easier
addition  of  new  well  functions  to  the  existing  library  and  also  enhance  program
maintainability and portability.   The latter modifications include the development of a
batch  (non-interactive)  version  of  the  code.    Some  of the  well  functions  are  quite

computationally intensive and several hours of computer time  are required to analyze
even moderate-sized data sets.   Implementation of these functions is not reauy practical
without the ability to submit an analysis job in batch on a multitasking system.  Also, it is

easier to attach different interactive front-ends to a batch mode program than it is to a

program that already includes its own interactive input and output routines.   Front-end
programs can be written to manage the contents of the input and output files for a batch
mode  program  without  having  to  be  concerned  with  the  intemal  workings  of that

Pr08ran.
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D.  SENSITIVITY ANALYSIS

SUPRPUMP has been built so that sensitivity analysis can be easily performed on
all the included well functions for all their respective parameters.  The next two sections
are  specific  examples  of this kind of analysis.   We present  a brief overview of the
formalism here so that it dces not have to be repeated in the following sections.

Normalized Variab]es
The solutions can be expressed more conveniently for a range of parameters by

using nomanzed variables.

h -- H  I H o

R = r I r w    a r  R -- r / r s

D  --TT?i     or    D  __T=
al.D.1)

where Ho is the original height of water in the well, H is the height at any time and place,

R is the relative radius measured in units of the well radius (rw) or the screen radius (rs),

and b is the dimensionless time defined using the transmissivity (T) and well or casing
radius (rw or rc).

Sensitivity Coefficients

We apply first order sensitivity analysis (MCElwee,  1987) to the problem.   The
first order Taylor expansion for the head is (assuming three parameters of interest)

H` ---Hm +U:,AP: +U:.AP; +U:.AP;                             qu.D.I,

The P's represent parameters such as transmissivity (T),  storage (S), initial head (Ho),

skin radius (Rs), or any other parameter of interest.  H.is the vector of heads based on

true parameters  P,.,  P;, P3., while Hm is the vector of heads based on current estimates
p: , pT , p: .

uT,--#,u:.--#,u:.--#

II.D.1
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are the Sensitivities to  PL", P2-, P3-, and AP]m,AP2-,AP3" are unknown perturbations in the

parameters.

Normalized Sensitivities to Relative Head
The nomalized sensitivity to relative head ( w;, ) is defined as follows,

u'pl--p'#'--Hopl#'--Hou'pl

•,,-pl#

ur.D.4)

al.D.5)

A similar normalized sensitivity can be defined for all parameters of interest, and they are
all  functions  of  space,  time  and  the  physical  parameters.    An  examination  of this
dependence can be very useful.

Parameter Estimation

The objective is to minimize    E = I  [Hj. -H,.]2, whereH,: =  observed head at index

point i andf/, =   calculated head at index point i.   Assume that  H. = H. + €, where€ =
an error vector.  Thus,

H. - Hm -- UF,«T;  + UF2uT: + U:.LR: + e al.D.6)

Now we must solve for new parameter estimates

P:+` --F+ELF    PT+\ ~-P[+APT    P:+\--F+LP:.                 ql.D.])

An iterative prceess now occurs until the changes in the parameters are minimal; at that

point we assume the correct parameters have been found.
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Sensitivity Design Matrix
The sensitivity design marix [A] defined here is a sum over time and space of

products for any two sensitivity coefficients.

afy. = [A], = Z  I/,.(r,f)I/,(r,f)

ur.D.8)
i,  j = P\. P2'  P3

If we are fitting three paraneters  P„  P2, and P3 then the sensitivity design marix

is  3  x  3  (in  general  it  could  be  any  size).    The  least  squares  solution  for  the  delta

parameter changes  can  be  expressed in  tens  of the  inverse  of [A].   In  general,  the
solution is well behaved if the diagonal elements are large and nearly equal and the off-

diagonal elements are small.  This will be the case if the sensitivity coefficients are large
and do not have similar shapes over the measurement times and locations.

Sensitivity Correlation Matrix
One way to measure the similarity of the sensitivity coefficients is to define the

sensitivity conelation marix as shown here; it will have ones on the diagonal and the off-

diagonal terms will vary between ±  1.

c¢ = [CL = al.D.9)

If any of the off-diagonal terms are exactly one, the inverse of [A] does not exist and the

inverse problem can not be solved for aquifer parameters.   From a practical standpoint,

anytime the off-diagonal elements of the conelation mathx get above .9 the [A] marix
becomes ill-conditioned rather rapidly and the inverse solution becomes more unreliable.

Parameter  Covariance  Matrix
The parameter  covariance  marix is defined as

COV( 0 = [B] = [A]-I o2

n.D.3
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whereJ2=headvarianceandtheestimatedstandarderrorofparameteriisgivenbyJF.

As long as an inverse of [A] can be found, the reliability of the paraneter estimates can
be assessed by looking at the parameter covariance marix defined here.  The form shown
here results from some simplifying assumptions about the errors in head such as additive,
zero mean, noncorrelated and constant variance.   With these assumptions the estimated
standard errors of the parameters are given by the square roots of the diagonal elements
of the parameter covariance mathx.
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E.  SLUG TESTS IN THE PRESENCE OF A WELL SKIN
Introduction
Slug tests are frequently used to characterize the transmissivity of an aquifer.  However,

in the presence of heterogeneity it is uncertain how the slug test is averaging the aquifer

properties.  In this paper, we look at the effect of one kind of heterogeneity: a well skin.
A  well  skin  can  be created  by the process  of establishing the  well,  and  may have  a
transmissivity value (T1) greater or less than that of the aquifer transmissivity (T2).  We
have  investigated  this  problem  using  sensitivity  analysis  and  an  automated  well-test
analysis program we have developed.   The  sensitivity coefficients for Tl  and T2 are
similar in shape but shifted slightly in time.  Thus, it is difficult to obtain good estimates
for both Tl  and T2 due to correlation.   The maximum amplitude of the sensitivities is
inversely proportional to transmissivity.  Varying the skin radius shifts the head response

curve  along  the  dimensionless  time  axis.    When  fitted  to  the  Cooper-Bredehoeft-
Papadopulas  (C-B-P) model, the data show a systematic lack of fit,  however, it is not
large.  The effective transmissivity obtained from the C-B-P fit is a weighted average of
Tl  and  T2  and  can  be  predicted  with  a  simple  empirical  formula.    The  effective
transmissivity is highly weighted by the smallest transmissivity and is a weak function of

the skin radius.   Addition of observation wells makes little difference in the C-B-P fit

results.   The value of the effective transmissivity does not depend on  the initial  slug

height.   If one attempts a three parameter fit using T1, T2, and the skin radius (Rs), it is

found that Tl and Rs are usually very highly conelated leading to a nonunique situation.
If Rs is assumed known and one tries to solve for Tl  and T2, the situation is better, but
the fit is  still difficult and depends on the initial estimates and the quality of the data.
Having  copious  amounts  of accurate  data  and multiple  observation  wells  is  the  best

situation for obtaining an accurate fit.

Model for Slug Tests With Skin

The physical  situation is  shown schematically in Figure  1.   Mathematically the

model is given by the following equations (Mcench and Hsieh, 1985):

#+#-i# rwSr<-Rs

#+#=¥#  r2R'

n.E.1

(H.E.1)
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At the well bore

Initial conditions:

arc2(#),   =(2%r,#),     rc=casingradius            (n.E.3)

H , -- H 2 -- 0   aI t -- 0 fa r r > r w
H , -- H o  a t  i -- 0 fo r r -- r w

The boundary conditions between the skin and aquifer are

H,=H2,air--Rs

T\3g--T2%atr--R.

Far away from the slugged well

Sensitivities for Ti and T2

H 2 -- 0  a i  r -_ a a

(n.E.4)

(II.E.5)

(H.E.6)

The sensitivities for Ti  and T2   are very similar in shape as shown in Figure 2.

However, the sensitivity for T2 is shifted slightly to larger time values.   Figure 2 shows

the  sensitivity  to the  skin region  when  it has the  same value for transmissivity  as  the

aquifer.   Figure  3  shows  the  sensitivities  when  the  skin  transmissivity is  an order of
magnitude  smaller.   Note that  the maximum amplitude of the  sensitivity is inversely
proportional  to  the  transmissivity.    The  lower  sensitivity  for  T2    coupled  with  the

similarity in  shape  (meaning correlation is high) indicates  that it is going to be very
difficult to get accurate estimates for T2  .   Away from the slugged well there is some
difference in shape between sensitivities for Ti  and T2 , however, the amplitude decays

rapidly making it difficult to udlize these differences.

n.E.2



Effect of Varying the Skin Radius
Varying the skin radius shifts the head response curve along the dimensionless

time axis for both the slugged well and observation wells.  Figure 4 shows the nomalized
head  in  the  slugged  well  for  various  skin  radii.    Figure  5  is  a  similar  plot  for  an
observation wen located at  loo wen radii away from the slugged well.   Increasing the
skin radius shifts the head reaponse curve to larger dimensionless time (beta) when Ti <<
T2 .   This  is true for both the slugged well and the observation well.   However,  the
response in the observation well declines with increasing skin radius for Ti << T2 .

Fitting Well Skin Data to the C.B-P Model
Many times the C-B-P model (Ccoper et al.,  1967) is used to fit slug test data.

The obvious question is:  What is the effective transmissivity when a well skin is present?
Figure  6  shows  a resulting fit with  SUPRPUMP (Bohling  and MCElwee,  1992).   The
fitted data show a systematic deviation which may be diagnostic.  The skin data is greater

than the C-B-P model for early time and less than the C-B-P model for larger times. when
Ti << T2 .   In general, the effective transmissivity resulting from the application of the

C-B-P model to well skin data is an average of the skin and aquifer transmissivities.  We
have found that a good empirical equation for the effective transmissivity is

1n(ji. / rw)  ,  ln(r¢ / rw) -1n(A, / rw)

r`,

reff  = effective radius influenced by the slug test.

r,,/rw=[C/S]"    1SCS2

(n.E.7)

(H.E.8)

S = storage ccefficient.

The result given by this equation is highly weighted by Ti and has a weak dependence on
the skin radius when Ti << T2 .  In general, the lowest value of transmissivity (whether it

is  the  aquifer  or  the  skin)  will  be  the  dominant  factor  in  determining  the  effective
transhissivity.  Table 1 gives some typical results for effective transmissivity for varying

skin  radii  and  transmissivity  distributions.     As  one  might  expect  the  effective

transmissivity is independent of initial slug height.
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Table 1
Effective Transmissivitjes in the Presence of a Skin

T2 Rs/rw               Teff

C-B-P

20

.205

.155

.126

.175

.260

.456

.208

.155

.124

.172

.250

.456

The storage coefficient was  10-3 for all the above simulations and an observation well

was used at 100 rw.

Parameter Estimation with the Well Skin Model
The well skin model of Mcench and Hsieh has been implemented in SUPRPuhff

and  can  be  used to look  at  sensitivities and to fit the data.   Figure 7  is  a plot of the
sensitivities to Ti  and Rs.   The sensitivity to Rs is smaller than to Ti and is of opposite

sign.  However, the shape of the two sensitivities in Figure 7 is almost identical and very

high correlation is the general rule.  Away from the slugged well there is some difference
in  shape  between  sensitivities  for Ti and  Rs , however, the amplitude decays rapidly

making it difficult to  utilize these differences.   Therefore, it is extremely  difficult to
obtain good estimates for both Ti and Rs.  Usually there will be many pairs of values of
Ti and Rs that will give equally good results.   In tests we have run, the high correlation

persists even if observation wells are available and used.  In some cases the approximate
value for the  skin radius may be known from the diameter of the hole made by the
drilling equipment; in this case one can try holding Rs constant and just fitting Ti and T2

Three Parameter Fit
Table 2 shows the ouput from the SUPRPUMP package used in design mode for

the three paralneter fit (Ti, T2, and  Rs) of the Mcench and Hsieh well  skin solution.
Four observation wells were used at r/rw of 1, 25, 50 and 100 for 56 time measurements

between .01  and  1000. units of dimensionless time (BETA).  The 957o confidence limits

H.E.4



show that Ti and T2 could be detemined within about ± 40%. however, the skin radius

(Rs) is very pcorly detemined.  The rcot causes of these results can be seen by lcoking at

the  matrix  of  normalized  sensitivities,  the  sensitivity  conelation  matrix,  and  the

parameter  conelation  matrix  in  Table  2.    The  diagonal  elements  of  the  matrix  of
normalized sensitivities shows that Ti has the highest sensitivity by far.  The sensitivity

correlation  matrix  and  the  parameter  correlation  matrix  shows  that  the  conelation
between Ti and  Rs is greater than .99 . These results are for perfect model data with an

assumed accuracy of ± .025 Ho.  In the real world things are likely to be much worse.

Alluvial Aquifer Example
Figures 8 and 9 show a real example of a slug test performed in the Kansas RIver

valley near Lawrence, Ks.  Figure 8 shows the fit of the data to the C-B-P model.  There

is a systematic deviation present and we thought it might be explained by a skin effect.

Figure 9 shows the same data fit to the Mcench and Hsieh model.  The fit is much better,
but it was difficult to obtain and is very sensitive to the number of paralneters fit and the
initial  estimates  for  those  parameters.     Many  of  the  analyses  did  not  converge.

Consequently, even though the fit is much better, we do not believe very much accuracy
can be ascribed to the estimated aquifer conductivity.   On the other hand, the effective
conductivity from the C-B-P model and the skin conductivity from the Moench and Hsieh
model agree fairly well and can probably be used with some confidence.  Unfortunately,
it is the aquifer conductivity that is of greatest interest.

Summary
We have investigated the problem of a slugged well having a well  skin using

sensitivity analysis and an automated well-test analysis program we have developed.  The
sensitivity  coefficients  for Ti  and T2 are similar is shape but shifted slightly in time.
Thus, it is difficult to obtain good estimates for both Ti  and T2 due to correlation.  The

maximum  amplitude  of the  sensitivities  is  inversely  proportional  to  transmissivity.

Varying the skin radius shifts the head response curve along the dimensionless time axis.
When  fitted  to  the  Cooper-Bredehceft-Papadopulas  (C-B-P)  model,  the data  show  a
systematic lack of fit, however, it is not large.  The effective transmissivity obtained from
the C-B-P fit is a weighted average of Ti  and T2 and can be predicted with a simple

empirical  formula.    The  effective  transmissivity  is  highly  weighted  by  the  smallest

transmissivity and is a weak function of the skin radius.  If one attempts a three parameter
fit using Ti, T2, and the skin radius (Rs), it is found that Ti  and Rs are usually very

highly correlated leading to a nonunique situation.  If Rs is assumed known and one dies
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to solve for Ti  and T2, the situation is better, but the fit is still difficult and depends on

the initial estimates and the quality of the data.  Having copious amounts of accurate data
and multiple observation wells is the best situation for obtaining an accurate fit.
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TABLE 2
SUPRPUMP OUTPUT

TlmEE PARAMETER FIT

The estimated root-mean-squared residual is    .2500E-01

The parameter values with approximate 95% confidence intervals are:
Parameter                                       Value                I.ower Bound

TRANSMISS. OF AQUIFER                1.000                     .6227
TRANSNISS. OF SKIN                          .1000                      .5668E-01
SKIN RADIUS                                             10.00                     -1.459

For the following arrays:
Col-Row  1 represents TRANSMISSIVITY 0F AQUIFER IT2)
Col-Row  2 represents TRANSMISSIVITY OF SKIN  (T1)
Col-Row  3 represents SKIN RADIUS @s)

Raw crossproducts marix of normafized sensitivities:
123

1                          .2357E-01          .8306E-01       -.3155E-01
2                          .8306E-01             1.093                -.4113
3                         -.3155E-01           -.4113                  .1566

The reciprcoal condition number of the
sensitivity crossproducts matrix is     .1079E-02

S ensitivity correlation matrix :
1 2

.5174
1 .000
-.9940

Upper Bound
1.377
.1433
21.46

This matrix shows that
Tl has the highest
sensitivity by far.

3
-.5192
-.9940 ------- Very high correlation

1.000          between Tl and Rs.

Covariance mathx of normalized parameter variations:
12

.3630E-01              -.6035E-03               .5727E-02
-.6035E-03                 .4787E-01               .1256

.5727E-02                .1256                        .3349

Parameter conelation marix:
123

1.000                    -.1448E-01              .5194E-Ol
-.1448E-01                 1.000                          .9918 -------- Very high conelation
.5194E-01                .9918                             1.000              between Tl  and Rs.
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Figure 1.  Schematic of a slug test in a well with a skin.

T1 = Klb T2 = K2b
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figur.  2.
Van.atlon  of  u'T  with  Tlme  at  the  Slugged  Well

Figure  3.
Van.otion   of  u'T  with  Time  at  the  Slugged  Well
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F'guro  4.
Variation  of  Head  ln  Slugged  Well  mth  Skin  Radius

FTguro   5.
Variation   of  H.ad   ln  Ob..  Well  unth  Skln   Radiug  I
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FTgur.  6.
Fit  of  Well  Skin  Data  to  the  C-B-P  Model

F'guro  7.
Compon.son  of  u'T,  and  u'h  at  the  Sluggcd  W.II
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Figure  8.
Analysi80vitfnthtlucvif!_1?u'&eord®i'uoTest

a.1                  1           tim'€   (see)loo

a.cO

FTguro   9.

Analysis  Of &RhAltlh¥ia5k#uLf8:.ilug  TCst

On                '          tim'8   (see)'°°
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F.  SLUG TESTS WITH OBSERVATION WELLS
htroduction

Slug tests are commonly used for site characterization.  An earlier paper (MCElwee
et al.,  1989) dealt with the use of sensitivity analysis to design a test which would give
reasonably accurate estimates of the aquifer parameters by an informed choice of the
number and times of measurements.  Most practitioners know that slug tests are not very
sensitive to the storage coefficient, as explained in the earlier paper. An investigation of
the radial dependence of the Cooper et al. (1967) analytical slug test solution shows that
the use of one or more observation wells can vastly improve the parameter estimates,

particularly the estimate for storage.

Cooper -Bredehoeft -Papadopulos Analytical Solution for Slug Tests
The solution given by Cooper et al. (1967) is

H(a,P,Ho,:)-#I
0

-
c-P"2,c'

A(„)
F(-.:)d"

F(-.i)=('o(":).["yo(",-2ay,,",]

-yo(":).[-,-2at,(",])'

A(W)=[WJo(w)-2C!J[(w)]2+[wyo(w)_2c¥y,(„)]2,

p=:.

¢=fs'

II.F.1

where

J, and Y are Bessel Functions,

rf and rc are screen and casing radii,

(n.F.I)

(n.F.2)

(H.F.3)

(n.F.4)

(H.F.5)



I

I

I

L| = A = relative head, and   Ho = initial head displacement
Ho

(n.F.6)

Slug-test responses can be expressed as a function of four parameters: alpha, a parameter
related to screen and casing radii and the storage coefficient; beta, a dimensionless time
involving transmissivity and the casing radius; Ho. the initial head displacement; and I/rs,

the distance to an observation well divided by the screen radius.

Relative Head or Sensitivity to Ho
Figure  1  shows the relative head or sensitivity to Ho versus dimensionless time

for various radii.  The maximum cecurs for r = rs (Figures  1 and 3). and decreases with

time and distance.  Figure 3 shows that the area of influence spreads with time.  Figure 1
shows  that an  observation  well will respond in  time with  a ben  shaped curve whose
maximum amplitude decays with distance from the slugged well.   At about  175rs  the
response has fallen to about .01 Ho at a dimensionless ire of 10 for a = 10-3 (Figures 1

and 2).   Smaller  c¥' s result in larger responses in space and time as shown in Figures 2

and 4.

Sensitivity to Transmissivity
Figures 5-8 illustrate the dependence of the sensitivity to transmissivity on time,

distance, and alpha.   ¢ has positive and negative lobes except for r = rs (Figures 5 and

7).   Figure 7 shows that the maximum sensitivity to transmissivity occurs at the well.  A

given observation well will be sensitive to the transmissivity over a definite time interval
(Figure 5). and the sensitivity decays rapidly with increasing r.  Figures 6 and 8 iuustrate
the  dependence  on  the  storage  coefficient  (alpha).   The  maximum  amplitude of the
sensitivity seems to vary inversely with alpha (Figure 6), while the amplitude at r = rs

does not seem to have a strong dependence on alpha (Figure 8).  As noted previously, we
need a smaller alpha (storage ccefficient) for sensitivities to propagate father from the
slugged wells (Figure 8).

Sensitivity to Storage
Figures 9-12 illustrate the dependence of the sensitivity to storage on a, 8, and r.

The maximum sensitivity does not occur at r = rs  (Figures 9 and  11),   but rather at a

distance of about 5rs   for tt = 10-3.   Figure 11  shows that the shape of  «; moves out to

larger distances while widening and decaying with increasing time.  The dependence on

alpha shown in Figure  12 reveals that the signal propagates much farther from the well
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for smaller values of a.  Figure 10 shows that, for a chosen r, the maximum amplitude of
the sensitivity is inversely proportional to a and cecurs at earlier times for smauer a's.

Correlation of u'T and  u;

Figure 13 shows that the shape of the sensitivities with respect to transmissivity
and storage at r = rs are extremely similar except for amplitude.   This means that data

from a slugged well  are much more sensitive to T than  S  and that there will be high
correlation between these two parameters.   Figure  14 shows the two sensitivities at r =
10rs and  reveals  that  they  have  considerably  different  shapes  and  nearly  the  same

maximum amplitude.   This means  that data from the observation  well is much  more
sensitive to storage than data from the slugged well and that the correlation between T
and S is dramatically reduced by the use of an observation well.

Simulation for an Alluvial Field Site
We have developed an alluvial field site for hydraulic testing.  It consists of about

35 feet of coarse sand and gravel overlain by about 35 feet of snt and clay.  The fouowing
is a simulation of expected results at this site.  From earlier laboratory work and pumping
tests we know some average values for K, T and S.

K  = 300 fvday = .208 fvhin
T =  (.208 fvmin) (35 feet) = 7.28 ft2/nan

S   =   .00063

We simulate the results for the slugged well and two observation wells at 5 and  10 feet

away, taking data over a three minute interval (slug tests have very short duration in this
media).   It is assumed the slugged well is 4 inches in diameter and all wells are fully

screened.  The simulated data is rounded to the nearest tenth of a foot and then analyzed
in an inverse program (SUPRPUMP).
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Alluvial Field Site Results

Slugged Well Only S]ugged We]]

+ Obs. Well

Slugged Well
+ 2 0bs. Wells

Range of T

(ft2./din)
Range of S

Corr.
rms Dev.

7.11  -8.cO

(.178 -.722) x |o-3

.98

.026

7 .2:2, - 7 .3n

(.616 -.666) x |o-3
.54

.026

Remarks       Trouble converging          Converged rapidly

7.24 -7.38

(.609 - .648) x io-3
.44

.025

Converged Rapidly

Results From Dakota Aquifer, Lincoln County, Kansas
As part of a regional study of the Dakota aquifer in Kansas a number of pumping

and slug tests have been performed.   One site in Lincoln County was slug tested with an

observation well (21.2 ft. from slugged well).  The following are details of the two wells:

Slugged Well

Depth                  98.4 feet

Dia.                       4 inches

Screen                  78-98 feet

The test was analyzed three ways:

Slugged Well

T (ft2/see)                .896 x 10-3

s                                 .2xlo-3

Corr.                          .99

rms Dev                  .0024

Obser. Well

1.OcO5 x  io-2

.514 x |o -4

.269

.0030

Observ. Well

94.4 feet
2 inches

84-94 feet

Slugged Well +
Obser. Well

1.029 x io-2

.52o x 1o -4

.49

.cO40

It is clear that the use of an observation well greatly improves the estimate for S  and

makes  the  inverse  problem  much  better  conditioned.    Figure  15  shows  the  field

measurements and the fitted data.
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Conclusion
While it would usually not be practical to install an observation well solely for use

in a slug test, many times nearby wells are available.   Generally, the observation well

must be fairly close (a few tens of feet or less) to the slugged well to be effective.  The

storage coefficient must be small in order to see the effect of the slug at greater distances
from the slugged well.   Since the temporal and spatial dependence of the sensitivities for
transmissivity  and  storage  are  considerably  different,  the  addition  of one  or  more
observation wells will substantially reduce the correlation between these two parameters,
and result in much better estimates than usually obtained in slug tests.  These ideas have

been illustrated using typical data from our research sites.
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figure   1.
Variation   of   u'H.  VVIth  Time   For  Various   r/r.

Variation   of  u'.  fi€hur%m26  For  Various  AIpha
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Varicition   of  u.u  WiTh9u5fst:hoe   For  Various  Times

DISTANCE   (r/rs)
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DISTANCE  (r/rs)
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Plgure   5.
Variation  of  u'T  With  Time  For  Various  r/r.
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Variation   of  u't  Witi!gEi3ta7n.ce  For  Various  Times
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I Figure   9.
Variation  of  u's  With  Time  For  Various   r/r.

van.ation   of   u'§  WT{gurT?im'e°.For  Van.ous  Alpha
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Figure   13.
Compori§on   of  Sensitivities  at  the  Screen   Radius
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iRJENsl'o°N-LESS 'T|ME  ('8°ETA)

ina
V'

-a.10

figure   14.
Comparison   of  Sensitivities   at   10  Screen   Radii
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in. FIELD INvrsTIGAHONs oF MULTmEVEL SLUG TESTS

A. KGS MULTILEVEL SLUG-TEST SysTEn4

In   1989,  a  slug-test  system  was  developed  at  the  KGS  for  the  purpose  of

performing slug tests in wells of small diameters (.05 in ID) located in highly permeable
alluvial  units  OrfcElwee  and  Butler,  1989).    This  equipment  served  as  the basis  of a
multilevel  slug  test  system  that  is being  developed  for  the research  described  in  this
report.  A prototype straddle-packer system for multilevel slug tests has been constructed
at the KGS.  The prototype system consists of two packers (each approx.  .67 in in length
when fully inflated) that are used to seal off the test interval from the adjacent screen.
A section of .025 in ID PVC (SCH 40) pipe is conneeted to the central flow-through pipe
of the top packer of the pair.   A series of sections of the .025  in ID PVC pipe runs to
a  third  packer  located  above  the  top  of the  screened  interval.    This  pipe  allows  the

pressure pulse initiating a slug test to be confined to the straddle-packer interval.   The
central flow-through pipe of the middle packer is closed off prior to testing.   A slug test

is initiated by adding or removing water to the casing above the third packer and then

opening the central flow-through pipe in the middle packer.   As with the original KGS
slug-test system (MCElwee and Butler,  1989), the central flow-through pipe is opened by

the mechanical lowering of a plug attached to pump rods.   Although the test interval can
be   up  to   several   meters   in   length,   it  cannot  be  less   than   .29   in  in   the  present

configuration.

After the completion of testing at one level, the packers are deflated and the string
of packers and pipes is moved until the straddle-packer interval is opposite the next zone
to be tested.   The string can be moved until the top of the third packer is raised above

the static water level or lowered below the top of the screen.   At that point, a section of
PVC pipe must be either removed or added, respectively,  to the pipe string connecting
the straddle packer to the top packer before testing can be continued.   h this manner,

a  series  of multilevel  slug  tests  can  be  readily  performed  across  the  entire  sereened
interval of a well in  a relatively  short period of time.   At shallow depths the sting of

packers  and pipes can be lifted manually,  while at deeper depths a apecial  tripod and
winch arrangement that was constructed during the first year of this project is employed.

Note that  the packers  used  in  this  system  were  designed  and  constructed  at the KGS.

Commercially  available packers  for  use  in  .05  in  ID  wells  have  central  flow-through
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pipes that are  .0125 in ID or smaller.   Packers with larger flow-through pipes (.025  in
and .019 in) were designed in an effort to ensure that the parameters estimated from the

response data would be reflective of properties in the aquifer, and not the diameter of the
flow-through pipe.

As stated above,  slug tests are initiated by adding or removing water  from the
eased  section  of the  well  above  the  third  packer.    h  all  cases,  pressure  transducers

Q'S7000 and  PS9000  series,  Instrumentation  Northwest,  hc.)  placed  above  the  third
packer are employed to measure water-level recoveries in the slugged well.   During the
field season, the transducers are calibrated in the laboratory on a monthly to bimonthly
basis   as   described   in   section   IV.E.      Between   laboratory   calibrations,   transducer
functioning is cheeked in the field by measuring the height of the column of water above
the transducer using an electric tape (Model  101  flat tape water meter,  Solinst Canada
Ltd.).   The transducers are connected to one of two types of data acquisition devices:  a
datalogger (21X datalogger,  Campbell Scientific, Inc.), or a data acquisition card (WB-
FAI~B  high  speed  interface  card,   Omega  Engineering,   Inc.).     Note  that  the  data-
acquisition card has been placed in the expansion chassis of a 12 MHZ laptop computer

(Supersport 286 Portable Computer,  Zenith Data Systems Corp.).
In the following section, the use of this equipment in an initial series of multilevel

slug tests at GEMS is described.
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I. MULTnEVEL SLUG TESTs AT GEMS

Multi]evel Tests at GEMS 2-5
The  prototype  KGS  multilevel  slug-test  system  was  employed  in  a  series  of

multilevel slug tests at GEMS.   GEMS well 2-5 (depth = 20.67 in, screen length = 9.14

in), which is screened essentially through the entire sand and gravel section at the site,
was used for these tests.   An initial series of tests was run in which the slug consisted

of the volume of water required to raise water levels 3.07 meters in the eased section of
the well (IL=3.07 in).   As shown in Figure In.B.1, the slug-test responses measured at
the  different  depths  were  very  similar.     Note  that  Table  in.B.1   lists  the  depths
corresponding to each test interval.   Although the variation in the hydraulic conductivity
values calculated from the core samples taken from GEMS 2-5 at these same depths was

also small  a3utler et al.,1991),  the decision was made to repeat the series of slug tests

using  Ho's of different magnitudes  to see  if greater discrimination between  test zones
would be possible using a different Ho.   Figure Ill.8.2 shows a plot for slug tests over

the same intervals as Figure Ill.8.1 using a Flo of approximately I.65 in.   A comparison

of the two figures shows that, although there is little difference between tests using the

same   Ho,   there   is   a   considerable   difference   between   tests   using   different   Ho's.
Normalized plots of the slug-test responses  from a series of tests with differing Ho's in
the third test interval are presented in Figure Ill.8.3.   Note the dramatic dependence of

the slug-test responses on magnitude of Ho.   Dependence relationships of this form were

seen in all the tested intervals.  Table Ill.8. i summarizes the parameters calculated from

the slug-test responses for a subset of the tested intervals.  In all cases, the higher the Ho,

the lower the calculated conductivity.   The inverse relationship between the magnitude

of Ho and the calculated conductivity dces not appear to require a threshold value for Ho.

Experiments have shown that differences in Ho as small as .03 meters will still produce
conductivity differences in the direction predicted from this relationship.  Thus, the small

difference  in  Ho  that  exist  between  the  slug  tests  shown  on  Figure  in.B.1  or  Figure

Ill.8.2 could  easily  explain  the differences  displayed on  those plots.    Note that when

special care was taken to ensure that the same volume was used for the slug in repeat

tests at a given interval, the plots of the responses for the repeat tests coincided.

It is important to note that the theory from which the conventional methodology
used for slug-test analysis (e.g. , the CBP or Hvorslev models) was developed holds that
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the slug-test responses  should be independent of Ho.   In other words,  plots of slug-test

responses  from  tests  using differing Ho normalized by  the Ho used  in each  test should

coincide.   Clearly, the multilevel slug tests at GEMS are being affeeted by processes not
considered in the standard  theory.

The dependence of slug-test responses on IL was not the only anomalous behavior
observed during the multilevel slug testing at GEMS.   Figures in.B.1 -Ill.8.3 are plots

of slug-test responses  given  in  the format of the Hvorslev  method  aog  heads  versus
arithmetic time).   Note the concave downward fom of the curves.   Conventional theory
dictates  that  these  plots  should  be  concave  upward  or  straight  lines  (Chirlin,   1989;
MCElwee  et al.,1990).    Nothing in the conventional  theory  would  allow  for concave
downward plots.   Additional indications that the multilevel slug tests at GEMS are being
affected by processes not considered in the standard theory are seen in Figures Ill.8.4
and HI.B.5, where the slug-test data are fitted using conventional approaches (CBP and
Hvorslev  teehniques).    The  systematic  deviation  displayed  on  these  plots  between  the

fitted model and the data are characteristic of the behavior observed in every multilevel
slug test performed in GEMS well 2-5.

Clearly,  the prceesses that are producing these anomalous responses need to be
explained before much useful infomation can be obtained from multilevel slug tests at
GEMS.   The decision was made to suspend multilevel slug testing and to concentrate on

trying to explain the observed behavior.   The objeedve of the work in the first year of
this  project  thus  shifted  to  the  definition  of  the  underlying  meehanisms  causing  the

anomalous behavior and the incorporation of these mechanisms into a general theory that
can be the basis of new teehniques for slug-test analysis.   h the following sections,  a
series of field experiments,  which were performed in an attempt to define the relevant

prceesses, are described.   These experiments led to the development of a nonlinear flow
model that is described in a later section.

Field Experiments to Explain Anomalous Behavior

A series of field experiments were designed to assess the role of several possible
factors  in  explaining  the  observed  behavior.     Factors  that  could  be  important  in

explaining the observed behavior include the following:   1) Frictional flow losses - these

could cocur in the cased region of the well above the top packer,  within the PVC pipe
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connecting the straddle packer to the top packer, within the packer flow-through pipes,
and within the well screen; 2) Non-Darcian flow within the aquifer in the vicinity of the
well screen; 3) Aquifer heterogeneities; and 4) Measured pressure not refleedve of water
level position - the transducers used in the field tests are measuring pressure, which may
not always equate to the position of the water level.

The rust of the above factors was considered the most likely, although there was
no reason to immediately rule out the possibility of non-Darcian flow.   Simulations that
were performed as part of the theoretical work deseribed in section 11.8 (scenario 4D of
Table  11.8.1)  indicated  that  the  third  factor  (aquifer  heterogeneities)  is  not  going  to

produce  a  dependence  on  Ho  in  perfectly  stratified  systems.     Even  in  a  system  of
discontinuous  layers,  one would  not  expect that aquifer  heterogeneities  would  always

produce the inverse relationship between Ho and slug-test parameters that is seen in all
tests at GEMS.   The fourth factor may be important in the initial period of a test (e.g.,
the  first  one  or  two  seconds  of  the  data  shown  in  Figure  Ill.8.4  displays  some
oscillations in pressure that we suspeet are due to water hammer effeets and not actual
movement  of the  water  column),  but  should  not  affeet  data  in  the  middle  and  latter

portions of a test.
A series of field experiments was designed to test the possibility of frictional flow

losses  in  each  of the components of the system  listed above.    In order to simplify the
testing  procedure,  the  multilevel  slug-test  system  was  not used  for these experiments.
Instead,  all  experiments  were  carried  out  using  a  single  packer  inflated  in  the  eased
region  of a well  with  a  short  screened  interval.    This  configuration allows  for a long

length of well casing between the top of the packer and the static water level.

GEMS well  10-1 (depth  =  17.25 in, screen length  =  .76 in) was selected for the

initial series of tests.   The packer was placed just above the screened  region  and  two

transducers  were  placed  in  the  well  above  the packer.    One  transducer  was  placed
immediately  above  the packer  (7.59  in below  static  water level)  and  one was  placed
slightly below the static water level  (.58 in below static water level).   Thus,  there was
7.01  in of casing  separating  the two transducers.    If there  are  significant  flow  losses
within the casing,  normalized plots of the transducer data should differ.   Figure in.B.6

displays data from two tests of this series: Test I, which employed an Ho of I.07 in, and

Test 6,  which employed an IIo of 6.83 in.   Note that on both plots the early-time data

display pressure oscillations that are attributed to the water hammer effeets accompanying
the opening of the flow-through pipe in the packer.   In both plots, the transducer closest
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to the packer displays the largest early-time pressure oscillation, consistent with a water
hammer explanation  a'armakian,  1963).   After the early-time pressure transients have

passed,  there is little to no difference between the normalized pressure  measurements
from the transducers.   Thus, frictional flow losses within the eased region of the well do
not appear to be an important meehanism for these tests.  Note that Figure In.B.6 clearly
indicates that the dependence of slug-test responses on IL is seen with the single packer

setup.   Note also that a Hvorslev plot of the tests of Figure HI.B.6 will display a marked
concave  downward  curvature.    Thus,  the  same  behavior  was  observed  in  the  single

packer  tests  as  in  the  multilevel packer  tests.    This  would  imply  that  the  PVC  pipe
employed in the multilevel system is not primarily responsible for the observed behavior.

The  next  series  of field  tests  was  designed  to  assess  whether  frictional  losses
within  the  flow-through  pipe  of the packer  could  be  an  explanation  for  the observed
behavior.  In order to test the importance of this meehanism, a transducer must be placed

below the packer and isolated from the region above the packer.   Unfortunately,  there
is not enough room in a .05 in ID well to place such a transducer-packer arrangement.
Therefore, work was shifted to GEMS well 0-6 (depth = 24.69 in, screen length  =  1.52

in, radius  =  .127 in), which is currently the only large-diameter observation well at the

site.     Unfortunately,  GEMS  0-6  is  screened  in  the  bedrcek  underlying  the  alluvial
deposits,  so the velocity of the slug-test induced flows is considerably lower than in the
wells sited in the sand and gravel section of the alluvium.   Preliminary testing, however,

did reveal that the slug-test responses at this well displayed a similar dependence on Ho.

In addition, a slight downward curvature was seen on Hvorslev plots of tests when a very

large  EL  (7.39  in)  was  employed.     Thus,   even  a  well  sited  in  material  of  lower

permeability displayed much of the same anomalous behavior.
A simple transducer-packer arrangement was constructed at the KGS for this set

of experiments.   The transducer cable was run through the central flow-through pipe of
the packer until the bottom of the packer, a short distance above the location of the plug
used to initiate the slug tests,  at which point it passes out of the flow-through pipe at a
T connection.    A  compression  fitting  was  placed  on  the cable at  the T  connection  to

ensure that no water leaked into the flow-through pipe along the transducer cable.   This
setup enabled  the  transducer  sensor  to be placed below  the packer,  isolated  from  the
region  above  the  packer.    A  series  of experiments  was  performed  in  the  field  and

laboratory to ensure a watertight seal was obtained with the compression fitting and that

the transducer  was  truly  isolated  from  the eased  region  above the packer.    Neither in
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these experiments nor in any of the following tests was there any indication of leakage
in this system.

Figure in.B.7 displays the head data from a test (IL = 6.88 in) in the first series
using  the  transducer-packer arrangement.    'The upper transducer is  located  above  the

packer,  .46 in below the static water level.   The lower transducer is located below the
packer,  11.88 in below the static water level (total distance between the two transducers
is   11.42  in).     The  plotted  data  show  that  there  are  differences  between  the  two
transducers  in  the  early  portions  of the  test.    These  differences,  however,  become
negligible later in the test.   Some flow losses do seem to occur within the packer flow-

through pipe, but,  since the differences do not extend through the entire test,  they are

probably not the primary reasoh  for the observed anomalous behavior.   A comparison
of Figures Ill.8.6 and Ill.8.7 shows that reeovery to the static water level in the bedrcek
well  takes  much  longer  than  in  the  wells  sited  in  the  sand  and  gravel  section.    The

velcoities in the flow-through pipe in the wells in the sand and gravel section are clearly
much greater than in the bedrcek well and thus the effeet of frictional losses in the flow-
through  pipe  should  be  larger.    However,  given  that  a  similar  dependence  on  Ho  is

observed in the bedrcek and alluvial wells, frictional losses in the flow-through pipe are

probably still not the primary mechanism producing the anomalous responses.
In order to further assess the possible role of the packer in the production of the

observed  behavior,  an  additional  series  of experiments  was  run  in  which  the packer
alTangement  was  not employed.    Instead,  PVC  pipes  (.06  in OD)  of differing lengths

(1.60 and 3.10 in), which had been filled with sand and sealed at both ends,  were used
to  perform  the  slug  tests.    A  slug  test  was  initiated  by  rapidly  lowering  a  PVC  pipe
below  the  static water level,  causing a rise in water levels.   Pipes of different lengths

cause the Ho's to be different (IIo  =  .36 in for short pipe and  =  .69 in for large pipe).

Figure Ill.8.8 displays the results from two tests of this series.   As with tests using the

packer, a dependence on Ho is observed.   Thus, flow losses in the central  flow-through
pipe in the packer do not appear to be the primary mechanism producing the observed
dependence on Ho.

Frictional losses  in  the well  screen  appear to be the most likely  source of the
observed behavior.   Unfortunately, there is not an easy way of testing the importance of

this mechanism in the field.   An initial attempt at assessing the importance of ffictional

losses in the well  screen was  made using the transducer-packer amngement discussed

earlier.    In this case,  a pieee of well  screen  (1.52  in in length) was  screwed on to the
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bottom end  of the  flow-through pipe.    The transducer  situated  below  the packer was
located outside this section of screen.   The idea was to mount a piece of screen whose
slot size was smaller than that used in the well screen at GEMS 0-6.   The screen with
the smallest slot size should be the feature with the most resistance to flow in the system.
If ffictional losses in this screen are important, measurements from the transducer located
below the packer outside the mounted screen should differ from the measurements from
transducers above the packer.   A series of experiments with screens of two different slot
sizes were perfomed.  In all cases, the responses were similar to those of Figure Ill.8.7.
There were  no additional losses of any  significance.    We  suspect,  however,  that this
result  may  be  more  of a  function  of experimental  design  (i.e.  slot  sizes  of mounted

screen are too large, slots of screen in well are encrusted with mud, etc.), so further tests
are planned both in the laboratory and field in an attempt to better assess the importance
of this meehanism.

Summary
An initial series of multilevel slug tests was performed at a well sited in the sand

and gravel section at GEMS.   The data from this series of tests indicated that the slug-

test responses at this well were being affeeted by mechanisms not accounted for in the
conventional theory.   An inverse relationship between the magnitude of the induced slug

(Ho) and the estimated conductivity, a concave downward curvature to data plotted in the
Hvorslev  format,   and  systematic  deviations  between  the  test  data  and  the  best-fit

conventional models were the most obvious indications of these mechanisms.   Additional

experiments  indicated  that some of these processes  also affect slug-test responses  in a
well in the less permcable bedrcek underlying the alluvial section at GEMS.

A large number of field experiments were performed in an attempt to identify the
relevant meehanisms producing the observed behavior.   The results of these experiments

indicated that frictional flow losses in the well casing, in the PVC pipe string used in the

multilevel  slug-test  system,  and  in  the  flow-through  pipe  in  the packer  were  not  the

primary  mechanisms  producing  the  observed  responses.     Experiments  to  assess  the
importance of frictional flow losses within the well screen produced ambiguous results.
Further  work  is  needed  to  assess  the  role  of flow  losses  within  the  well  screen  and

possible non-Darcian flow in the aquifer.
Although the work described here is ongoing, an important recommendation can

be made about the performance and analysis of slug tests.   A series of slug tests at a well
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should always be performed using at least two different Ho's ®referably differing by at
least  .5  in).    If plots  of  the  response  data  normalized  by  the  conesponding  Ho  all
coincide, then one can feel confident that some variant of the conventional approach for
analysis of slug-test data can be employed.   As shown in the experiments described in
this section,  the use of only one Ho in a series of slug tests could lead to considerable
error in the estimated parameters.  It is important to note that the behavior described here
has, to the best knowledge of the authors, never been reported on in the uterature.   This
is  not  especially  surprising  due  to  the  fact  that  IL  is  almost  never  varied  during  a

program of slug testing and that most slug tests are performed and analyzed in a rather
approximate fashion.   However,  if our abmty to predict contaminant movement in the
subsurface  is  to  be  improved,  it  is  essential  that  the  error  being  introduced  into  the
modeling analyses by the use of incorrect parameter values be diminished.

Although   field   experiments   directed   at   defining   the   relevant   meehanisms

producing the anomalous behavior have not yet been completed, work has already begun
on the development of a theory to account for some of the observed behavior.   In  the
next section of this report, a theory based on the incorporation of a nonlinear flow term
into the Hvorslev  model is described and examples of application of the theory to data
from wells at GEMS are presented.
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Figure  Ill.8.1  -Normalized  head  QI/Ho)  versus  time  plots  for  slug  tests  in  seven

intervals of GEMS well 2-5 (IL = 3.07 in).   See Table in.B.1 for depths corresponding
to each interval.
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Figure  Ill.8.2  -  Normalized  head  (II/Ho)  versus  time  plots  for  slug  tests  in  seven
intervals of GEMS well 2-5 (IIo =  1.65 in).   See Table in.B.1 for depths corresponding

to each interval.
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Figure  Ill.8.3  -  Normalized  hcnd  (II/Ho) versus  time  plots  for  slug  tests  in  the  third

interval (19.77-20.05 in) of GEMS well 2-5 using Ho's of different magnitudes.
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Figure Ill.8.4 -Normalized head (II/Ho) versus time plots of slug-test data from interval
3  (19.77-20.05 in) of GEMS well 2-5 and the best-fit CBP model.
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Figure Ill.8.5 -Normalized head (II/H) versus time plots of slug-test data from interval

3  (19.77-20.05 in) of GEMS well 2-5 and the best-fit Hvorslev  model.
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Figure Ill.8.6 -Normalized head (II/Hd) versus time plots for two slug tests at GEMS
well  10-1  alo,  =  1.07 in; Hoe  =  6.83 in).   Note that two transducers were used in each
test.
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Figure Ill.8.7 - Normalized head  (II/Ho) versus time plots for slug test at GEMS  well

0-6 Qlo  =  6.88 in).   Note that the transducer-packer arrangement described in the text
was used in this test.
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Figure Ill.8.8 -Nomalized head QI/Ho) versus time plots for two slug tests at GEMS
well 0-6 Qlo]  =  0.36 in; Ho2  =  0.69 in)..   Note that these slug tests were initiated using

the PVC pipes described in the text.
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Interval
(1o¥rvmfty (1o-xpmp,s)

Ho

(in) (in)

20.07   -20.36 0.2105 0.0682 6.88

20.07   -20.36 0.2136 0 . 0693 6.86

20.07   -20.36 0.3499 0 .1124 1.66

20.07   -20.36 0.2856 0.0921 3.06

20.07   -20.36 0.2960 0.0956 3.12

19.77   -20.05 0.3499 0.1135 1.65

19.77   -20.05 0.2785 0 . 0904 3.04

19.77   -20.05 0.2881 0.0938 3.01

19.77   -20.05 0.2045 0 . 0664 6.85

19.46   -19.74 0.3377 0 .1098 1.74

19.46   -19.74 0.2797 0.0911 3.05

19.46   -19.74 0.2805 0 . 0913 3.03

19.46   -19.74 0.2074 0.0676 6.86

19.15   -19.13 0.3347 0 .1085 1.62

19.15   -19.43 0.2823 0 . 0917 3.04

19.15   -19.43 0.2673 0.0864 3.28

19.15   -19.43 0.2011 0 . 0652 6.85

18.83   -19.12 0.3539 0 .1177 1.58

18.83   -19.12 0.2839 a . 0922 3.03

18.83   -19.12 0 . 27 7 7 0.0900 3.19

18.83   -19.12 0.2031 0.0660 6.87

18.52   -ie.81 0.3481 0.1124 1.60

18.52   -18.81 0.2723 0.0882 3.23

18.52   -18.81 0.2908 0.0943 2.94

18.52   -18.81 0.2068 0 . 0672 6.90

18.22   -ie.5o 0.3441 0 .1111 1.69

18.22   -18.50 0.2868 0.0929 3.01

18.22   -18.50 0.2941 0 . 0955 2.99

18.22   -18.50 0.2117 0.0688 6.92

Table Ill.8. I -Results of Hvorslev a{Hv) and CBP (KCBp) analyses for the multilevel slug
tests using different initial heads (Ho).   Interval nos.  increase down table (top is no.2).
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C.   DEVELOPMENT OF A NONLINEAR MODEL FOR ANALYSIS OF SLUG-
TEST DATA
Introduction

As described in the previous section and in section IV.A, slug-test response data
from wells in the sand and gravel aquifer at GEMS are being affected by mechanisms not
accounted for in the conventional theory on which the standard methods for data analysis
are based.   One possible mechanism that could be producing the anomalous observed
behavior is ffiction between the water and the casing walls or screen slots.  h this section,
an additional term is incorporated into the Hvorslev model to account for frictional losses
within the well screen.   The initial model that is developed will assume that ffictional
losses in the well screen are independent of water velocity.   However, since   frictional

effects  are  generally  proportional  to  some  power  of  the  velocity,  the  final  model
developed here will assume a dependence of fiictional losses on velceity.  This velocity
dependence will lead to a model of a nonlinear form.   Following model development,
several  example  applications of the new model  to data from  slug tests  at GEMS  are

given.

hcorporation of Frictiona] Flow Losses into the Hvorslev Model
Constant Resistance

The conventional Hvorslev equation is

Q(i)--ar€#---FK.h(i)
where

Q(t) = flow into/out of the well in response to induced slug;
H(t) = height of water in well at time t;
h(t) = head of water in the aquiferjust outside the screen;

K = hydraulic conductivity;
F = Hvorslev gcomeric factor,
rc = casing radius.

(in.C.1)

If there is a loss in head across the screen due to wall or slot friction, H(t) and h(t) will

not be the same.  This results in
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o(„--( H (i) - h(i)
(III.C.2)

where R is the resistance factor.  In this first case, we consider R a constant and see what
are the consequences.   Replacing h(t) in equation (In.C.1)   with equation (Ill.C.2)   and
elindnating Q(t) gives

ar2c#---FK.(Q(i)R+H(tn

aH(i) _       -FK
at        are(l+FKR)

• H(')

Equation (HI.C.3b) is easily solved to give the solution

Lr,(H(i,)--
-FK

art(1+FKR)
i + Corrst.

(in.C.3a)

(III.C.3b)

(Ill.C.4)

Clearly, this equation will plot as a straight line on a log-linear plot just as the traditional

Hvorslev method, the only difference being that the slope is modified by the resistance

factor (R).   Equation (III.C.4) shows that a constant resistance can not give the concave

downward behavior or the dependence on initial head that we observe in the slug-test data
from GEMS.

Resistance Ptol)ortional to a Power of the Ve]ocitv

The more realistic assumption is that the resistance is proportional to some power
of the velocity.   For simplicity, usually only  the first or second power of velocity is
considered.  If we assume R is propordonal to the first power of the water velocity in the

well casing, we obtain

Ji = A . lvl = A

Ill.C.2

(in.C.5)
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where A is an assumed constant of propordonality.   Using equation (III.C.5) for R and

substituting into equation (in.C.3a) gives

erc2#=_+®+Ot„ffi,].

Using equation all.C.1) to eliminate Q(t)  gives the result

#[1+FKAl#l]=-#H(„

aH.C.6a)

all.C.6b)

The generalization of equation all.C.5) for any power  (N) of the velocity is

R=A.,V,IV=Al#l".

Similarly, the generalization of equation (III.C.6) is

#[,+FKA,#,"]=-#H(„.

(in.C.7)

(in.C.8)

Numerical Solution

Equation  (Ill.C.8)  is  nonlinear in  the variable  H(t)  and in  general can  not be
solved in closed form.  However, it does yield to standard numerical solution techniques.
We have tried several possibilities.   One form that has worked well is explored here.

Solving equation (Ill.C.8) for the time derivative of H(t) results in the following

in.C.3



(in.C.9)

The time derivatives in equation (III.C.9) can be evaluated numerically by the central
difference rule.

[=r2=
H"` - H"

A,
(in.C.10)

where Hn is the value of H(t) at time n and Dt is the time step between times n+1  and n.

Evaluating equation all.C.9) at time n+1/2 and using equation (III.C.10) along with the

Crank-Nicolson approximation

Hn„2__tH.+\+H.]j2

gives the following numerical approximation

H " \ -- H - - (IH.C.11 )

However, equation (in.C.11) still can not be solved directly since Hn+1  appears

on both sides of the equation.  Therefore, we must resort to an iterative scheme by adding
another superscript to be the interactive index.   Hn(in) is the in th iteration value at the
nth time level. Rewriting equation (in.C.11) with iteration indices results in the following

fom
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H"\(-+I)--H|-

where we have also used the standard definition of the Hvorslev time lag

•o-#

(in.C.12)

(in.C.13)

Equation Orl.C.12) must be iterated until there is relatively little difference in the H(t) for

consecutive iterations.  At that point one can move on to another time step and repeat the
iteration procedure.   In this way the complete time dependence of H(t) can be generated
numerically.   We have implemented this  scheme with N=2 in the automated well-test
analysis program SUPRPUMP (Bohling and Mc.Elwee,  1992).   Note that when N=2 is
employed, the  simulated data does display  a pronounced downward curvature on the
standard log-linear Hvorslev plot.   Also, examination of (Ill.C.12) shows that this model

will produce a dependence on initial head.  Thus, the two maj.or anomalous features seen

in the GEMS data can be reproduced by this  model.

Application of Nonlinear Model to GEMS Data

The nonlinear model was applied to data from a series of slug tests at GEMS.
Figures IH.C.1-III.C.3 are representative of the fits that were obtained.  In all cases, when

slug-test data from a well sited in the sand and gravel section of GEMS were analyzed
with this model,  very good fits were obtained.

Although the fits were dramatically improved by use of this approach (compare
Fig. III.C.3 with Figs. III.B.4-in.B.5),   the conductivity estimates indicate that we still
have not incorporated all the relevant mechanisms into the model.  This is clearly shown
by Figures HI.C.1-III.C.2, which display slug-test response data from two tests done at

the same well using different initial heads.  The conductivities estimated from these data
using the nonlinear Hvorslev model are .OcO984 in/s and .000641  in/s for the low and

high initial head cases, respectively.  Thus, there sdil seems to be an inverse dependence

of estimated conductivity on the magnitude of the initial head.    Further work is being
carried out in an attempt to explain this continued dependence on initial head.
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Figure in.C.1 -Natural logarithm of head versus time plots of slug-test data from GEMS
well 0-2 Qlo=.88 in) and the best-fit nonlinear Hvorslev  model

a.00
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Figure Ill.C.2 -Natural logarithm of head versus time plots of slug-test data from GEMS
well 0-2 Qlo=7.05  in) and the best-fit nonlinear Hvorslev model
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V.  CONSTRUCTION PROJECTS AND EQUPMENT PURCHASES

Additional Bladder Sampler
Considerable construction and assembly of equipment has taken place during this

first  year.     An  additional  complete  bladder  sampler  was  constructed  to  allow
unintermpted sampling in case the first one should sustain damage (which it did).   We
traveled to Otis Air Force Base on Cape Cod, Mass. to demonstrate our bladder sampler
to the USGS, June 9-14.1991.  The sampler performed well there and has received a lot
of attention nationally.  The continued consistent performance of our bladder sampler is
very significant in that we can renably obtain the samples needed for the characterization
of the hydrauHc conductivity disribution in coarse sand and gravel.

Laboratory Equipment
A  laboratory  pressure  standard  was  constructed  to  calibrate  all  pressure

transducers (both field and laboratory) and establish their accuracy.   A laboratory grade

power supply was obtained to supply voltage to pressure transducers and other laboratory
equipment.     Three new laboratory pressure transducers were acquired to replace some
older ones that have or will fall.   Miscellaneous small hand tools were also acquired so

that tools were not shared between field and laboratory activities.   A vacuum pump was
obtained to help in sample resaturation (accurate detemination of hydraulic conductivity
requires  that  the  samples  be  as  free of air as possible).  The laboratory apparatus  for
measuring hydraulic conductivity on cores has been upgraded for greater accuracy by
adding digital temperature measurement and a caliper for measuring water levels in the
manometers.   There is a calTyover of $5-60cO. in the equipment category that has been

earmarked for low permeability equipment.  This equipment will allow us to measure the
hydraulic  conductivity  of silt  and  clay  samples.    We  were  not  able  to  complete  the

purchase  this  first  year  of the  grant.   We  wanted  to evaluate  this equipment  before
purchasing it and were not able to attend a one day seminar with hands on training until
late in this grant period.  Consequently. our state fiscal year end procedures prevented us
from making the purchases this grant period.

Field Equipment

A  portable field trailer  (commercial  travel  traner)  is  in the process  of being
outfitted to handle our equipment for all standard field work.  This will take the place of
the field laboratory structure that was originally proposed.  We feel this portable field unit
will give much more flexibnity.   A new highly accurate and flexible IEEE-488 bus-based
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data acquisition  system   (including hardware and software) has been obtained and an
interface has been  constructed for our pressure transducers.  This system is much more
interactive  with  the  user  through  a  personal  computer  and  should  make  our  data
acquisition  easier  and  more  efficient.    As  mentioned  in  the  section  on  drilling  and
sampling, we believe the air driven jackhammer is the preferred method of driving the
sampler,  so we  have obtained a used air compressor and jackhammer for all  future
sampnn8.

Pumping and developing two inch wells is a difficult operation without the correct
equipment.  Until recently, few methods were available except air lifting, jet pumps (with
their inherent difficulty in priming), hand bailers, and surge blocks.   We have obtained
two relatively new items that make this work much easier.  The first is a PVC hand pump
capable of yielding a few gallons per minute.  It comes in five foot sections and can be
screwed  together  for  whatever  depth  is  needed.    The  second    item  is  a  Grundfos
submersible pump which will go down a two inch well and pump at up to nine gallons

per minute at shallow depths.  It is powered by a converter which runs on 220 AC volts.
The converter produces variable frequency voltage to power the pump which means the

pump can  be run  at variable rates.   We  have found the pump to be very valuable at
GEMS; it produces its full rated flow at maximum rpm and can be adjusted to lower rates
at will.

Several additional pieces of field equipment have been   constructed for special

purposes.  One of these is a portable grout machine for making a water impermeable seal
between the well casing and the wall of the hole.   This grouting is necessary for two
reasons.   First, most state regulations require it to prevent surface contamination of the
aquifer.   Second, the hydraulic tests that we perform require a good seal if we hope to
measure the true aquifer permeability and not some permeability of the bore hole.   In

years past, we have done this grouting with the full drill rig and that has prevented the
timely grouting of some wells ( they have stood open for up to four weeks).   With this
new portable system the grouting can be done in less than an hour or two after drilling the
hole.    Another piece  of equipment we  have  constructed  allows  slug  testing  directly
through  the  center of hollow  stem  auger flights  while  drilling.   We constructed this
equipment because it seemed that sometimes a well skin was being developed around the
well in the prceess of drining and completing it.   With this anangement, a screened
section of casing is driven ahead of the auger flights into virgin aquifer material and a

slug test performed there.   The only disturbance is due to driving the pointed two inch
casing into place.   This procedure should give us the best chance of testing relatively

undisturbed aquifer material in situ.  The equipment was constructed but was not tested in
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this  grant period.   Another piece of constructed equipment was  a ripod for lowering
equipment down a well.   The equipment to be lowered typically is a pump or packer on
the end of pump rods or cable.  The thpod is powered by an elecric winch that runs off
car  batteries  and is  highly  controllable.    It  was  designed  to  easily raise  and  lower
equipment  weighting about three hundred pounds or less (in testing, it could lift around
nine hundred pounds at its upper limit).  At the GEMS site. where shallow depths are the
rule, we will not need this much lifting power except when working with larger pumps in
future planned four inch diameter holes.

An additional piece of equipment we have acquired is an ultrasonic level indicator
for directly measuring the water level in a well.  Currently. we use pressure transducers to
infer what the  water level is  by measuring the pressure.    However,  when the water
column is moving or accelerating the pressure may not give a correct indication of the
water level due to inertial effects.  In coarse sand and gravel aquifers, such as at GEMS,
the water velocity in the well casings during slug tests can be high, so these effects can be

pronounced.   With this piece of equipment   we will have an independent check of the
water level which can be compared to the pressure transducers.   We believe that this
equipment will  help  us  explain  some effects that we consistently  see in  slug tests  at
GEMS.

Computer Laboratory
A computationally intensive project like this one needs the benefit of state-of-the-

art  computers.    Onginally,  we  had  budgeted  for  two  top  of the  line  386  machines;
however, computer technology is advancing very rapidly and prices are continuing to fall
at an equally rapid pace.  Consequently, we were able to buy four computers for the price
originally budgeted for two. Four computers (two 386 machines and two 486 machines)
have been purchased on this grant and they are used for both research and teaching.  The
486 machines, which are very fast (33Mhz), have large memories (16 Megabytes) and
contain  large  hard disks  (200  Megabytes)  have  greatly  aided the research.    The  386
machines run at 25Mhz, have 4 megabytes of memory and 70 megabytes of hard disk
space.   The 386 machines serve dual puxposes of research and education.   Also an IIf
Laser Jet Ill printer has been obtained.  This acquisition means that two laser printers are

available in the computer laboratory.   A network for printer sharing has been set up so
that every computer has access to a high quality laser printer.  In addition, each computer
is  connected to our main frame computer @ata General  machine).   In this  way each

computer can act as a terminal into the mainframe and information can be shared between
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the two systems.   Miscellaneous software has been obtained to allow the computers to
function efficiently for our specific tasks.

A computer laboratory has been set up to give access to the computers for both
research and teaching.   The laboratory currently contains five computers (one new 486
machine,  two new 386 machines, and two older computers).  The computer laboratory is
used by our research group and other geohydrology graduate students.   The computer
laboratory allows hands on computer training to geohydrology graduate students through
formal  class  work.   We  have  taught  two  classes:    Physics  727/Geology 771,  Finite
Element Methods,  spring  semester  1992  (7  students),  and Physics 727/Geology 771,
Finite Difference Methods, fall semester 1991  (7 students).   In addition, we have made
the laboratory available for other computer oriented classes taught by other hydrogeology
faculty members.  We expect this computer laboratory to continue to be a valuable asset
to our research and graduate education in geohydrology.
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VL  pERSoNNEL AND pRODuCTrvITy ISSUES

A.  PUBLISHED AND PLANNED PAPERS
Published Papers
The following papers were published in this grant period. however, they were not directly
supported by this grant due to the long lead time for publication.  The material covered is
very closely related to the present work and was instrumental in putting together the

present project.

MCElwee, C.D., Butler, J.J.. Jr., and Healey, J.M.,1991, A new sampling system for obtaining
relatively undisturbed samples of unconsolidated coarse sand and gravel: Groz/nd Wafcr
Mo#ifori.#g Rcvi.et4/,  v.11, no. 3, pp.182-191.

Bohling, G.C. and MCElwee, C.D., 1992, SUPRPUMP: An interactive program for weu test
analysis and design: Groztnd Wafcr , v. 30, no. 2, pp. 262-268.

Butler, J.J., Jr., and W.Z. Liu,1991, Pumping tests in nonuniform aquifers -the linear sthp case,
Journal of Hydrology , v . \T8. pp. cO-99 .

Papers planned or in Preparation
The following papers are planned for future publication in professional journals.

Currently they exist as infomal Kansas Geological Survey Open File Reports.

MCElwee, C.D.. Bohling, G.C., and Butler, J.J., Jr., Sensitivity analysis of slug tests:
Groundwater  or Journal Of Hydrology.

Butler, J.J., Jr., MCElwee. C.D., Liu, W.Z., and Bohling, G.C., Effects of partial
penetration, anisotropy, boundaries and well skin on slug tests: Groztnd Wafer  or
Journal Of Hydrology.

Bohling, G.C., Hyder, Z.. Liu, W.Z., Butler, J.J., Jr., and MCElwee, C.D., A numerical
model of slug tests in layered geologic systems: Groz/nd Wafcr  or/o«m4/ a/
Hydrology.

MCElwee, C.D., Butler, J.J., Jr..  Bohling, G.C., and Liu, W.Z., The use of observation
wells with slug tests.. Ground Water  or Journal Of Hydrology.

Liu and Butler, A time-continuous numerical model for well tests in heterogeneous
ayriife;Is, Journal Of Hydrology.
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8.  LIST OF PARTICIPATING PERSONNEL

MCElwee, C.D.- PI, is a Senior Scientist at the Kansas Geological Survey ( KGS) in the

Mathematical Geology Section and is also an Adjunct Professor in the Geology
Department of the University of Kansas (KU).

Butler, J.J. Jr. - Co-PI. is an Assistant Scientist at the KGS in the Geohydrology Section
and is also an Adjunct Assistant Professor in the KU Geology Department.

Bohling, G.C. - Investigator, is a Research Assistant in the Mathematical Geology
Section at KGS.

Macpherson, G.L. - hvestigator, is an Assistant Professor in the KU Geology
Department.

Miller, R.D. -Investigator, is an Assistant Scientist at the KGS and is the Chief of the

Exploration Services Section of the KGS.

Liu, W. - is a student Research Assistant in the Geohydrology Section at KGS and is

working on a Ph.D. degree in the KU Civil Engineering Department.

Mennicke, C.M. -is a student Research Assistant in the Mathematical Geology Section

at KGS and is working on a Ph.D. degree in the KU Geology Department.

Hyder, Z. - is a student Research Assistant in the Mathematical Geology Section at KGS

and is working on a Ph.D. degree in the KU Civil Engineering Depanment.

C.  INTERACTIONS WITH OTHER RESEARCH GROUPS
Papers Presented at Professional Meetings

Bohling, G.C., Hyder, Z., Liu, W.Z., Butler, J.J.. Jr.. and MCElwee. C.D.,1991, A numerical
model of slug tests in layered geologic systems: EoS, Trams. Amcr. Gcopdys. Unl.on, v.
72, no. 44, p.  146.  Also KGS Open-File Report no. 91-62, 22 pp.

MCElwee, C.D., Butler, J.J., Jr.,  Bohling, G.C., and Liu. W.Z.,1991, The use of observation
wells with slug tests: Eos, rraus. Amcr. Geopkys. Unl.arty v. 72, no. 44, p. 220.  Also KGS
Open-File Report no. 91-63, 32 pp.

Butler, J.J., Jr., and MCElwee, C.D.,1991, Hydrogeologic characterization of hazardous waste
sites, 8th Annual Water and the Future of Kansas Conf. Ptoc., pp.  10-11 (invited talk).
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MCElwee, C.D. and Butler, J.J., Jr.. 1992, Effective transmissivities from slug tests in wells with
a skin: Eos, 7tour. Amcr. Gcapkys. Unl.on, v. 73, no.  14, p.  126.

USGS trip to Otis Air Force Base
Carl MCElwee traveled to Otis Air Force Base on Cape Cod, Mass. to demonstrate

our bladder sampler to United States Geological Survey (USGS) researchers, June 9-14,
1991.  There are a number of pollution problems at the base, our work was involved with
a study of a sewage plume (LeBlanc,  1984; Hess and LeBlanc, 1987).   Kathr]m Hess of
the  New  England  District  of  the  USGS  Water  Resources  Division  organized  and
supervised the field tests.   Our sampler and the Waterloo sampler were compared in a
variety  of situations.    Our sampler perfomed well  there  and  has received  a lot   of
attention  nationally.    At  deeper depths,  where  heaving  is  a problem  and reeovery  is
difficult, our sampler performed consistently.   It seems that this bladder sampler can be
very  useful  in  a  variety  of situations  where  samples  are  needed  to  characterize  the
hydraulic conductivity disribution in coarse sand and gravel.

Trip to University of Nebraska
Jim Butler traveled to the University of Nebraska at Lincoln to give an invited

talk  and  to  meet with researchers in  hydrogeology. Jan.  31  -Feb.  1.  1992.   The taut,

entitled  "Well  testing  in  heterogeneous  formations",  was  part of the T.  Mylan  Stout

Lecture Series in the Dept. of Geology.  Dr. Vitaly Zlotnik was the leader of the research

group with whom meetings were held.
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vn. suMMARy OF yEAR ONE RESEARCH AND ouTLooK FOR FEAR Two

A. Sunn4ARy oF RESEARCH IN PEAR ONE
The major focus of the first year of this project was on the use of slug tests to

describe  spatial  variations  in  hydraunc  conductivity.    This  research  on  slug  tests  in
heterogeneous formations had both theoretical and field components.

The theoretical work was directed at developing a better understanding of the type
of  information  that  can  be  obtained  from  slug  tests  in  heterogeneous  units.     Since
traditional modeling teehniques are of limited effectiveness for the analysis of slug-test
data   from  wells  in  heterogeneous   formations,   a  new   numerical   model,   which  is
continuous in time and employs an approximate representation of flow in the weu bore,
was developed.   This  model was  then used in a detailed  study of slug tests in layered
aquifers.     The  results  of  this  study  helped  to  1)  define  the  manner  in  which  layer

properties  are  vertically  averaged  during  a  slug  test,  2)  demonstrate  that observation
wells can provide useful information about vertical variations in formation properties, and
3)  delincate  conditions  when  multilevel  slug  tests  can  provide  little information  about
vertical variations in hydraulic conductivity within a unit.   The technique of sensitivity

analysis was then employed to study the form of the effective parameters obtained from
slug  tests  in wells  surrounded  by  a finite-radius  zone of low  permeability  (well skin).
These effective parameters are shown to be heavily influenced by the properties of the
well skin.   Since observation wells were shown to be of use in the analysis of slug tests

in  layered  aquifers,  the  final  component  of  the  theoretical  analysis  was  a  detailed

examination of slug tests with observation wells.   This analysis  showed that the use of

observation wells in  slug tests can  significantly improve the reliability of the' estimated

parameters.
The field component of this study of slug tests in heterogeneous formations mainly

concentrated on an assessment of multilevel slug tests in highly permeable alluvium.   A

prototype multilevel slug-test system, built at the KGS, was tested at GEMS.  The results
of the multilevel tests indicated that slug tests in the sand and gravel section at GEMS
are being affeeted by meehanisms not accounted for in the conventional theory on which
the  standard  methods  for  slug-test  data  analysis  are  based.    The  existence  of  these
mechanisms  were  reflected  by  a  concave  downward  curvature  on  log  head  versus

arithmetic  time  plots,  a  dependence  of  slug-test  responses  on  the  magnitude  of  the
induced slug (IL) , and systematic deviations between plots of the test data and the best-fit
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conventional  models.    A  series of experiments were carried  out at GEMS  in order to
clarify the mechanisms producing the observed behavior.   Although these experiments
have not yet been completed, ffiction within the weu screen is considered the most likely
mechanism producing the observed behavior.   A nonlinear term has been added to the
model of Hvorslev (1951) in order to account for these ffictional losses.  The initial form
of  this  new  nonlinear  Hvorslev  model  appears  to  be  superior  to  the  conventional

approaches for the analysis of slug-test data from the sand and gravel section at GEMS.
Further work, however, is still needed to identify all the relevant mechanisms affecting
slug-test responses at GEMS and to incorporate these mechanisms into a general model
that can be used for the analysis of slug-test data.

In addition to the research on slug tests in heterogeneous formations, a significant
amount  of  the  work  in  the  first  year  of this  projeet  was  direeted  at  increasing  our
knowledge of the  subsurface at GEMS.   This  work included  hydraulic testing of wells

in  the  aquifer  and  underlying  bedrcek  at  GEMS;  a  detailed  study  of  the  aqueous

geochemistry of the alluvium and underlying bedrcek;  continued drilling and  sampling
activities;  further modifications of the bladder sampler developed at the KGS; continued
laboratory analyses of the cores obtained with the bladder sampler; and a detailed seismic

survey.   These characterization efforts, which will continue throughout this projeet, are

directed  towards  the development of a detailed picture of the subsurface at GEMS,  so
that  we  can  better  assess  the  results  of the  hydraulic  and  tracer  tests  that  are  being

performed as part of this research.
A  considerable  amount  of construction  and  assembly  of equipment took place

during  the  first  year  of this  project  supporting  the  research  effort.    This  equipment
included  an  additional  bladder  sampler,  a  laboratory  calibration  system  for  pressure

transducers, a portable field trailer, a tripod and winch system for moving equipment in

a well,  and interfaces for data acquisition equipment.

8. OuTLOOK roR RESEARCH IN PEAR Two
The second year of this projeet wnl build upon the progress made in year one.

The  major  task  of the  carly  part  of year  two  will  be  to  complete  the  study  of the
meehanisms  that are producing  the anomalous behavior in  slug  tests  at GEMS  and  to
incolporate the relevant meehanisms into a new model for the analysis of slug-test data.

Following the completion of the slug-test work,  the fceus of the research  will  shift to
multidimensional pulse tests.   The primary emphasis of the remainder of year two will
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be  an  evaluation  of pulse  tests  for  providing  information  concerning  the  lateral  and
vertical variations in hydraulic conductivity between wells.   A better assessment of this
interwell variation should shed light on how these properties might be averaged to form
equivalent parameters for mathematical modeling, and thus should lead to more accurate

predictions of contaminant movement in the subsurface.  As with year one of this projeet,
a significaLnt component of the work in year two will be efforts direeted at continued
characterization of the subsurface at GEMS.   The detailed information colleeted in this
characterization effort will be of vital importance in the third year of this work when
tracer tests will be performed at GEMS.
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H.   APPENDICES

Appendix A
Numerical I+aplace Trausfolms

This  appendix  begins  by  briefly  discussing  three  commonly  used  numerical
methods  for the back transformation of I.aplace-space  functions into real  space.    The
Crump (1976) method is the fceus of the remainder of the appendix and the algorithm
of De Hcog et al.  (1982) is introduced as an approach for accelerating the convergence
of the summation series employed in the Cnimp method.

The inversion step, i.e. the back transformation of the Ifplace-space function into
real  space,  is  probably  the  most  difficult  step  of a  problem  involving  the  laplace
transformation.   Many methods for the numerical inversion of haplace-space solutions
have been employed in the groundwater literature.   The most commonly used metheds
are those of Stehfest (1970), Talbot (1979), and Crump (1976).  The numerical inversion

scheme  of  Stehfest  produces  a  solution  for  one  specific  time.    At  least  10  or  more
Iaplace  solutions  (i.e.  10 pL values)  are usually required  for the inversion in order  to

obtain a solution of acceptable accuracy.  The maximum number of haplace solutions ac)
that can be used in the Stehfest algorithm is related to the largest number the computer

can manipulate.   Generally, K should be assigned a value as large as possible for a given

machine in order to minimize the error of the inversion.  Once the value of K is selected,
the accuracy of the inversion is fixed.

The Talbot inversion  algorithm  also produces  a  solution  for one  specific time.

In this case,  however, there is no limit on the value of K and thus on the accuracy of the

inversion.     Computations  are  terminated  when  a  summation  series  converges  to  a

prespecified  criterion  by comparing inversion  results obtained  using  two  successive pL
values.

The Crump method differs from both of the preceding methods in that a single
set of pL solutions can be employed to perform the inversion for a range of times.   The
accuracy of the inversion in this case is determined by both the number of terms in the

summation and the values of summation-series parameters.

Previous  work (e.g.,  Barker,  1982;  Mcench and  Ogata,  1984;  Mcench,  1984;

Chen,  1985,  1986;  RIpp,  1985;) has shown that all three of the above methods can be

used in groundwater flow and transport applications with high accuracy.   The seleetion
of an  inversion  method  should  therefore be based  on  the speeific requirements of the

problem being addressed.   If solutions are required at only a few points in time, then the
Talbot or Stehfest algorithms are  the most appropriate approaches.    If,  as  is often  the
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case in well-test applications, there are a large number of points in time, the method of
Crump (1976) is the most efficient method.  Although 3DFDTC enables the user to select

either the Stehfest or Crump algorithms, the algorithm of Crump win undoubtedly be the
most commonly used approach for well testing applications and thus is the focus of the

remainder of this discussion.

Crump (1976) found that a series transformation may be incorporated into (12)
of section II.A to speed up the rate of convergence and,  at the same time,  reduce the
truncation  error.    This  approach,  known  as  the epsilon  algorithm,  produces,  without
exception, much faster series convergence than a conventional summation.  The number
of haplace-space solutions required in the summation series is reduced from hundreds to

tens.   The apsilon algorithm involves the approximation of the summation series of (12)
of II.A by a sequence of partial sums that are calculated using a reeursive equation.   De
Hcog et al.  (1982) presents a quotient difference algorithm that dramatically improves

on the speed of convergence of the epsilon algorithm.   Liu and Butler (1991) provide a

detailed description of the De Hoog algorithm, a summary of which is given here.
In the De Hoog  algorithm,  the  summation  series  inside the brackets  of (12)  of

II.A is rewritten as the real value of the following equation,

S2„=kEakz*,wherez=e#
2Jy

1*t
z -- e I_ i
ak--=j(pk)

This summation can be approximated by

S2N~~V(Z12N)--do/(1+diz/(1+...+d2NZ))

where

(1A)

(2A)

where dj ,..., j = 1 , 2N are called the continued fraction coefficients

and are deflned as  do = ao ,  cr2n_1 = -gJ°) ,  cJ2n=-eJ°) ,  i] = 1 ,......, IV.  The initial   er(i)

and    gJj)    terms are defined as:

eJ±' -_0 ,  for i-_O ,1 ,..., 2N,  and q±±' --±±:= ,    for i--O ,1 ,..., 2N-1.

An amy of q and e ccefficients can be formed using the following relationships
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for  r~_1 ,..., 2N,   e±3'  -_q±]+L'  -q±±'  +e±±:`'  ,   i-_o ,..., 2N-2I   (3A)

and  for I--2 ,..., N,  q±±' --q±±:L' e±±:L' / e±±| ,  i--o ,..., 2N-2r-1   (4A|

This any can be written out as

g1®'

e`o'`               eul0ly

qf,I,)           qflp
e oa)             e`\\)             e2qu'

Tf I,D             qfx&)
eflso»              cf ZLD

g10)

e;4)

(5A)

The following reeursive equations can then be used to calculate the terms required in the

approximate summation of (2A):
An  =  An.1  +  dnzAa.2

n  =  1,  2 ,... '  2N
Bn   =  BD.I   +  dBZBD-2

with  A.1  =  0,  8.,  =  1,  Ao  =  do and Bo  =  1.

(6A)

Using  these  recursive  equations,  (2A) can  now be written as  S2n  fag  v(z,2N)  =

A2N/82N.   Equation  (12) thus beeomes:

dj le) = liar ep°CS2„= t± ep°tii|              (7A)

Liu and Butler (1991)  show that use of (7A) instead of the epsilon algorithm approach

can reduce the number of terms required in the summation by a factor of two or more.
Note that as described by Liu and Butler (1991), careful seleetion of the Tmax parameter

is required  in  order to realize the maximum computational reductions.    Those authors

provide recommendations on the selection of Tmax and other summation parameters.
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Appendix 8
Concepts of Seismic Reflection Prospecting

It is the purpose of this short appendix and the attached figures to describe basic

principles and features of seismic reflection. The paper is intended primarily for those
who have heard of seismic refleetion but do not know how it works.

The  seismic-reflection  method  is  a  powerful  technique  for  underground
exploration that has been in use for over 60 years. The revolution in microelectronics
during  the past  ten  years  has resulted in  the construction of new  seismographs  and
microcomputers for data collection and processing that permit the cost-effective use of
seismic reflection in a wide variety of applications that were not feasible previously.

Seismic-reflection techniques depend on the existence of discrete velocity and/or
density  changes  in  the  subsurface.  These  discrete  changes  in  either mass  density  or

seismic velocity are known as acoustical contrasts. The measure of acoustical contrast is
fomally known as acoustic impedance, which is simply the product of mass density and
the  speed of seismic waves traveling within a material.  In many cases,  the  acoustical

contrasts cecur at boundaries between gcologic layers or formations, although man-made
boundaries such as tunnels and mines also represent contrasts

Compressional waves, or P-waves, are the most commonly used type of seismic
wave for reflection prospecdng. P-waves propagating through the earth behave similar to
sound waves propagating in air. P-waves generate echces (reflections) when they come in
contact with  an acoustical contrast in the air or under the ground.  In the underground
environment,  however,  the  situation  is  more  complex  because  energy  that  comes  in
contact  with  a  solid  acoustical  interface  can  be  transmitted  across  the  interface  or
converted into refractions and/or shear waves as well as reflected waves.

Seismic reflection is sensitive to the physical properties of earth materials and is
relatively insensitive to chemical makeup of both the earth materials and their contained
fluids.  The  seismic-reflection  technique  involves  no  assumptions  about  layering  or

seismic velocity. However, no seismic energy will be reflected back for analysis unless
acoustic impedance contrasts are present within the depth range of the equipment and

procedures used. This is identical to the observation that sound waves in air do not echo
back to an observer unless the sound wave hits something solid that causes an echo. The
classic use of seismic reflections involves identifying the boundaries of layered geologic
units. It is important to note that the technique can also be used to search for anomalies

such as isolated sand or clay lenses and cavities.

The  simplest  case  of seismic  reflection  is  shown  in  Figure  8-1.  A  source  of
seismic  waves emits energy into the  ground. commonly  by  explosion,  mass  drop,  or
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projectile impact.  Energy is radiated  spherically  away from the  source.  One ray path
originating at the source will pass energy to the subsurface layer and return an echo to the
receiver at the surface first. h the case of a single flat-lying layer and a flat-topographic
surface, the path of least time will be from a reflecting point midway between the source
and the receiver with the angle of incidence on the reflecting layer equal to the angle of
reflection from the reflecting layer.

The sound receivers at the surface are called gcophones and are essentially low-
frequency  microphones.  The  signals  from  the  geophones  are  transmitted  by  seismic
cables to the recording truck which contains a seismograph. The seismograph contains
amplifiers that are very much like those on a stereo music system. The sounds from the
earth are amplified and then recorded on digital computer tape for later processing and
analysis. The purpose of the computer processing is to separate the echo sounds from
other sounds, to enhance them, and to display them graphicauy.

In the real world, there are commonly several layers beneath the earth's surface
that  are  within  reach  of the  seismic-reflection  technique.  Figure  8-2  illustrates  that
concept.  The  reader  should  note  that  echoes  from  the  various  layers  arrive  at  the

geophone at different times. The deeper the layer, the longer it takes for the echo to arrive
at the geophone. The fact that several layers often contribute cchces to seismograms tends
to make the seismic data more complex.

In the case of a multi-channel seismograph, several geophones detect sound waves
almost simultaneously. Each channel has one or more geophones connected to it. Reflec-
tions from different points in the subsurface are recorded by various geophones. Note in
Figure  8-3  that the  subsurface  coverage of the reflection  data  is exactly  half of the
surface distance across the geophone spread. Hence, the subsurface sampling interval is
exactly half of the geophone interval at the surface. For example, if gcophones are spaced
at  16-in  intervals  at  the  earth's  surface,  the  subsurface  reflections  will  come  from

locations on the reflector that are centered 8 in apart.

In Figure 8-4 we have placed source locations and receiver locations in such a
way that path S1-R2 reflects from the same lcoation in the subsurface as path S2-R1.
This  is  variously  called  a common-reflection  point  (CRP)  or a common-depth  point

(CDP), depending upon the preference of the author. The power of the CDP method is in
the multiplicity of data that come from a particular subsurface location.  By gathering

common hidpoint data together and then adding the traces in a computer. the reflection
signal  is  enhanced.  Before  this  addition  can  take  place,  however,  the  data  must  be

conected for differences in travel time for the reflected waves caused by the differences
in  source-to-geophone  distance.  The  degree  of multiplicity  is  called  CDP  fold.  A
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seismograph with 24 channels, for example, commonly is used to record  12-fold CDP
data.

The seismic-reflection method is used to determine the spatial configuration of
underground geological fomations. Figure 8-5 shows conceptually what we are trying to
accomplish with such a survey. Note that the peaks of the seismic reflections have been
blackened to assist in the interpretation. This example is a very simple version of typical
near-surface geology that depicts a buried sand lens in a river valley. As the sand lens is
moved to deeper layers below the surface, it becomes more difficult to detect, but the

physical principles remain the same.
In an earlier part of this discussion, we briefly touched on the analogy between a

seismograph  and a  stereo music  system.  A  stereo music  system has control knobs to
enhance  high  frequencies  (like  a  flute)  or  low  frequencies  (like  a  bass  dmm).  A

seismograph has similar capabilities in choosing the sound frequencies that are recorded.

A seismologist selects the frequencies to be enhanced depending on the depth and size of

the underground geologic features of interest.

In order to detect small geologic features, it is necessary to use a seismograph that
can record  and enhance the  high-frequency  sound waves.  The use  of high-frequency
seismic   waves   in   reflection   seismology   is   known   as   "high-resolution"   seismic

exploration. As research and instrumentation developments allow recording higher and
higher seismic frequencies, it is becoming possible to prospect for progressively smaller

geologic targets.

K.B.3

1



I

I

I
i

Figure 8-1.   Reflection from one layer.

Figure 8-2.   Reflection from three layers.
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Simple F]eflection Bay Paths

::

Commoo D.pth  Point Spacing

Subsurface Cov®raoe

Figure B-3.      Schematic drawing of seismic ray paths for a single shot with a six-
channel reflection seismograph.

CDP Concept

Figure 8-4.   The concept of Common Depth Point (CDP). Note that ray paths from two

different shots (S 1 and S2 reflect from a common point in the subsurface.
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Figure a-5.   Schematic showing a seismic section relating to real-world geology.
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Appendix C
Approximate Flow Regime Around Bedrock Well

The well test situation is shown schematically in Figure C-1.  The well penetrates

bedrock, and is screened below the top of the boundary between the bedrock and the
alluvium,  which  is  shown  as  a  plane.    The  well,  when  pumped  causes  a  cone  of
depression of the hydraulic head around the well.   The maximum radius of this cone of
depression  is  shown  as  a circle  on  the plane  separating  the  two  units.    Also  shown
schematically are flow lines (arrows) which demonstrate that most flow is horizontal,
from the bedrcek sandstone into the bedrock well.   However, the cone of depression
induces downward flow from the alluvium, and this flow moves vertically or obliquely

toward the bedrock well.
Assuming the bedrock sandstone is homogeneous and isotropic, it is possible to

represent this  flow  by  Figure  C-2.   This figure  shows  a vertical  slice  of Figure  A-1
through a vertical plane including the well.   The boundary between the bedrock and the
alluvium is shown by a heavy horizontal line.   The maximum horizontal extent of the
cone of depression caused by the pumping test is shown on that boundary as a rectangle.
Diagrammatic flow lines are also shown as straight arrows.   In fact, the flow lines are

probably curved, but for purposes of this exercise they are shown as being straight.  The
length of the path from the boundary between the alluvium and bedrcek increases with
increasing distance from the well, with the longest path being from the boundary between
the two units starting at the maximum diameter of the cone of depression.   The shortest

path is that path which is vertical or nearly vertical. closest to the well bore.   It is water
from the alluvium traveung along this path that will reach the well screen first.  Because

this path is nearly vertical, it can be treated, as a first approximation, in the same way that

column  experiments  of continuous  sources  of contaminants  are  treated.   That is,  the

concentration disribution in the column is described by:

Dxa2c -vxae =ae
ax2          ax      at

where Dx is the dispersion coefficient in the x direction

C is concentration of a tracer species
x is distance
vx is flow velocity in the x direction

t is time
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Using the boundary and initial conditions that the tracer is a continuous source (
or C(0,t) = Co  ) and that the tracer is not present in the aquifer before the test begins, the

above equation is integrated to produce the following solution:
C(x.t)  = Co / 2   erfc [ (x -v t) / 2 ( ax v t )0.5]

where ax  is the longitudinal dispersivity

erfc is the complementary error function
v is the linear velocity of the water, assumed to be that of the tracer

The longitudinal dispersivity is unknown at GEMS.   Assuming it is unity, the

equation can be solved for velocity, and, by knowing hydraulic gradient, can be used to
estimate hydraulic conductivity.
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Figure  C-1:    Schematic  diagram  of the  bedrock  well,  boundary  between  the

alluvium and bedrock, radius of the cone of depression created during pumping,  and

possible ground-water flow paths.

Figure C-2:  Vertical cross section through Figure C-1, generalizing ground-water
flow paths as straight lines.  Note that the flow paths are mostly vertical near the well and
increasingly more horizontal with distance from the well.
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Appendix D
Walkaway Noise Tests

Preliminary experiments with various parameters and equipment included the 7.3
kg sledge hammer. downhole 30.06 rifle, downhole 50 caliber, 12 gauge auger gun, and 8

gauge auger gun as sources and 50, loo, 140. 200, 280, and 400 IIz analog low cut filters
(Figures D 1-D28). The direct wave has a strong presence from first arrival to the bottom
of the record. The very repetitive nature of this arrival is a direct result of the relatively
narrow bandwidth of the wavelet and the high acoustic impedance contrast between the
near-surface material and the clay interface at several feet of depth. The high acoustic
contrast  between  the  near-surface  material  and  the  clay  layer  channels  the  energy,
creating a standing wave that travels within the low velceity near-surface material. The
narrow  band  nature  of the  energy  makes  both  analog  and  digital  filtering relatively
ineffective. Ground roll is difficult to identify even with no analog low cut filter. This is

probably a result of the attenuative nature of the 100 Iiz gcophones and the near-surface
material. Reflections from interfaces deeper than the bedrock surface can be interpreted
directly on walkaway displays with analog low cut filters greater than about 100 Hz.

The 96 channel waucaways were recorded by maintaining 48 receiver locations
and occupying two different source lceation separated by 48 ft. This pseudo walkaway
recording method resulted in an apparent discontinuity between receiver locations 48 and

49. This signal difference is actually a result of variability in the source locations.

Reflections from the bedrork surface can be identified on most wakaways when
the analog low cut filter is in excess of 100 I.Iz. The dominant frequency and signal-to-

noise ratio is  significantly higher with the downhole  30.06 than with any other source

tested (Figures 2-8). The air-coupled wave and ringy direct and refracted waves represent
the  most  significant obstacles  to  the recording  of high quality reflection events from

interfaces  shallower than the bedrock surface. The dominant frequency of the bedrock
reflection is approximately 200 Hz.

The 70 msec event on most records between 75 and 96 ft offset is interpreted to
be the bedrock reflection at this site. The apparent NMO velceity is approximately 30cO
ft/sec.  The  walkaways  from  the  auger  guns  have  slightly  more  air  wave  and  lower
dominant frequency. The 50 ca] data as well possess a lower dominant frequency, more
air wave, and is sufficiently energetic to overdrive the near offset receivers. The sledge
hammer proved an extremely noisy source with significantly more ground roll and air

coupled wave.  Considering signal quality, dominant frequency, relative source energy,

and site preparation the 30.06 represented the ideal source for the site and geologic target.
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Figures D 1.-D7.
Wakaway noise tests with the downhole 30.06 rifle. a) represents the raw
field file with a 25 ms AGC scale, b) represents a) with a 100 Hz digital
low cut filter.
Figure 1 was recorded with no analog lowcut filters, Figure 2 with analog
low cuts at 50 Hz, Figure 3 with analog low cuts at loo Hz. Figure 4 with
analog low  cuts  at  140 Hz.  Figure  5  with  analog  low  cuts  at 200  Hz,
Figure 6 with analog low cuts at 280 Hz, and Figure 7 with analog low
cuts at 4cO Hz.

Figures D8.-D14.
Waucaway noise tests with the 12-gauge auger gun.   a) represents the raw
field file with a 25 ms AGC scale. b) represents a) with a 100 Hz digital
low cut filter.
Figure 8 was recorded with no analog lowcut filters, Figure 9 with analog
low cuts at 50 Hz, Figure  10 with analog low cuts at  100 Hz,  Figure  11
with analog low cuts at 140 Hz, Figure 12 with analog low cuts at 200 Hz,
Figure  13 with analog low cuts at 280 Hz, and Figure  14 with analog low
cuts at 400 Hz.

FiguresD15.-D21.
Wakaway noise tests with the 8-gauge auger gun.   a) represents the raw
field file with a 25 ms AGC scale, b) represents a) with a  100 Hz digital
low cut filter.
Figure  15  was  recorded  with  no  analog  lowcut  filters.  Figure  16  with
analog  low  cuts  at  50  Hz,  Figure  17  with  analog  low  cuts  at  100  Hz,
Figure 18 with analog low cuts at 140 Hz, Figure 19 with analog low cuts
at 200 Hz, Figure 20 with analog low cuts at 280 Hz, and Figure 21  with
analog low cuts at 400 Hz.

Figures D22.-D28.
Waucaway noise tests with the downhole 50 cal rifle.   a) represents the

raw  field file  with  a 25  ms  AGC  scale.  b) represents  a)  with  a  100 Hz
digital low cut filter.
Figure  22  was  recorded  with  no  analog  lowcut  filters,  Figure  23  with
analog  low  cuts  at  50 Hz,  Figure  24  with  analog  low  cuts  at  100  Hz,
Figure 25 with analog low cuts at 140 Hz, Figure 26 with analog low cuts
at 200 Hz, Figure 27 with analog low cuts at 280 Hz, and Figure 28 with
analog low cuts at 400 Hz.
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Figure Ill.C.3 -Natural logarithm of head versus time plots of slug-test data from a fully

penetrating slug test at GEMS well 2-5 alo=.79 in) and the best fit nonlinear Hvorslev
model.
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IV. SITE CHARACTERIZATION ACTIVITIES

A. GEMs SLUG-TrsT suRVEy
As part of the effort to describe the spatial variations in hydraulic conductivity in

the subsurface at GEMS, slug tests were performed in most of the wells screened in the
sand and gravel section.   In all cases, the KGS single-packer slug-test system (MCElwee
and Butler,  1989) was used to perform these tests.   As discussed  in Section Ill.8, the
slug-test  response  data  from  wells  at  GEMS  have  displayed  anomalous  features  that

prevent ready analysis by conventional methods.   In Seetion HI.C, a nonlinear variant
of the Hvorslev (1951) model was developed in an attempt to account for the observed

phenomena.   Although this model dces not apparently account for all the meehanisms
that are aifecting the slug-test data at GEMS,  it dces seem to do a better I.ob than any
other  presently  existing  model.    Thus,  the  data  from  this  series  of  slug  tests  were
analyzed by the nonlinear Hvorslev model (see Fig. III.C.3 for an example fit using data
from this series of tests).

Table IV.A.1  summarizes  the estimated parameter values determined  from  this

program  of testing.    Note  that  in  Sections  Ill.8 and  Ill.C  considerable  attention  was

given  to the issue of the dependence of estimated parameters  on  the magnitude of EL.
In order to minimize the error that might be introduced by this dependence, a calibrated

container of known volum~e was used to add the water utilized as the slug at each well.

Thus,  the slug introduced at each well consisted of approximately the same volume of
water.    The  actual  Ho  did  differ  somewhat between  wells  Qlo  range  was  .67-.93  in)

mainly as  a result of the differences in  the schedules  (thicknesses  of pipe wall)  of the

PVC casing used at wells at the site.   The conductivity values listed on Table IV.A.1 are

quite  high,  but  they  are  not  surprising  given  the  coarse  sand  and  gravel  deposits
underlying  GEMS.    As discussed  in Section in.C,  the nonlinear Hvorslev  model dces

not fully account for the dependence on Ho.   Thus, the values reported in Table IV.A.1

must  be  considered  somewhat  approximate.    However,  by  controlling  Ho  to  within
narrow bounds,  the error due to the IL dependence should be  similar between  wells.
Thus,  the  variations  between  the  values  reported  on  in  Table  IV.A.I  should  be  a
reasonable reflection of the actual natural variability within the sand and gravel section

at  the  site.    Note  that  slug  tests  within  the  overlying  clay  and  silt  deposits  and  the
underlying bedrcek yielded conductivity values considerably lower than those of the sand

and gravel section.
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Well # A K K

(104sex:2lTrF) (10-3 in/see) (in/day)

0-1 1.577 0.893 77.13

0-2 0.676 0.984 84.98

0-5 0.411 0.499 43.11

0-7 2.250 5.19 448.22

1-1 0.527 0.735 63.55

1-5 3.764 I.69 146.21

1-7 3.212 1.84 158.67

2-2 0.142 0.506 43.69

2-5 1 . I 64 0.537 46.43

2-6 4.022 0.730 63.07

2-7 3.124 4.71 406.61

Table  IV.A. I  -Summary  of estimated  values  for  hydraulic  conductivity  OC)  and  the

constant  of proportionality  (A)  determined  from  a program  of slug  testing  at  GEMS.
Parameters estimated using the nonlinear Hvorslev model described in section III.C.
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8.  PUMPING TEST OF BEDROCK WELL
htroduction

As part of our continuing effort to characterize the geohydrology of the GEMS
site, we perfomed a pumping test on the 0-6 well (Table  1  of Section rv.D) which is
drilled ten feet into bedrock.  We decided to do this after earlier well development work
at the  site showed that the bedrock well was capable of producing   5-10 gallons per
minute.    Unfortunately,  no  other wells  at the  site  are  currently  completed  into  the
bedrock.    Therefore,  no  observation  well  was  available  for  taking  data  except  the

pumping well itself.   We knew that typically a data set from a single pumping well was
difficult to analyze due to complicating factors such as the presence of the pump and

possible well bore storage effects.  Also, a sensitivity analysis usually shows that a single
pumping  well  is  not very  sensitive  to  some  parameters.    In  particular,    the  storage
coefficient is usually not very well determined for a single pumping well.  We decided to

perfomi the test anyway to see what estimates of bedrcek parameters could be made and
to take samples of the bedrock water over time to look at the geochemistry (next section
IV.C).

The Pumping Test
The bedrcek pumping test was performed in late April of 1992.   We monitored

the background water levels in  the bedrock well  (0-6)  ;nd two nearby  alluvial wells
screened at 65 feet (Well 0-5) and at 55 feet (Well 0-7) for a few days before and after the

pumping test to see if there was any significant trend that would need to be subtracted out
of the collected pumping test data.   Also, we monitored baromeulc pressure during the
same time periods to see if any corrections should be made for changing baromeric
conditions.   The largest deviation observed that could be atributed to either a trend or
baromeric fluctuation was . 1 1 feet of water.  Therefore minimal correction is needed to
the data.

During the pumping test we collected data from the three wells (0-6, 0-5, and 0-7)
and from a flowmeter that   was in the pump discharge line.   All of this data set was
collected  automatically  by  a data logger and stored in computer readable format on
floppy disks for later analysis.   The pump was tuned on and allowed to pump at 6.01

gpm (average value of flowmeter data) for one hour.   At that point. the flow rate was
increased to 8.04 gpm (average value of flowmeter data) for one hour.  After two hours

the pump was shut down and data were taken during recovery.  Figure 1 shows a plot of
the data couected in the pumping well versus time.
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Data Analysis
Attempts to analyze the complete data set shown in Figure 1 with SUPRPUMP in

a consistent manner have met with some difficulty.  Different segments of the data (first

pumping period, second pumping period, and recovery period) seem to indicate different
values of the aquifer parameters.  Clearly, the real world situation is much more complex
than  the sinple models in SUPRPUMP can handle.   It appears that further numerical
analysis with the program discussed in section n.A is needed.  The bedrock weu extends
ten feet into the bedrock from the base of the alluvium and is screened for the lower five
feet.   It would seem likely that the base of the alluvium is acting like a constant head
boundary and producing a lot of leakage.   This is bone out by the fact that during the

pumping test the water levels in the alluvial wells changed by less than .2 ft.  Also, partial

penetration and well bore storage effects may be important.   All of these things can be
addressed with further analysis by the numerical model.   However for this report, time
has only permitted a preliminary analysis of the data with SUPRPUMP.

The first attempt to analyze the data used the Theis well function, which is the
simplest well function.  Figure 2 shows the data from the first pumping perion (one hour)
and the resulting Theis curve fit.   Clearly, the data at later time dces not fit very well.
The actual data flattens out while the Theis curve continues to decline.   The obvious

thought is that the leakage from the overlying alluvium is causing the data to flatten out

due  to  an  approach  to  steady  state.    SUPRPUMP  allows leakage in  one  of   its  well
functions, so the leaky well function was used to fit the data as shown in Figure 3.  The fit

is now fairly good except for a region where the actual data falls a little below the leaky

curve.  The fitted parameters are:

T (transmissivity) = 10.94 ft.2 /day

K O]ydraulic cond.) = 2.19 ft./day

S (storage) = .245

L (leakage) = I.21 ft-I

Conclusions
The  hydraulic  conductivity  (about  2  ft./day)  determined  here  is  considerably

lower than that determined by slug tests.  Also, the storage coefficient of .245 is typical of
an unconfined situation, not a semi-confined leaky aquifer.   As mentioned earlier, later
sections of the data give fitted parameters somewhat different from those given here.
These difficulties are yet to be resolved.  However. one thing seems clear from this data:

there is a lot of leakage into the bedrock aquifer from the alluvial auifer.   This leakage
shows up as a large leakage parameter (L) and a large storage ccefficient (S).  This idea

of leakage from the overlying alluvium is born out by the geochemical analysis of the
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next section (IV.C).   The need for finher analysis of this data with a numerical model
seems to be indicated.
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Figure 1.  Drawdown data from all three periods (two pumping and one rccovcry).
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Ficqure 2.  Fit of first period drawdown data to the Theis well function (solid curve).

IV.B.5



Figure 3. Fit of first period drawdown data to the leaky well function ( solid curve).
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C.  AQUEOUS GEOCHEMISTRY AT GEMS
Introduction

The Gcohydroloctc Experimental and Monitoring Site (GEMS) near Lawrence,
Kansas is instrumented with  pumping and observation wells in three well nests.   Most
wells are screened at different levels of the 21-in thick Kansas River alluvium which
underlies the site; one weu is completed in the underlying bedrcek, which is a Paleozoic
sandstone  (Shawnee  Group).    During  the  summer  of  1991,  a  subset  of  the  wells
completed in the auuvium as well as the bedrock well served as preliminary test holes to
evaluate geochemical variations in the ground water at the site.   Based on the results of
chemical analyses of the samples, water samples collected during a pumping test on the

bedrock well during the spring of 1992 are here interpreted in terms of cross flow from
the  alluvial  to  the  bedrock  aquifer.    In  the  larger view,  this  study  shows  that  I.n  si.f#
variations in ground water chemistry are useful as tracers of flow, and have potential for

quantifying induced cross-formational flow rates.

Methodology
Water SamD]ing and On-Site Processing

During sampling of wells to characterize geochemical variations at GEMS, two
wells (bedrock well and GEMS 01) were pumped undi the water temperature stabilized.

At this time, approximately  1.5 L of water were collected in a half-gallon polyethylene

jug  for  further  processing.    The  pump  was  then  stopped  and  temperature  and  pH
measured in a loo mL beaker.  Two wells were bailed with a Teflon® bailer until nearly
dry Oess than 0.3 in of water remained) and then allowed to recover for a few hours (NE
nest, 35-foot well) or overnight (NE nest, 25-foot well).   Approximately  1.5 L of water

were  bailed  and  stored in  a half-gallon polyethylene jug for further prceessing.   All
samples were gravity filtered through 0.45H filters immediately after collection.   A 50-
mL aliquot was titrated for total alkalinity using 0.02 N H2S04 while the rest of the

sample was filtering.   One or two 250-mL low-density polyethylene bottles were filled
completely with water, sealed, and stored on ice.   One or two more bottles were filled
with 250 mL of sample, 5 mL of concentrated HN03 immediately added, and the sealed

bottles stored on ice.

Procedures for collecting  samples during the pumping test are similar to those

written above, except that duplicate bottles were collected for the filtered samples, and

alkalinity titrations were not done.
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Laboratorv Method s
The   anions   F,   Cl,   S04   and  N03   were   determined   by   ion   exclusion

chromatography  using  a  Dionex  4000i  series  ion  chromatograph,  using  an  AS4A
exchange column, AG4A guard column, and a NGl  guard column.   The instrument is
equipped with a conductivity detector, and suppression of background conductivity was
achieved  using  an  anion  micro-membrane  suppressor  (AMMS-II),  continuously
regenerated with 25 inN H2S04 at a flow rate of 3 ml+thin.   The eluent used was  1.8
mM Na2C03  and  1.7  mM NaHC03  at a flow rate of  2 mlrfuin.   Relative standard

deviations  (standard  deviationfroean)  and precisions  are  shown  in  Fig  lard,  and  are

generally less than 59b except for F and Cl which are strongly affected by the water dip.
Spiking the samples with concentrated eluent (EPA, 1984; Test Method 3cO.0) helped but
did not completely eliminate this problem.  Tests were also made to assess the linearity of
the anion calibration curves below the lower standard used to calibrate the instrument

(fig. 2ard).   These tests also show that Cl is difficult to determine at low concentrations

Oess than  1  mg/L when the lower of two standards is 2 mg/L) either because the water
dip results in false positive results or because low levels of a are present in the distilled-
deionized water used to make up the solutions used in the test.

The  cations  Ca.  Mg,  Na,  and  K  were  detemined  by  atomic  absorption
spectrometry using a Peckin-Elmer 2380 Spectrophotometer.  Routine methods were used

Q=ishman and Friedman, 1989).  These data are not included in this report, but were used
to verify charge balance in the chemical analyses of the ground water salnples.

Results

Table 1 shows the partial chemical analyses of ground water from the GEMS site.

Fig.  3  shows the vertical relationships of these results, illustrating the relatively small
change in S04 content, the S-shaped curve of N03, and the backwards-C shaped curve of

Cl disdibution.  Alkalinity (not shown; see Table 1) shows a steady and dramatic increase
with depth.  Although the two shallow wells and the bedrock well are screened to sample
small intervals, the sand and gravel well (GEMS 01) is screened throughout the entire
thickness of the sand and gravel.  For this reason, it is not clear whether there is verdcal
variation within the sand and gravel aquifer.  The sediment color (C. Mennicke, personal

communication,  1992) suggests that there may be stratification of oxidized and reduced

species  within  the  sand  and  gravel  aquifer.    Even  so,  the  results  of these  chemical

analyses show that there is sufficient difference in the chemical signature of the sand and
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gravel aquifer and the bedrock aquifer to use water chemistry to identify flow into the
bedrock well during a pumping test.

moinE  I est-- -Water Chemi

During  a  two-hour  pumping  test  of  the  bedrock  well,  water  samples  were
collected approximately every 30 minutes to look for changes in water chemistry which
would result from induced cross-fomational flow from the  alluvial  aquifer into the
bedrock.    The  first  sample  was  collected eight  minutes  after pumping  started,  after
temperature  and pH  of the  effluent  had  stabilized.    The  well  casing  was  evacuated
completely after about nine minutes, according to calculations made using pre-test water
level, well depth, casing diameter, and pumping rate, and thus the first sample probably
represents mostly ground water which resided within the aquifer before the test.   During
the test, the pumping rate increased from 6.01 gal/hin. to 8.04 gal/inin. after 60 minutes

of pumping.   The chemical data show the same general results whether plotted versus

time or versus gallons of water produced.
As  shown  on  time versus concentration  plots  (fig.  4a-d),  the water chemistry

begins to change after the second sample.  This is especially evident in the plot of N03-N

(fig. 4a), in which N03-N is not detectable initially, but then increases nearly linearly in
the last three  samples.   Cl also shows a linear increase  (fig.  4c),  although  the relative

standard deviation is fairly high in the early samples.   F concentrations (fig. 4b) are so
low  that  there  are difficulties  with reproducibility with the methodology used.    S04

concentrations may have changed slightly during the pumping test, but the differences in
S04 content of the sand and gravel aquifer and the bedrcek aquifer is small enough to

make discrimination at this mixing volume (see below) difficult.

Discussion

The  chemical differences  in  ground water  at GEMS  have  not yet  been  fully
investigated.   Geochemical  modelling using  PHREEQE  (Parkhurst cf a/.,  1980)  was
begun, and preliminary results show that the chemisries are the result of equilibration
with calcite under normal, shallow subsurface partial pressures of C02; ion excbange on

clay minerals; possible dissolution of dolomite;  and possible oxidation of pyrite along
with introduction of N03 from the soil zone.   Further modelling will be done to try to

clarify and quantify these prceesses.  The differences among the muddy alluvium, sandy
alluvium,  and bedrock  aquifers provide  a  good  opportunity  to  simulate  geochemical

processes in this system.
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Bedrock PumDing Test

The pumping test showed temporal variations in water chemistry, although slight,
did cecur.   Using N03-N as the best indicator of the "end members" (sand and gravel
aquifer water having relatively high N03-N and the bedrock aquifer have undetectable
N03-N), it appears that water from the sand and gravel aquifer is produced from the

bedrock well after about 38 minutes of pumping.  At the end of the test, about 5.6% of the

produced water was water from the sand and gravel aquifer and the remaining part from
the  bedrock  a;quifex, if N03-N  concen[trations  in  the  sand  and  gravel  aquifer  are
represented accurately by the sample from well GEMS 01. Using NOB-IN content as an

indicator of sand and gravel aquifer water, I predicted the concentrations through time of
the other anions.  These are plotted on figures 4b-d, and show that Cl concentrations are
underpredicted, and that other anion concentrations are difficult to predict because of
similarities in concentrations in the two aquifers and/or because of analytical difficulties
with  the  element.    The  underprediction  of Cl  suggests  that  there  may  be  chemical
stratification within the sand and gravel aquifer, and that the a produced from the GEMS
01 well is lower than Cl in the lower part of the sand and gravel aquifer.  Altemately, the
N03-N in the lower part of the sand and gravel aquifer is lower than that produced from

the GEMS 01 well, which in turn underpredicted the percentage of sand and gravel water

produced from the bedrock well at the end of the pumping test.
In order to better predict the time at which sand and gravel aquifer water was

produced from the bedrcek well, the  samples having detectable N03-N were fit to a
straight line using linear regression.  Figure 5a shows the result of this fit, and shows that

leakage from the alluvium began just after the sample collected at 38 minutes after the
start of pumping, or at 39.75 minutes as calculated from the equation for the best fit line.
When this same calculation is made using the amount of water produced instead of time
since pumping began (fig. 5b), the time when N03-N should have been detected (using

6.2 gal/min pumping rate) is about 37.8 minutes.  Considering the analytical difficulty of
detecting  N03-N  concentrations  of less  than  about  0.08  mg/L,  the  two  results  are

indistinguishable.

Note that the  above calculation  gives the time  at which  the mixed  waters  are

produced  from  the  well,  not  the  true travel  time of the N03-N rich  water from  the
boundary between the alluvium and the bedrock and the screen in the bedrock well.  As

yet, calculations have not been made for the travel time within the well (from the well
screen to the level of the pump) or the travel time within the drop pipe from the pump to
the surface.
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The flow velceity of leakage along the shortest path (verdcal, near the well bore)
can  be  calculated  according  to  the  method  outlined  in  Appendix  C.  using  several
simplifying assumptions.  This calculation win be done in the next year and can be tested
with further experiments.

Conc]usious and Future Work
The results of this year's work show that ground water in the sand and gravel

aquifer, the upper muddy aquifer, and the lower bedrock aquifer are sufficiently different
to  be  useful  as  "natural"  tracers  during  pumping  tests.    The  N03-N  content  of the

alluvium, being investigated under another project may be the result of over-fertilization
of adjoining famland, but is the best indicator of water sources for this project because it
is relatively easy to detect and because the bedrock aquifer does not contain detectable
levels.

The pumping test on the bedrock aquifer shows that water from the alluvium leaks
into the bedrock aquifer during pumping,  and preliminary calculations  show that the
alluvial aquifer water is produced after about 38 minutes of pumping.

Future goals for completion of this project include the fouowing:
1.   Characterize vertical stratification of water chemistry by sampling wells

completed at different levels within the sand and gravel anuvium.
2.   Repeat bedrcek pumping test, but extend the test for a longer period of

time to assess the steady-state leakage time.  Use this to calculate ground-water velocities
and vertical conductivity between the alluvium and bedrock aquifers.

3.   Compare the ground-water velocities and conductivities calculated with
those calculated from introduced tracers (such as NaBr).

4.   If within the scope of the larger project, assess leakage from the upper,

muddy alluvium into the lower, sandy alluvium by the same general prceedure.
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Figure  1:   Precision and reproducibility test on anion concentrations determined
by ion chromatography.   Five dials of two measurements each on the four anions are
used  to  calculate  relative  standard  deviation  and precision  for each  of three  known
concentrations.    Lower  precision  (higher  percentage)  and  higher  relative  standard

deviation for F and Cl are probat]ly the result of interference from the "water dip".   All

samples were spiked with concentrated eluent to try to eliminate this interference.   a)
Fluoride.  b) Chloride.  c) Nitrate reported as mg/L nitrogen.  d) Sulfate.
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Figure 2:   Determination of detection limits on anion concentrations determined

by ion chromatography.   One to two dials of two measurements each on four anions are
used  to  assess  how  far below  the lower of two calibration  standards  (concentrations
shown by arrows on each graph) one can trust chromatography results.   The one-to-one
correlation line is shown on each graph.   a) Fluoride.   b) Chloride.   c) Nitrate as mg/L
nitrogen.  d) Sulfate.
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Figure 3:  a)  Schematic well nest at GEMS, showing screened intervals, depths of
wells, and color of alluvial sediment (C. Mennicke, personal communication,  1992).  b)

Concentrations  of N03, S04 and Cl change with depth.   (N03 is reported as N03, not
N03-N.    Conversion  factor  is  N03/4.5  =  N03-N.)    Higher  N03   concentrations
correspond crudely to oxidized (brown) sediment.  The color change within the sand and

gravel alluvium suggests that there may be chemical stratification within that unit.
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Figure 4:   Variation in  anion concentrations during bedrock pumping test, and

predictions of concentrations of F, Cl and S04 based on N03-N content.  For each anion,
an aliquot from two bottles was analyzed twice. resulting in four values for each anion for

each time step (filled squares).  Predicted results (un filled diamond) are discussed in the

text.  a) N03-N.  b) F.  c) C1.  d) S04.
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Figure 5:   Best fit line to those samples containing detectable N03-N.   Lines for
both  N03-N vcrsws time (a) and versws gallons of water produced (b) have very high
conelation coefficients. and predict that leakage from the alluvium was produced from

the bedrock well beginning at about 38 or 39 nrinutes.   The first two samples, at time 8

minutes and 38 minutes, showed undetectable N03-N.  These two samples are shown as

anows on 5b.
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Table 1..  Partial Chemical Analyses Of Ground Water_at GEMS
(concentrations in mgA except as noted and except pH)

Well ID-->           GEMS 01             GEMS NE25'     GEMS NE35'    BEDROCK

Depth, in               21.3
Temp., °C              15.7
pH                           6.89
Alkalinity,   (as   324
HC03)
F
CI
N03-N
S04

n.d.:  Not
detected.

0.1
9.7
4.96
43.0

7.62

6.77
217

0.1
5.9
8.73
29.5

10.7

6.79
205

0.1
6.9
2.42
27.5

24.0
16.4
7.08
393

0.1
3.5
n.d.
38.0
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D.  DRILLING AND SAMPLING ACTlvITms
Introduction

Geologic site characterization is an important issue that must be addressed if details of
contaminant transport in the subsurface are to be understood and predicted.  Ideally, the
formation heterogeneities at a site must be characterized at several scales.   This section
deals with the smallest practical scale: core samples with cross-sectional dimensions of a
few  inches.     Historically,  there  has  been  great  difficulty  in  obtaining  relatively
undisturbed cores of unconsolidated coarse sand and gravel.   Prior to 1991. twenty five
wells had been installed at GEMS in the Kansas River alluvium with hollow stem auger

techniques.  Six of these wells were cored through about 30 feet of coarse sand and gravel
at depths of 40-70 feet using various techniques.  A modified Waterloo sampler (Zapico,
1987;  Zapico et al.,  1987)  was employed with gcod success, using drilling mud in the

auger flights to control heave and help hold in the sample.   However, the use of heavy
drilling  mud  has  disadvantages  (potential  to  contaminate  the  aquifer  and  cores)  and
recovery without sample loss is difficult since the procedure is very sensitive to vibration
and other mechanical forces.   Without the use of drilling mud, the modified Waterloo
sampler design was unsatisfactory because of relatively low recovery percentages.   In

order to address this limitation, new sampler designs were developed and field tested.
The most promising design did not require drilling mud,  achieved a very high recovery

percentage. and was not as sensitive to vibration and mechanical forces during recovery.
The new design (MCElwee et al.,  1991) incorporates an inflatable bladder, located in the

drive shoe, which closes off the end of the sampler.   The deflated rubber bladder lies
behind a plastic sample liner as the core begins to enter the sampler.  Near the end of the
5 foot sample drive, a piston extension diggers a release mechanism and allows a four
inch retraction of the plastic liner, resulting in the bladder being in direct contact with the

sediment.  The bladder is then inflated from the surface with nitrogen gas, closing off the
bottom of the sampler and allowing recovery with minimal opportunity for sediments to
fall out.     Using this sampler. we usually have been able to achieve about 85% recovery
out of a possible 907o (drive shce loss is .5 feet out of 5 feet due to bladder length and

placement).  The remaining 5% loss is due to compaction, premature piston movement,
or wall friction preventing material movement into the sanpler.  After recovery the cores
are taken to the laboratory for storage until   measurement of hydraulic conductivity,

porosity. density and particle-size fraction can be done.
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Drilling Procedure
All except a few of the monitoring wells at GEMS have been installed with houow-

stem auger techniques.   A review of honow-stem auger techniques  and equipment is

given by Hackett (1987).   Auger flights with 3  1/4 inch inside diameter and 6 5/8 inch
outside diameter were used.   The deepest wells at the site are about 70 feet.   A typical
installation would proceed by drilling to about 35 feet with a kncek-out plate installed in
the auger head in place of a pilot bit Q'elry and Hart, 1985; Hackett, 1987).  At that point,
the plate would be knocked out by the pilot bit attached to drill rods then drilling and
sampling could proceed to the desired depth.  If no sampling is intended for that well, the

plate may be left in unul the completion depth is achieved.  Alternately, if samples of the
first thirty-five feet of silt and clay are desired, a split-spoon sampler  with an overshoot
mechanism for attachment inside the auger flights may be used.   Typicauy, these spnt-
spoon  samplers  are two feet in length  and must be redieved after every two feet of
drilling.

Heaving  sands  or  sandblows  (Minning,  1982;  Perry  and  Hart,  1985;  Keely  and
Boateng,  1987; and Hackett,  1987) are a severe problem at this site in the zone of sand
and gravel (35-70 ft.).   It is absolutely essential to maintain greater hydrostatic pressure

inside the auger flights than in the formation when coring in heaving sands.   The water
level inside the auger flights is maintained higher than the ambient water table by adding
water at critical times (mainly, when tools are moved within the flights or the flights are
moved).   If a greater hydrostatic head within the auger flights is not malntalned at critical
times,  several  feet of sediment may quickly enter the flights,  with the result that the

possibility of obtaining an  undisturbed  sample  at that depth is lost.   Adding water to
maintain a higher head in the flights may affect the chemistry and biota of an aquifer. so
an investigator must balance this concern with the need to control heaving sands.

At GEMS, we are mainly interested in the sand and gravel aquifer (although we have
taken continuous silt and clay samples for the first thirty-five feet at four of the well
locations  scattered over the  site).   Before knceking the plate out of the auger head at
about 35 feet, the auger flights are filled with water from existing weus at the site.  There
is no known contamination at GEMS, so we simply pump water from a nearby well into

the  flights.    Thus,  we  are  not  adding  water  of  a  dramatically  different  chemical

composition to the aquifer.  The pilot bit with drill rods is installed and drilling continues
to about 40 feet.   Below 40 feet, we typically want to obtain continuous samples.   The
sampler is designed to obtain a five foot core.  Sampling cecurs over the five foot interval
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in front of the auger head before drilling down the next flight.  Before salnpling, the pilot
bit must be  withdrawn  and the  sampler inserted and driven  beyond the  auger head.
Figure 1 summarizes the steps involved in obtaining a sample.  Due to the close fit of the

pilot bit and the sampler in the flights, there is great potential to induce heaving sands
during removal of the pilot bit and retrieval of the sampler.  so water is added to the
flights at these critical times.

Drilling and Sampling - 1991
During  the  summer of  1991  four additional  wells  were drilled,  sampled and

completed (three of which were required by the terms of this project).   This brings the
total to twenty-nine wells at GEMS.  Table 1 is a summary of pertinent infomation about
all these wells.  The latitude, longitude, and elevation data given in Table 1 were obtained
through  a  cooperative  surveying  exercise  with  the  lst  Battalion  of the  127th  Field
Anillery of the Kansas Army National Guard.  All the wells drilled during the summer of
1991  were cored from the surface to the bedrock, using the techniques outlined above.
The split-spoon sampler was used for approximately the first thirty-five feet and then the

bladder sampler was used until we hit bedrcek at approximately seventy feet.
The samples of silt and clay from the first thiny-five feet were examined visually

and detailed written logs of the visible physical features were prepared.  At that point the
silt and clay  samples were discarded, since no further work was planned on them.   In
future years, we plan to take more samples and run hydraulic conductivity measurements
on them while they are still fresh.   We currently do not have the appropriate equipment
for  these  very  low-conductivity  samples;  however,  we  plan  to  buy  the  appropriate
equipment  in the next year.

Starting at approximately thirty-five feet, the bladder sampler was used to couect
samples of the sand and gravel.   Table 2 summarizes the sample recovery for all holes
drilled in  this time period ( cO-1,1-7, 8-1, and 10-1).  Other data about these wells can be

found in Table 1.  The overall recovery was about 80% which is about 57o lower than we
were expecting.   Due to the physical construction of the sampler (length and position of
the bladder), six inches is always lost on the end of each sample.  This means that 90% is
the  maximum recovery  under ideal conditions.   We  usually  lose  another 5%  due  to
compaction  and  other factors  mentioned  above,  so  85%  is  about  what  we  hope  for
typically.

The additional loss of 5% this season was due to a number of factors.  In a couple
of holes we  had problems with cobbles blocking the sampler throat.   In one extreme
instance a  two inch cobble  ( the  sampler is only  1.5  inches in diameter)  blocked the
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entrance of the sampler and was recovered with the sampler.   Another factor affecting
recovery was the fact that we were testing driving mechanisms.   Two holes were driven
with a hydraulic hammer on the drill rig (00-1  and 1-7), one was driven with an elecric

jackhammer (8-1), and one was driven with an air jaclchammer (10-1).   The hole driven
with the air jackhammer (10-1) had the best recovery and it is our evaluation from the
field experience that   the air jackhammer works best.   We intend to drive future holes
with the air jackhammer which we have purchased.  We believe the increased recovery
and  ease  of driving is  due to the  increased weight,   power,  and frequency of the  air

jackha-er.
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Figure 1. Sequential steps showing borehole
advancement with pilot assembly and collection
of a formation sample (after Piggs 1983).
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Table  1

Well Data

Well I,atitude IJongitude Elevation Depth Screen
Number (North) (West) (ft) (ft) Length   (ft)

0-1 829.424 71 30.00

0-2 829.291 46 2.29

0-3 39000, 95012 , 829.393 36 2.44
56.214n 21.274n

0-4 829.132 25 2.50

0-5 829.413 65 2.29

0-7 829.414 54 2.29

*0-6 39 a 00 , 95 012 ' 829.913 81 5.00
55.083„ 21.137„

4-1 39 a 00 ' 95012 , 829 .188 70 30 . 00
55.260„ 21.141n

8-1 39000, 95012 , 830.487 66
5 5 . 4 1 8 ,, 21.095„

00-1 39000' 95012 , 829 .188 58 2.50
55.566„ 20.998„

10-1 39000' 95®12, 828 . 668 57
55.781n 21.006"

1-1 828.432 47 2.50

1-2 39000, 95012 ' 829.156 37 2.00
55.493„ 20.756"

I-3 829 . 483 28 2.12

1-4 829 . 424 20 4.75

1-5 829 . 407 60 30 . 00

1-6 829.763 56 2.40

1-7 39®00 , 95®12 ' 829.224 70 30.00
55.803" 21.838„

A1 39®00 , 95®12 , 828.488 32
55.651" 21.334„

5-2 39000, 95 012 , 829 . 592 71 37.88
55.694w 21.008"

5-1 39000, 95 012 , 829.283 67 2.52
55.998„ 21.018n
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A2 39000, 95012 , 829.868 26
56 .1o8w 21.115„

2-1 829 . 407 38 1.88

2-2 39 ® 00 ' 95012, 829.386 48 1.83
56.323n 20.950n

2-3 829 . 384 27 2.06

2-4 829.368 20 4.62

2-5 829.408 70 30 . 00

2-6 829.224 66 30 . 00

2-7 829.202 56 2.60

KCS  Reference  Hark:       I,atitude-North  39°00'   55.629"
Longitude-West   95°12'   21.274"                              Elevation  827.563

*  Well  dialr`eter  ig  5  inches;   all  other  wells  are  2   inches  in
diameter.
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Table 2

Sample Recovery Analysis

Well Segment Segmea' Heed % of segment
Number Number Ifngth (ft) Space (ft) IJength

Prcoedure:    Hydraulic Hammer

cO-l 19 5.00 0.2031 4.06

cO-1 20 5.00 0.2864 5.73

00-1 21 5.cO 0.3542 7.08

cO-l 22 4.67 2.8750 61.56

cO-l 23 5.cO 1.3229 26.46

cO-1 24 5.cO 0.2083 4.14

cO-l 25 4.cO 0.6771 16.93

00-1  Totals 33.67 5.9270 17.60

Theoretical Recovery 82.40

Bladder I.oss 10.00

Actual Recovery 72.40

Prceedure:    Hydraulic Hanmer

I-7 20 4.875 0.3229 6.62

I.7 21 4.833 0.3854 7.97

I-7 22 5.cO 0.3229 6.46

I-7 23 5.00 0.3333 6.67

I-7 24 5.cO 0.3958 7.92

I-7 25 5.cO 4.3334 86.67

1-7 26 5.cO 0.50cO 10.00

1-7 27 5.00 1.3438 26.88

1-7 Totals 39.708 7.9375 19.99

Theoretical Recovery 80.01

Bladder Loss 10.00

Actual Recovery 70.01

Prceedure:    Elec tric Jackhanmer

8-1 20 4.30 0.4583 10.66
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8-1 21 5.00 0.6042 12.08

8-1 22 5.05 0.5312 10.52

8-I 23 5.cO 0.3646 7.29

8-1 24 5.05 0.8125 16.09

8-1 25 5.00 0.5208 10.04

8-1 26 5.cO 0.9792 19.58

8-1  Toul8 34.40 4.2655 12.40

Theoretical Reeovery 87.60

Blender I.oss 10.00

Actual Recovery 77.60

Prcx:edure:    ihir Jackhammer

10-I 19 5.cO 0.2083 4.17

10-1 20 5.05 0.1667 3.33

10-I 21 Numbering Omission

10-1 22 5.10 0.2396 4.79

10-I 23 5.00 0.4583 9.17

10-1 24 4.95 0.2292 4.53

10-1 25 4.95 0.4583 9.23

10-1 26 4.95 0.7917 15.94

10-I  Totals 35.00 2.5521 7.29

Theoretical Recovery 92.71

Bladder Le 10.cO

Actual Recovery 82.71

Wen Totals 142.78 20.6821 14.48

Theoretical Recovery 85.52

Bladder I.os8 lo.cO

Actual Recovery 75.52

Bladder Ilos8 -  10%  of the total segment length,  14.28 ft,  is lost due to the bladder mounting
dimensions.
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E.  LABORATORy ACTlvrrms
Laboratory Procedures and Methods

The cores recovered from the drilling and sampling summarized in the previous
section  of  this  report  were  taken  to  the  laboratory  for  measurement  of  hydraulic
conductivity in a constant-head permeameter.   Prior to measurement, cores are stored
under  refrigeration  to  keep  bacterial  growth  and  evaporation  to  a  tninimum.  The

procedures and methods used in analyzing the core samples are essentially the same as
those described in Butler et al. (1991) and Jiang (1991), with the exception of the changes
noted below.

A new apparatus was developed to more accurately and efficiently calibrate the

pressure  transducers  used in  the permeameter.   The calibration  apparatus consists of
metal pipe into which pressure transducers can be inserted with an air-tight seal, a rubber
bladder to increase the volume of gas within the system, and a high-accuracy pressure
transducer  (Druck  PTX  620  pressure  transritter)  to  serve  as  a  pressure  standard
Nitrogen  gas  can  be  introduced  into  or released from  the  system  in  small  amounts,
simultaneously changing the pressure on both the pressure transducers and the pressure
standard, while readings are recorded by a data]ogger.  The pressure transducers are then
calibrated against the pressure standard.   This new system can be used to calibrate both
the pressure transducers used in the permeameter (0-5 psig) and the pressure transducers
used in the field for slug and pumping tests (0-25 psig).  Up to four pressure transducers

can be calibrated at one time.

A  Dwyer  Series  650-2  temperature  transmitter has  been  installed  next  to  the
thermometer in the permeameter.  Water temperature is recorded by the datalogger at the
same interval as water pressure in the outflow tubes of the permeameter, thus enabling
temporal variations in viscosity values to be incorporated into the hydraulic conductivity

measurements.

To  more  accurately  determine  the  head  drop  over  the  cores,  an  instrument
incorporating  a dial  caliper  has  been  constructed  and  mounted  on  the permeameter.

Water levels in  glass-topped manometer tubes, which measure head at the top of each
core and at the constant head boundary. can be read to the nearest .001 inch; readings are

generally reproducible to better than .05 inch.  This device allows us to use smaller head
drops over the cores without increasing the percent error in our calculations.

Occasionally, a decrease in head at the constant head boundary is experienced due

to lack of flow from the upper reservoir.  To reduce the frequency of this cecurrence. a
new reservoir was installed that drains from the bottom rather than relying on a siphon

tube exiting from the reservoir top.
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X-rays are taken of each core sample to aid in the detemination of changes in

grain size and the identification of sedimentary structures.  An aluminum filter was used
to improve resolution at the edges of the core (Baker and Friedman. 1969).  Using the X-
rays  as a guide,  the core is cut into segments which are  as homogeneous as possible
within the 4 to 8 inch limit on segment size imposed by the pemeameter setup.   To
inhibit organic growth. the core segments are then wrapped in plastic and aluminum foil
and reffigerated until they are placed in the pemeameter.

The amount of Thymol added to the water used in the permeameter has been
increased to . 1 g/I to further inhibit the growth of organic matter.

In order to keep the Reynolds number below one and reduce the possibility of
non-laminar flow, the head drop over the core is kept as small as possible.   This also

decreases the entrainment of fine material as water moves through the core.   The head
drop is typically set at approximately .5 inches and increased if no flow occurs after 12 to
24 hours.  Using this small head drop, cores take a minimum of 36 hours to saturate and
stabnize, with some core segments requiring four to five days.

During  the  drying  process,  which  precedes  particle  density  analysis  and  dry
sieving, clay-sized particles tend to coat larger grains and form sand-sized aggregates.
This will cause the weight percentages of the larger grain sizes to be overestimated at the
expense of the fines.  To more accurately determine the weight percent of fine material in
the core, the  samples are wet-sieved with a 53  micron sieve after the particle density
analysis.  The weight percent of fine material is determined by comparing the dry weight
of the  sample  before  and after wet sieving. The coarse fraction  is then dry-sieved to
complete  the  grain  size  analysis.  Even  though  some  material  is  lost  during  the

permeameter tests and the repacking process, this method of detemining the alnount of
fine material should still be reasonably accurate, since most of the material that is lost is

clay and silt sized.

No photographs are taken of the sediment before sieving.
Results and Discussion

Hydraulic conductivity values have been obtained for 50 of 51  segments from
GEMS  well  cO-1,  both in  the undisturbed  state  (Figure  1)  and after being dried and
repacked (Figure 2).   A comparison of the original and repacked hydraulic conductivity
values is presented in Figure 3. The segment from depth 14.27-14.41 in below datum is

composed of material that appears to be wood, so no pemeaneter test was run on that
Segment.

The undisturbed cores have an arithmetic mean conductivity of 20.16 in/day, with

a sample standard deviation of 24.26 in/day. Values range from a minimum of .06 in/day
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to a maximum of 94.28 in/day.  There is no apparent trend in hydraulic conductivity with
depth.

The repacked cores exhibit a higher mean conductivity and greater variability than
the undisturbed cores.   Values range from .04 in/day to  185.43 in/day with a mean of
44.82 in/day and standard deviation of 44.65 in/day.

For 45 of the 50 segments, the repacked hydraulic conductivity is greater than the
original measurement.   This is most likely due to the elimination of fine layers and
redisribution of fine material during the repacking prceess, i.e. the repacked cores are

generally more homogeneous than the undisturbed cores.   h some cases, it is possible
that the repacked cores could be less homogeneous than the undisturbed cores.   Layers
can be created within the core if a pcorly sorted sediment is not sufficiently mixed whne
being repacked into the sample tube.  For example, a one centimeter layer of fine material
was noted at the top of the repacked sample 001-24-7 (depth 20.37-20.56 in).  For future
repacks,  we  plan  to  use  a  sediment  sample  splitter  to  produce  numerous  small,
homogeneous amounts of material to introduce into the sample tube to help ehminate this

problem.
Decreases in Hydraulic Conductivity with Time

We have found that for many cores hydraulic conductivity increases (as the core
completely saturates), reaches a maximum, and then decreases as the test continues.  An
example of this phenomenon for one core segment is illustrated in Figure 4. Possible
explanations for this decrease in conductivity include biological growth, movement of
fines. and mineral deposition.   Maintaining the concentration of the biocide Thymol and

employing as low a flow rate through the core as practical should reduce the influence of
the first two possible factors. Calcite deposits have been observed on the plastic tubing,

thermometer,  and  temperature  transmitter of the permeameter,  so  a  simulation  using
PEREEQE  (Parkhurst  et  al.,  1980)  was  run  to determine  the  nature  and  amount  of
mineral material that might be deposited during the hydraulic conductivity tests.

The water in use in the pemealneter is taken from the same site and depth from
which the cores are taken to ensure as much as possible that the water will be in chemical
equilibrium  with  the  cores  during  the  permeameter  experiments.    The  water  does
experience  some  changes,  however.  before  it is  used in  the  permeameter:  increased
temperature. decreased partial pressure of PC02, and addition of Thymol.  These changes
may cause the water to precipitate mineral material in order to regain equilibrium

Chemical analyses of water samples from GEMS are available from the fall of 1990 and
the summer of 1991, and two of these samples are from the same depth from which water
for the permeameter is collected.  Both samples have similar chemical characteristics.
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The PHREEQE simulation was performed by first Creating a solution matching
the temperature, pH and chemical composition of the two well water samples.  Alkalinity
was input as HC03-, aqueous nitrogen gas was removed from the data base, and the pe
was set at 9.0.  The pe and pH were allowed to be detemined by the reaction. The most
abundant constituents of the coarse fraction in the cores are quartz and K-feldspar, so the
saturation  indices  of quartz  and  microcline  were  adjusted  to  match  the  silica  and

potassium contents of the water samples.   This resulted in the solution being  slightly
oversaturated with respect to quartz and undersaturated with respect to micrceline.  The
solution was then equilibrated with laboratory temperatures (22 degrees C) and surface

partial pressure of PC02 (log PC02 = -3.5).   Thymol was added as a reaction to the
computer simulated solution, and the solution was equilibrated with calcite to detemine
the amount of calcium carbonate that might be deposited.

The changes in alkalinity, pH, and pe that take place in the water according to the
PHREEQE simulation are shown in Figure 5. The changes in the saturation index (log
IAP/KT) of calcite are shown in Figure 6.  The simulation shows that when well water is

equilibrated  with  surface  temperatures  and  pressures,  calcite  should  precipitate.

Calculations indicate that ten gallons of GEMS well water (approximately the amount
used in the permeameter at one time) precipitate 3.56 cubic centimeters of calcite.  What
is not presently know is the kinetics of the situation.   PIREEQE assumes all reactions

reach equilibrium instantaneously.   It is unclear how much of the calcite precipitates

during the time the water is left to equilibrate with laboratory conditions  (two weeks
minimum) and how much is deposited in the cores and on the pemeameter.

Future chemical analyses are planned to compare the calcium carbonate content of
the water before and after the equilibration period in the lab, and before and after running
a pemeameter experiment.  These analyses will allow us to better detemine if deposition
of calcite in the cores is conributing to the observed decrease in hydraulic conductivity
with time.
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F. Wr[RELoNE I.oGGoNG ACTIVITIES
Geophysical logging had been one of the planned activities for the fist year of

this projeet.   Unfortunately, delays in the bidding process moved logging activities into
the second year of this projeet.   A geophysical service company (AGE Co.  of Austin,
Texas),  however, has now been awarded the bid and will perform the logging in early
July of this year.   The contract specifies that ten wells at GEMS will be logged using
natural gamma and induction tools.   The results of the logging survey will be discussed
in the report of the activities of the second year of this projeet.
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G.  HIGH-RESOLUTION SEISMIC REFLECTION STUDY
Introduction

Seismic-reflection surveys have been extensively used for more than 60 years to
image the subsurface for petroleum exploration. The successful use of the technique in
shallow engineering applications, however, depends on several key conditions. First and
foremost is the existence of acoustic velocity and/or density contrasts between geologic
units in the subsurface. The sceond relates to the abnity of the near-surface to propagate
high-frequency seismic signal.   Finally, the acquisition parameters and recording equip-
ment must be compatible with the proposed target, resolution requirements, and environ-
mental  constrains  of the  survey.  The  application  of shauow, high-resolution  seismic
reflection  methods  to  specific  geologic  situations  or problems  requires  a  thorough
understanding of the baste principles (Appendix 8).

Shallow high-resolution seismic-reflection profiles can be useful in characterizing
shallow  structures  significant to  a variety  of hydrogeologic  settings.  High-resolution
seismic reflection has only recently developed as a practical and effective method for
identifying zones of low pemeabhity Girkelo et al., 1987; Merey et al., in press), uncon-
solidated  layers  above  bedrock  (Steeples  and  Miller.  1990,  Grantham,  1990),  and
mapping  shallow  (<30  in)  bedrock  surfaces  (Hunter et  al..  1984;  Miller et al.,  1989;

Miller et al.,  1990). The shallow seismic-reflection technique is inexpensive (relative to

drilling) and can often decrease the need for drilling by an order of magnitude. While the
seismic-reflection method can identify variations in the bedrcek surface and stratigraphic
relationships, it can give only estimates of depth.   Explicit identification of lithologies

requires confirmation drilling.
This section of the report displays and interprets seismic-reflection data acquired

and  processed  to  determine  the  feasibility  of delineating  stratigraphic  or  structural
features  of potential  hydrogeologic  significance  at  or  above  the  top  of a 70 ft deep

bedrock  surface.  A  series of waucaway noise tests  (Appendix D) and two 200 ft CDP

seismic lines were acquired in the Kansas River valley at the GEMS site (Figure 1 ). The
walkaway tests included five different sources and seven analog low cut filter settings
with  a total  apparent  spread  length of approximately 96 ft. The 200  shot point CDP
survey with 2 ft station spacings was conducted using a downhole 30.06 rifle,  loo Hz

geophones,  280  Hz  analog  low  cut  filters,  and  a  Geometrics  240lx  48  channel
seismograph.  The  data were  acquired  and processed  with  the  bedrock  surface  as  the

primary target.
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Data Acquisition
All data for this study were acquired with an EG&G Geomeric's 2401x seismo-

graph. The Geomeric`s seismograph amplifies, filters (analog), digitizes the analog signal
into  a  15-bit word,  and stores the digital information in  a demultiplexed format. The

selected low cut filters have a 18 dB/octave rouoff from indicated -3 dB points. The 1/5
ms sampling interval resulted in a 50cO IIz sampling frequency recording 1024 samples
for a record length of 204 ms.  The Geometrics 2401x is  a 48  channel  floating point
seismograph.

A variety of field parameters and equipment were tested to insure optimization of
recorded data. The sources for the testing included downhole 30.06 and 50 caliber rifles

(Steeples et al.,1987),12 and 8 gauge auger gun (Healey et al.,1991), and 7.3 kg sledge
hammer (Neitzel,  1958). The receivers for the entire study were single Mark Products

L-40A  loo Hz geophones with two wired in series for the production portion of the
survey. The receivers were placed in a 2 ft in-line array to attenuate source-generated air
coupled wave.

The  production  seismic  profile  was  preceded  by  an  extensive  series  of tests

(Appendix D). Proper matching of high- and low-cut filters for acoustic characteristics
and targets at this site allowed optimization of the seismograph's dynamic range. Source-
to-receiver offsets on walkaways ranged from  1  to 96 ft with receivers  spaced at  1  ft
intervals. Reflections, direct wave, refractions, ground ron, and air-coupled wave can all

be easily identified on  walkaway data (Appendix D).   A typical walkaway noise test
record is shown in Figure 2 (30.06 rifle).  Reflections can be intelpreted on unprocessed
data  recorded  with   140  Hz  and  higher  lowcuts.  All  aspects  of  the  testing  were
instrumental in fine-tuning the acquisition parameters and equipment for the CDP portion
of this  study  and  in detemining the potential of several variations  in the  acquisition

Process.
Production  data for this  study  were  acquired  using  the  30.06  downhole rifle,

2-100  Hz  geophones  in  series,  2  ft  station  spacings,  8  ft  source  to  nearest  receiver
distance. 280 Hz low cut and loco IIz high cut analog filters. The 280 liz analog low cut
filter shaped the pre-amplified spectra, enhancing the higher frequency components of the
recorded energy. The near source-to-receiver offset would have allowed the recording of
any intra-alluvial reflection with sufficient signal strength to set the seismographs least
significant  bit.  The  quality  of  bedrock  and  intra-alluvial  reflections  suggest  the

acquisition  parameters  and equipment  were  matched for this  site  and  the  associated

geologic target.  Parameters were  selected to enhance the bedrock reflection recorded
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during the walkaway tests. The bedrock reflection can be easily interpreted on most field
files across the line.

Data Processing
Data processing was done on an Intel 80486-based microcomputer using Eaves-

dropper, a set of algorithms marketed by Interactive Concepts Incorporated. The pro-
cessing flow was  similar to those used in petroleum exploration  (Fable  1).  The main
distinctions relate to the conservative use and application of correlation statics, precision
required during velocity and spectral analysis, extra care during muting operations, and
lack of deconvolution.

The air-coupled wave and the cyclic nature of the direct wave energy was not
removable with spectral filtering and was not sufficiently attenuated during the 24 fold

CDP stacking process to auow reflections shallower than bedrock to become apparent. F-
k filtering improved the coherency  and signal-to-noise of reflecting events above the

bedrock surface. F-k filtering improved slightly the signal-to-noise ratio on stacked data.
For most basic  shallow, high-resolution  seismic reflection data the processing

steps/operations are  a simple scaling down of established petroleum based processing
techniques  and  methods.   However,  processes  such  as  deconvolution  have  basic

assumptions that are violated by most shallow data sets. Migration is another operation
that due to non-conventional scaling (vertical and/or horizontal) many times may appear
to be necessary when in actuality geomeric distortion may be simple scale exaggeration.

Operations  performed  on  data  for  this  report  have  been  carefully  executed  with  no
restrictive assumptions and with care not to create artifacts.

Results

Unequivocal  identification  of reflection  energy  on  field  files  is  essential  for
accurate interpretation of CDP stacked sections. Many of the raw field files acquired for
the production portion of the survey have a confidently identifiable reflecdon event at
approximately  65  ms  (Figure  3).  The  65  ms reflection  has  a dominant frequency  of
approximately  140  Hz  and  an  apparent NMO velceity of around 3000 fvsec.  These
characteristics represent  an  approximate depth to the reflector of 70 ft and a vertical
resolution potential of about 5 ft. The signal-to-noise ratio on the raw file is sufficient to

confidently identify bedrock reflections on most files at offsets longer than about 50 ft.

The  air coupled  wave is the highest amplitude event on most files  and increases the

background noise of near-vertically incident reflection energy arriving later in time.
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Analysis of processed field files improves confidence in intexpretations of CDP-

stacked  sections  (Figure  3).  Digital  filtering,  first  arrival  muting,  appropriate  trace

balancing, bad trace editing, f-k filtering, and trace balancing were key processes in im-

proving  the pre-stack  appearance  of reflections interpretable on  raw  field files.  The
reflection event identifiable at approximately 65 ms is less evident and possesses almost a
40% drop in dominant fiequency on files recorded during the production portion of the
study in comparison to walkaway files. This drop in overall signal quality predicates care
and a conservative approach to interpretations of coherent energy on slacked data.

The event intexpretable at 8 ft of offset and 30 ms is suggested to be the reflection

from the clay/gravel interface at approximately 30 ft (Figure 3). An uphole velocity check
shot (Grantham, 1990) allows confident conelation between the time seismic section and
depth of events present above the bedrock surface (Figure 4). The event is high amplitude
and possess  some  apparent hyperbolic  curvature,  especially  on  processed field files.
However, the event has characteristics that make it difficult to confidently rule out an

altemate interpretation that identifies it was a refracted arrival.  Due to the hyperbolic
nature  of the  event  and  the  coherency  at offsets  at  least  as  short  as  8  ft,  it  will  be

interpreted as the clay/gravel reflector on CDP stacked data.

The bedrock reflection is coherent on field files at offset from 30 to 96 ft (Figure
3). On all files the bedrcek reflection is at least interpretable at offset in excess of 80 ft.
At offsets longer than about 75 ft the pull-up and associated stretch necessary to correct
for non-vertical incidence is  sufficient to drop the dominant frequency by as much as
25%. To reduce the detrimental effects of the NMO stretch, a stretch mute can be applied.
However, if the stretch is reduced to less than 15% information at offsets greater than 50
ft are muted leaving only the very close offset energy.  Due to the minimal amount of
reflected energy returning from the bedrock surface at offsets less than 50 ft, an excessive

amount  of stretch  was  necessary  to produce  an  interpretable  section.  The  reflection
wavelets were allowed to stretch almost 50% before muting was permitted. The effects of
this are evident on moved-out field files. The allowance of excess stretch was a necessary
trade off on this data set to maintain sufficient coherency on the bedrock reflection.

Coherent events can be interpreted across the endue CDP slacked section Q=igure
5).  The stacked section possesses nominal 24 CDP fold as a result of the 48 channel
recording system and selected recording geometry. The dominant frequency of most CDP
stacked reflection energy is between 100 and 175 Hz. The stacking velocity ranged from

1900 to 3500 ft/see. Variation in the depth to the clay/gravel interface at approximately

30 ft is no greater than 2 ft across the  170 ft of CDP line acquired for this study. The

bedrock reflection possesses a decrease in dominant frequency resulting from the over-
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stretching of reflection  wavelets necessary  to compensate for non-vertical  incidence.
Anomafies on the bedrock surface, such as the one interpreted at CDP lceation 270 could
represent localized topographic relief on the bedrock surface of as much as 7 ft. Drill data
from the area has encountered apparent relief of no greater than approximately two feet.
Source-to-receiver  offsets  were  not  conducive  to  the recording  of reflections  from
interfaces deeper than  about 70 ft.   Reflection events from within the Pemsylvanian
sediments are interpretable on the stacked section at times greater than 80 ms but do not

possess the coherency and wavelet consistency that is possible, due to the fceused nature
(70 feet or less) of this survey.

Only subtle indications of reflections from within the gravel portion of the section
can be interpreted (Figure 5). Between CDP's 290 and 340 there is some indication of a
reflection at a time of 42 ms. The event could be interpreted as a lens type feature with
erosional termination at CDP 310 and 330 resulting in a 'hole' in the center of the lens.

This interpretation is speculative but is a possibility in an  alluvial  setting  such as this.

This lens feature is probably less than 5 ft thick with an areal extent of no greater than 50

ft.  The  gravel  portion  of  the  section  (between  30  and  70  ft)  is  for  the  most  part
acoustically transparent.

The  most  significant  feature  interpretable  on  the  bedrock  surface  is  present
between CDP 260 and 300 (Figure 5). This feature appears to be a small bedrock mound
with an assceiated low possibly filled with bedrock rubble. The significance of this event
can not be fully ascertained without drilling/coring. The maximum change in bedrock
elevation across this feature is about 6-7 ft. A defcousing of seismic energy is evident in
the 80 ms reflection as a result of the severity of the dip on the bedrcck between CDP 260
and  300. Another feature between CDP 360 and 400 could represent another bedrcek
rubble  zone  with  undulations  in  the  bedrock  surface  and  associated  fill.  Confident
interpretations  of reflections  associated  with  intra-alluvial  features  initially  requires
detailed confimation drilling to establish key criteria for evaluation.

Conclusions

Shallow  seismic reflection  can be used to delineate structural features present
between the clay/gravel interface at about 30 ft and the bedrock surface at slightly more
than 70 ft. The close proximity and total number of boreholes on this site would suggest
any feature that could potentially alter (he hydrologic characteristics of this site between

the ground and bedrcok surface would have been detected. If the interpretations of the
bedrock  surface  are  accurate,  the  feature  at  CDP  270  represents  a  previously
undiscovered  bedrock  high  and  low.  The  subtle  event  interpreted  just  below  the
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clay/gravel interface at CDP 330 could represent a localized non-permeable zone capable
of significantly  altering  the  local  hydrologic  properties.  The presence of the  deeper
reflection events allows confidence in the interpretations of relative topographic change
on the bedrock surface as a result of actual elevation change and not related to near-
surface irregularities.

The data quality on this line was severely decreased in areas where the near-
surface had been altered by surface traffic and/or drilling activities. Due to the extremely
close spacing of boreholes and borehole activities much of the ground surface has been
non-urifomly altered.  The high resolution seismic method is very sensitive to near-
surface conditions. Improvement in signal-to-noise and dominant frequency would be

possible in this area if data were acquired in relatively undisturbed locations.

Recommendations
Several   confirmation   boreholes   are   essential   to   the  verification   of  the

intexpretations presented here. The features interpreted are related to acoustic contrasts in

the subsurface. The boreholes should be located at CDP stations 250, 275, 285, 350, and
380.  The  hole  at  250  and  350  represent  localized  norms.  The  hole  at  275  allows
interpretation of the high associated with the low at 285. The borehole at 380 should
allow identification of the  source  of the  second reflection  at  55  ms  splitting  off the

bedrock reflection at 60 ms. Without the earth truth possible through drilling, there is no
way to confidently designate the geologic significance of seismicauy detested features.

Future seismic lines acquired in  this area should possess  station spacing of no

greater than  1 ft, directing efforts toward containment of more of the air coupled wave.
All  recorded  reflection   information  with   offsets   greater  than  75   ft  possessed
characteristics of wide-angle reflection and when corrected for non-vertical incidence
display excessive wavelet stretch. At this site near-vertical incident energy is essential
and extremely low levels of recorded air-couple wave and direct wave ring are important
to the eventual resolution and signal-to-noise ratio of the resulting data set.
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Figure 1.   Site map showing relative lceation of seismic line with respect to existing well
locations.
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Figure  2.A  typical  walkaway  noise  test  record  with  the  downhole  30.06  rifle.  a)
represents the raw field file with a 25 ms AGC scale, b) represents a) with a
100 Hz digital low cut filter.  These data were recorded  with analog low cuts at
2cO Hz.
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Figure 3.  Selected field file displaying the processing sequence. a) raw field file normalized,
b) f-k filtered, AGC scaled to 25 ms, and digital filtering 125 to 250 Hz, c) appropriate
muting and trace balancing, d) moved out to adjust for non-vertical incidence.



Figure 4.  Uphole survey and associated geolo:ic cross-section (from Grantham, 1990).
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Figure 5. CDP stacked,  24 fold  seismic reflection  section from GEMS.  At least three
reflection   events   are  easily   intexpretable  on   the   stacked   section.   The
interpretation  suggest  several  feature  of  acoustic  significance  that  could
influence the hydrologic setting.
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TABLE I

format from SEG2 to KGSSEGY

preliminary editing

trace balancing

first arrival muting

surgical muting

assign geomerfes

sort into CDPs

velocity analysis

spectral analysis

surface consistent statics

residual statics

digital filtering

secondary editing

CDP stack

amplitude normalization

display

Table 1 Processing flow for CDP stacked data in Figure 5.  Parameters were
detemined by analysis of each prior step as well as through iterative
analysis of paricular operations.
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