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Summary

Most of the contaminantsource areasat Eielson Air Force Base are located above an unconfined
alluvialaquiferwith relativelyhigh hydraulicconductivity. Hydraulictests that have been conducted

,, on wells at the base were evaluated, andin some cases reanalyzed, to determinehydraulicconductivity
andspecific yield for the aquifer. The reviewed tests included2 multiple-wellpumping tests and 30
slug tests. One slug test was conductedon a well in the bedrockaquiferat Site 38. All the other tests
were conductedon the alluvial aquifer. Two slug tests performedon deeperwells in the alluvial
aquifershowed an oscillatoryresponseand had not been previouslyanalyzed. Reanalysis of the
pumping tests and analysis of the two oscillatingslug tests resultedin estimates of hydraulic
conductivityranging from 240 to 1500 ft/d for the alluvial aquiferunderlying the developed portion of
the base. Specific yield estimatesranging from 0.07 to 0.23 were determined from the pumping tests.
The single slug test conducted in the bedrockaquiferresultedin an estimatedhydraulicconductivityof
1.2 Pt/d. Results of the other slug tests were not consideredvalid.

Review of the previous pumpingtests indicatedthat the originalanalyses were not correctbecause
type curves for an elastic unconfinedaquiferresponse were used, while the data indicatenonelastic
unconfinedaquiferbehavior. Reanalysis of the pumpingtest data, using the appropriatetype curves,
producedresults for hydraulicconductivitythat were within a factorof two of the original results.
However, Closeragreementbetween the results at differentmonitoringwells was obtained for both
tests. Also, estimatesof specific yield were obtainedfrom reanalysis of the tests.

Review of the slug tests indicatedthatonly the test conductedon the bedrockaquifer andthe two
oscillatingslug tests gave reliable indicationsof hydraulicconductivity. Results of the other slug tests
are not considered valid becauseof limitations of the slug test method for characterizinghighly
permeable aquifersand, in some cases, becauseof shortcomings in the datacollection and analysis
procedures. At best, the remainingslug tests may be used to indicatea minimumvalue for hydraulic
conductivity. The actualhydraulicconductivityis thoughtto be significantly higher.
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Introduction

Aquifer hydraulicproperties,particularlyhydraulicconductivityand effective porosity, are
importantin determiningtraveltimes of contaminantsin groundwaterandare also importantin

, designing remedial actions for clean-upof contaminatedground water. Hydraulicproperties are
usually determinedby conductingwell hydraulictests such as pumping tests or slug tests. At Eielson
Air Force Base (Eielson AFB), 2 pumpingtests and 30 slug tests have been performed to determine
aquiferhydraulicproperties. These previous tests were reviewed to determinewhether correctanalysis
methods were applied. This reportprovidesthe results of the review of previous hydraulictests and a
summaryof availableinformationon hydraulicproperties at the base.

Site Description

Eielson AFB is located in centralAlaska, approximately25 miles southeast of Fairbanks. Figure 1
shows the locations of contaminantsource areas and the locationsof previous aquiferhydraulictests.
General informationon the site anddescriptionsof identifiedcontaminantsource areas can be found in
the Site ManagementPlan (USAF 1993).

The developed portionof Eielson AFB and the vast majorityof the contaminant source areas are
locatedon fluvial and glaciofluvialdeposits in the lowland area of the base. These sediments are
approximately400 to 600 ft thick (Pewe 1975). The sediments are composed primarily of sand and
gravel with cobbles up to 8 in. in diameter. Silt andclay content is variable, but is generally less than
10%. These sediments are expected to possess relatively high hydraulicconductivities. A few source
areas, e.g., LF04 and WP38, are located in an uplandarea to the northeastof the developed portionof
the base. Sediments in this area are thinner and containa higher proportion of silt. A fractured
bedrock aquiferunderliesthe sediments and is tapped by a few wells in the uplandarea. One slug test
was conductedon the fracturedbedrock andall the other tests were in the alluvial aquifer.

Review of Pumping Tests

This section presentsthe results of a review of two multiple-wellpumpingtests:- -Thetwo pumping
tests were originally analyzed and reportedby Harding LawsonAssociates (HLA 1989). One pumping
test was conducted at well 54M01 andobservationwell data were collected at wells 54M02, 54M03,
and 54M04. The other test was conductedat well 54M05 andwells 54M06, 54M07, and 54M08 were
used for observationwells. Results of both tests were re,analyzed using improved analysis techniques.
The following subsections contain a discussionof the theoretical basis for analyzingpumpingtests in

• unconfinedaquifers, a summary of the test reanalyses, and specific comments on deficiencies in the
original HLA (1989) analyses. Details concerning the pumpingtest reanalysesare presented in
Appendices A and B.



Theoretical Background for Unconfined Aquifer Pumping Tests

Technical criticismof the original pumpingtest analysis is based mainlyon applicationof incorrect
analysis type curves. Therefore, it is beneficialto brieflyexaminethe characteristicbehaviorof
confinedandunconfinedaquifers duringconstant-ratepumpingtests. Parts of the discussionwere
taken from Spane (1993).

Definitions of Hydrogeologic Parameters

The fundamentalhydraulicpropertiesneeded to describethe flow of waterthroughan aquiferare
hydraulicconductivity,porosity, and aquifercompressibility(Freeze andCherry 1979). Accordingto
Darcy's Law, the flow rate of a fluid througha porous media is proportional to the hydraulicgradient.
In the case where wateris the fluid, the constantof proportionalityis called hydraulicconductivity,K,
so that:

q = -K(dh/dl) (I)

where q - flow rateper unit area
dh/dl = hydraulicgradient.

Equation 1 can be rearrangedas:

K = -q/(dh/dl)

Therefore, K is equivalentto the flow rate through a unit cross-sectionalarea of the aquifer,
perpendicularto the directionof flow, underthe influenceof a unithydraulicgradient (dh/di = 1). It
should be noted that actualhydraulicgradientsin aquifersare usually much less than 1.

Porosity,_/, is definedas the ratioof void space to totalvolume of an aquifermatrix. Aquifer
compressibility,cs, describesthe change in volume of the aquifermatrix in response to a change in
appliedstress. The aquiferspecific storage, Ss, is definedas the volume of waterreleased from a unit
volume of aquiferundera unit decline in hydraulichead. This assumes that the aquiferremf,ins fully
saturated. Ss can be derived from the fundamentalproperties7, cs, and the compressibilityof water,
cw, through the following relationship:

Ss= pg(cs+_/cw) (2)

where p - density of water
g = gravitational acceleration.

For a confinedaquifer of thickness b, the transmissivity,T, and storativity,S, are defined as:

T = Kb (3)
and

S = S,b (4) "
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Therefore, the value of T is equivalentto the flow rate througha unitwidth of the aquiferunderthe
influenceof a unit hydraulicgradient(dh/dl - 1). For unconfinedaquifers, T is not as well defined,
but it can be used with thedifferencethatb is defined as the saturatedthickness of the aquifer.

In the unconfinedaquifercase, ground water is producedfrom both elastic storage (including
expansionof waterandcompressionof the aquifermatrix) and by gravitydrainage as the water-table

" surfacedeclines. The specific yield, Sy,is defined as the volume of waterthat an aquiferreleasesper
unitsurface areawith a unit decline in the elevationof the water table.

Hydraulicconductivity may vary with direction. For most aquifers, it is usually assumed to be the
same (Kh)in all horizontaldirections. However, the verticalhydraulicconductivity (Kv)is often
significantlydifferent. The vertical anisotropyratio 0_v =Kv/Kh)quantifiesthe difference in the ability
of the aquiferto transmitwaterin thevertical direction compared to the horizontaldirection. This is
importantin unconfinedaquiferanalysis becausevertical flow takes place during the middle segment of
unconfinedaquiferresponse.

The Theis Equation for Confined Aquifers

Pumpingtests are regarded as a more reliable method for determininghydraulicproperties than
eitherlaboratorymeasurementsor slug tests becausepumpingtests affecta relatively large volume of
the undisturbedaquifer. A solutionto the boundaryvalue problemdescribingtransientaquifer-
drawdownresponse to pumpinga well at a constantratewas describedby Theis (1935). This solution,
called the Theis equation, is based on several assumptionsincludingan isotropic and homogeneous
aquiferof infinitelateral extent that is confinedbetween impermeableformations above and below. The
Theis equationfurtherassumes that the pumpingwell fully penetratesthe aquifer and that the well
diameteris infinitesimallysmall, that is, there is no storageof waterwithin the wellbore. The
assumptionsof the Theis equationinsure that there is only two-dimensionalradial flow within the
aquiferand that wateris producedonly from elastic storage, that is, combined expansion of waterand
compressionof the aquifermatrix. For a constantpumpingrateof Q, the Theis equationgives the
drawdown,s, at any time, t, andradial distance, r, from the pumpingwell as:

s = W(u), (5)4_rT

whereW(u) is a dimensionless drawdownfunction defined by:
QD

W(u) = l 'e'uduu''' (6)
U

The variable of integration,u, is a dimensionlessfunctionof time defined by:

, r2S
U = 4-_ (7)



Because W(u) and l/u are proportionalto s and t, the Theis equationcan be plottedas log[W(u)] versus
log(l/u) to constructa dimensionless "typecurve." The type curve is matched to test dataplotted as
log(s) versus log(t). Coordinatesof corresponding"match points" on the type curve and dataplot
provide values of W(u), u, s, andt, which are then used with equations 5 and 7 to calculate values for
T andS, respectively (Theis 1935).

Unconfined Aquifer Analysis "

The fact that unconfinedaquifers,such as that tested at Eielson AFB, produceground waterfrom
both elastic storage and gravity drainage,and that the watertable is not fixed duringtesting causesthe
drawdownresponseduringpumpingtests to departfrom thatpredicted by the Theis equation,which
assumes confinedaquiferconditions. Walton(1960) states that unconfinedaquiferconstant-rate
dischargetests conductedwithin fully penetratingwells are characterizedby the presence of three
distinct segments on a time-drawdowncurve. In the firstsegment, the aquiferreactsas would a
confinedaquifer,with groundwaterproduced throughexpansionof waterandcompressionof the
aquifermatrix. Drawdownsduringthis segmentfollow that predicted using the Theis equation, with
aquiferstorage equal to its elastic component(S). During the second segmentof the drawdowncurve,
the rateof drawdowndecreases as gravitydrainage, which inducesa verticalground-waterflow
component,becomes important. Gravitydrainage(also referred to as delayed yield) within the
unconfinedaquifercausesthe time-drawdowncurveto deviate significantlyfrom that predicted by the
Theis equationbecause the gravity drainage/verticalground-waterflow components "reflect the
presenceof recharge in the vicinityof the pumpedwell" (Walton 1960). Duringthe third segment, the
vertical flow componentbecomes insignificantandradial flow conditionsare once againpredominant
within the aquifer. Drawdowns duringthe third segment once againfollow that predictedusing the
Theis equation, with aquiferstorageequal to its combined elastic component(S) and specific yield (Sy).

Because of the vertical flow thattakes place within an unconfinedaquifer,differencesbetween
vertical and horizontalhydraulicconductivitybecome important. Figure2 shows typical dimensionless
unconfinedaquiferresponses for various beta (B)values and a ratio of S/Sy - 0.001:

where fl - (Kv/Kh)(r/b)2 (8)

and where Kh - horizontal hydraulic conductivity
Kv = vertical hydraulicconductivity.

The relative degree of separationbetween the firstand third segments of flow depends on the ratio

S/Sy (or u). Therefore, a universalset of type curves for drawdownin an unconfinedaquifercan not
be developed becausea separateset of type curves, similar to that shown in Figure 2, exists for each
value of _.

Neuman(1975) developed type curves, however, that can be used separately to describe the first
and second segmentsof unconfinedaquifer flow (Neuman Type A, shown in Figure 3), and the second
and third segments of unconfinedaquiferresponse (Neuman Type B, shown in Figure 4). Notice that
the Neuman Type A curves are expressed with respect to the dimensionless time parameter (t0, while
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NeumanType B curves are reflective of the dimensionless time parameter (ty);where, t. and tyare
definedas:

t, = s) (9)

t,,= crt)/(r2Sy) 0o)

The standardanalysis procedurefor unconfinedaquifer tests is to matchthe observeddrawdown
response at an observationwell to a family of either NeumanType A or Neuman Type B curves. The
shapeof the observed response curve indicateswhich of the three segments of the unconfined aquifer
response are present andwhetherType A or Type B curves should be used. In some cases, the test
data includeall three segments andmatchescan be made to both the Type A and Type B curves.
Matching late-timetest data with Neuman Type B curves allows the determinationof fi, T, and Sy;
whereas, matching early-timetest data with Neuman Type A curves allows the independent
determinationof fi, T, and S. Valuesof 1_andT determined from the two separate matchesshould be
approximatelythe same. Based on the valueof I_correspondingto the type-curve selected in the curve-
matchingprocess, t_,evertical anisotropy(Kv = KJK h)can also be determined from Equation8,
providedthat the observationwell distance, r, andaquiferthickness, b, are known.

It should be noted that the originalpumpingtest analyses performed by HLA (1990) used Neuman
Type A curves for matchingthe test data, while either Neuman Type B curves or a combinationof

i Neuman Type A and Type B curves were used in the reanalyses.

Effects of Partially Penetrating Wells

Neuman (1974, 1975) also consideredthe case where either the pumpingor observationwells
partiallypenetratean unconfinedaquifer. In this situation, the numberof independentdimensionless
parametersin the equationfor drawdownincreases from three for the fully penetratingcase to seven.
As stated by Neuman (1975, p. 337), "This large numberof dimensionless parametersmakes it
practically impossible to constructa sufficientnumberof type curves to cover the entire range of values
needed for field application." However, if the aquiferthickness and depth of penetrationof both the
pumpingand observationwells are known, it is possible, throughuse of a computerprogram,to
calculate type curves for each particularfield case. Curve-matching analyses can thenbe performed in
the same manneras for the fully penetratingwell case.

Summary of Pumping Test Reanalyses

Several non-idealaquiferconditionsaffectedthe Eielson AFB pumpingtests. In additionto
unconfinedaquifer and vertical anisotropyconditions, both pumpingtests were conductedin wells that
partiallypenetratethe aquifer. Also, the limited range of availabletime/drawdowndata and the
predominanceof the middle, "delayed-yield,"segmentof unconfinedaquiferresponse madethe
selection of the correct fl curve ambiguous. Therefore, observationwell data were matched to type
curves correspondingto flvalues based on an assumedvertical anisotropyratio, KD, of 0.1, an aquifer
thickness, b, equal to the well screen lengthof 20 ft, and the given observationwell distance (r) from
the pumpingwell. The validity and effects of assuming these values for KD and b are discussed below.

10



The assumedvalue of K v - 0.1 implies that Kh is about an order of magnitudegreater than Kv.
For alluvial aquifers, which consistof horizontally orientedbeds of sediments, Kv can be expected to
rangebetween 0.5 to 0.01, with the lower values ascribed to aquifershavinggreaterstratification. The

• assumption of KD ffi 0.1 is common in analyses of alluvial aquifers, andis consistentwith the Harding
Lawson Associates cited Kv value of 0.1 for othersimilar Eielson sites (HLA 1990). In addition, for
the given test site conditions, errors in estimatesof transmissivitycaused by assumingan incorrect K D

" value are somewhat less than directly proportionalto the error in the assumed KD. For example, for
observation well 54M07 (r ffi 10 f0 assuming a KDof 0.1 yields a 13value of 0.025. If in fact the Kv
value is 0.01, then fi is equal to 0.0025. The verticalshift between type-curves corresponding to these
1]values, however, is small, with the curves being displacedvertically by a factorof less than two.
This indicates thatestimates of transmissivitybased on these differentcurves are within a factor of two,
even though the assumed KD is in errorby a factorof 10. This errorwouldbe propagatedin the
specific yield, Sy, estimateas well, since the calculationof Sy is directly relatedto transmissivity,T, as
indicatedin Equation 10.

Both Eielson AFB pumpingtests were conducted in wells thatpartiallypenetratethe aquifer.
However, an analysis method based on solutions for partiallypenetratingwells was not possible
because the actualaquiferthickness and the vertical anisotropyare not known. Both the original
analysis and the re.analysis,therefore,assumed that the wells fully penetrateda 20-ft thick aquifer,
which is equivalentto the lengtYof the well screen. This assumptionresults in uncertaintyin the
aquiferhydraulicconductivityvalues, which were calculated by dividing the transmissivityobtained
from the test analysis by 20 ft rather than by the actual aquiferthickness. Assuming a 20-ft aquifer
thickness will result in a small error in hydraulicconductivityif Kv < < Kh, as assumed, because the
effects of vertical flow from deeperparts of the aquiferare expected to be minorat the radial distances
of the observationwells (i.e., 5 to 20 ft). The estimatedhydraulicconductivitymay be higher than the
actual hydraulicconductivityof the aquifer,especially if the vertical permeability(Kv)is larger than
assumed. Moredetailedreview comments concerningthe origit__alanalyses are presentedbelow.

Table 1 shows a comparisonof the hydraulicpropertyresults from the original test analyses and
from the reanalyses. Details of the reanalysesare presented in AppendicesA and B. Reanalysis of the
54M01 test yielded estimates of K = 1480 ft/d andS.. = 0.07. Reanalysis of the 54M05 test yielded
estimates of K = 500 ft/d and Sy = 0.23. A vertical'anisotropy ratio (Kv/Khor KD) = 0.1 was
assumed in the analysis. Becauseof the lack of early-time test data, no estimate for aquiferstorativity
(S) was possible. As noted in Freeze and Cherry (1979, p. 60), for confinedaquifers, S ranges from
about0.005 to 0.00005. Storativity is generallyhighest for aquiferswith a large proportionclay, less
for sand andgravel, and lowest for fracturedrock aquifers. Therefore, the elastic response S value for
the Eielson aquifer is expected to be less than 0.001.

Hydraulicproperty estimates from the test at well 54M05 should be used with caution because they
were obtained from analyzing only early-time test data (i.e., the first 40 rain of the test data set). Test
data after 40 rain deviate from the expected decreasing water-level pattern and show increasing water
levels at all observation wells. The increasing water levels were probably caused by a decrease in the
discharge rate, which is reported by HLA (1989) as 40 gpm. No information is provided in the test

' data sheets that would indicate if the discharge rate varied or was maintained at a constant rate during
the pumping period. The standard analysis methods used for the interpretation of unconfined aquifer

, pumping tests (e.g., Neuman 1975) all require that the discharge ratebe uniform during the test. The
decreasingwater-level patternduringpumpingcould also reflect a widespreadchange in water-table

11



Table 1. Comparison of Analysis and Reanalysis Results fc,r Pumping Tests

i i i i i i ii ,ll i

Pumping Well $4M01 ........ •

Original Analysis Result Reanalysis Result

Hydraulic Hydraulic "
Observation Conductivity Storativity Conductivity Specific Yield

Well (R/d) (-) (R/d) (-) lllli

54M02 873 - 1430 0.156

54M03 1150 - 1490 0.141

54M04 1260 - 1480 0.072

Best Estimate = 1480 0.07

Pumping Well 54M05
i

Original Analysis Result Reanalysis Result

Hydraulic Hydraulic
Observation Conductivity Storativity Conductivity Specific Yield

Well (R/d) (-) (R/d) (-)i

54M06 464 - 523 0.21

54M07 583 - 486 0.27

54M08 884 - 490 0.22

Best Estimate = 500 0.23

elevation caused by precipitation infiltrating the aquifer or some other external interference. In any
case, later data from the test at well 54M05 could not be utilized in the analysis.

Review of the pumping tests indicates that the original analysis procedures were not strictly correct
and that no useful estimates of either aquifer storativity or specific yield were obtained. However, the

hydraulic conductivity estimates obtained from the original analyses agreed with the re,analysis results
within a factor of 1.7 or less.

Technical Review Comments on the Original (IK,A 1989) Analysis

The following discussion pertains solely to the HLA (1989) analysis. The original analyses of both

pumping tests, performed by matching type curves to the test data, was incorrect in that type curves for
an unconfined aquifer elastic response (i.e., Neuman Type A curves) were used, while the data clearly
display non-elastic unconfined aquifer behavior (i.e., Neuman Type B curves). The non-elastic nature

12



of the responsecan be demonstratedthroughuse of pressurederivatives (as discussed in Appendix A).
AI_, given the high transmissivit_of the aquifer,the unconfinedaquiferelastic responseshould be
completely dissipated within the firstfew seconds of the test. This would have been evident if more

• frequentmeasurementshadbeen made at the observationwells during the early partof the test.
Specificcomments on the original analyses are provided below.

" Use of a Constant B Type-Curve Value

A constantandunrealisticallylow value of beta (B)was used by HLA (1989) in the analysis of
observationweft responses for each pumpingtest regardlessof the radial distance to the observation
well. fl - 0.001 was used in the analysis of the 54M01 test responses anda value of 0.004 was used in
the analysisof the 54M05 test. The use of a low fl value essentially forces the analysis to tLsea n_,ar
Theisian (confin_l aquifer)type curve for all observationwell test data. In fact, as indicatedin
Equation8: B _ (Kv/Kh)(r2/b2).Therefore, 8 values for type curves used in the HLA (1989) test
analysis should have varied directlyby the square of the observationwell radial distance (i.e., by a
factor of 16 for r - 5 to 20 ft). If it is assumed that the aquifer thickness, b, is 20 ft and the Kv/Kh
ratio (i.e., KD) is 0.1, as suggested in HLA (1990), then betavalues wouldrange between 0.1 (for
wells 54M04 and 54M06) to 0.006 (for wells 54M02 and 54M06).

To demonstratethedifferencein unconfinedaquiferresponses for differentdistances from the
pumpingwell (i.e., for differentfl values), predicted drawdownsat radial distancesof 5 ft (B -- 0.006)
and 20 ft (B = 0.1) are shown in Figures 5 and6 for the pumpingtests at well 54M01 and 54M05,
respectively. Predicted responses shown in Figut_,s5 and 6 were generatedwith the DELAY2
programdescribed by Neuman(1975). The parametersused in calculatingthepredicted responses
were largely obtained from the detailed test analysis presentedin Appendices A and B.

A numberof featuresare evident from the predicteddrawdownpatternsshown in Figures 5 and 6,
including:

• the distinct difference in drawdownbehaviorfor the two observationwell distances

• the complete dissipationof elastic aquiferresponsepriorto 1 rain of pumping, and

• the good match between observed andpredicted responses.

It should be noted thatFigure 6 does not includetwo time/drawdowndatapoints for well 54M06 prior
to 1 min, due to apparenteffects of pumpingratevariationthatlikely occurred duringthe early stages
of the test prior to pumping-ratestabilization.

Use of Elastic Response Type Curves

The HardingLawsonanalysisused an elastic unconfinedaquiferapproach(Neuman Type A curves
. - shown in Figure 3) for matchingthe constant-ratepumpingtest data. As can be seen in Figures 5 and

6, Neuman Type B curves should have been used for matchingthe test data. The use of an elastic
type-curve solution caused the "force-fit"of an incorrecttype curve to the observationwell

• time/drawdown dataplot. The net result was that a wide rangeof hydraulicconductivity values

13
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(i.e., 464 to 884 ft/d) was obtainedfrom theanalysis of differentobservationwell responses. The
arbitraryuse of an elastic type-curve solution also caused the analysis to provide unrealisticallyhigh
estimatesof storativity ( 0.05 to 0.28) for the variousobservation well responses. This, in fact, is in
the rangeexpe,_edfor aquiferspecific yield and the storativity is expected to be 100 to 1000 times
lower.

Re-examinationof Figures 5 and 6 indicates that the elastic unconfinedaquifer response was
largely dissipated duringthe first seconds of the test, before any drawdowndatawere collected.
Additionally,the non-elasticnatureof the observation well responses can be shown throughuse of
pressurederivativeanaJysis, which is discussed in AppendixA.

Use of a Full Penetration Well Solution

Although HLA (1989) acknowledgesthat the aquifermay in fact be 150 to 250 ft thick, their
analysis assumed fully penetratingwells with aquiferthickness equal to the well screen length of 20 ft.
However, given the expected low vertical permeabilityof the aquiferand the relatively small radial
distances to the observation wells, this is believed to be the best approachfor estimatingKhand the
same assumption was also used in the reanalysis. A more rigorousanalysis method based on solutions
for partiallypenetrating wells was not possible becausethe actualaquiferthickness and the vertical
anisotropyare not knownwith certainty.

To illustrate the differencebetween test responsesfor fully penetratingandpartially penetrating
pumpingwells, test responses were simulatedusing the DELAY2 programdescribed by Neuman
(1975). Figure 7 shows the predicted dimensionless drawdownresponsescoinciding with observation
well distancesof 5 ft and20 ft for both full aquiferpenetrationandpartialpenetrationconditions. An
aquiferthickness of 120 ft was used and correspondswith the approximatedepth of a 20-ft thick silt
layer that was reported to occur at the site by HLA (1990). As indicated in Figure 7, there is an
overall similarity in the shapeof drawdownresponsesfor the full and partialpenetrationmodels.
There is, however, a significant vertical shift in the drawdowncurves. This indicatesthat substantially
more drawdownis expected for the partialpenetrationcase than the full penetrationcase.

Two differentapproachescouldbe taken in analyzingthe datausing type curves for the fully
penetrating case. It couldbe assumed that the wells completelypenetratethe 120 ft thick aquifer. The
calculatedtransmissivitywould then applyto the entire aquiferthickness and Khwould be calculated by
dividing by 120 ft. Or, it could be assumedthat the aquiferis only 20 ft thick and upward flow of
water from the deeperpartof the aquiferis negligible. Calculatedtransmissivitywotild then apply
only to the upper20-ft section of the aquiferand Khwould be calculatedby dividing by 20 ft.

Figure 7 shows thatusing a fully penetratingtype curve in the analysis of a partiallypenetrating
well results in an underestimationof the transmissivity. For the assumed KD and partialpenetration
conditions, transmissivityof the entire aquiferthickness wouldbe underestimatedby a factor of 4 (the
vertical shift in the curves). Therefore, using the firstapproach,Kh wouldalso be underestimatedby a
factorof 4. However, if the second approachis takenand the calculated transmissivity appliesonly to
the upper20-ft of the aquiferthickness, thenK h would be determinedby dividing the calculatedT by
20 ft ratherthan 120 ft, and K h would be overestimatedby a factorof 1.25.

4
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As mentionedabove, the second approach,which is to assume that the calculatedtransmissivity
appliesto a 20-ft aquiferthickness, was used both by HLA andin the re,analysis. This assumption
results in uncertaintyin the calculatedaquiferhydraulicconductivityvalues, which may overestimate
the true hydraulicconductivity. However, the erroris expected to be small if Kv < < Kh, as assumed.

Total Drawdown Data Analysis

For the pumpingtest at well 54M05, the HLA (1989) analysis used the entire time/drawdowndata
availablefor each observationwell. However, an apparentdecline in pumpingrate at well 54M05
adversely affecteddrawdownat the observationwells for test times greater than 40 rain. The decline
in pumpingratecaused drawdownpatternsto "flatten"or to decreaseduringthe remaindero_'the test,
rather than to deflect upwardat latertime as expected for a non-elasticor Neuman Type B response
(see Figure 6). Becauseof the apparentdecrease in discharge rate, only data before 40 min were used
in the reanalysis.

Review of Slug Test Analyses

This section presentsthe results of a review of slug test results for Eielson AFB. A total of 30
wells were characterizedusing the slug test method. Two wells (03M07 and48M06), which exhibited
oscillatorybehavior, were not analyzed by HLA (1989). These two tests have subsequentlybeen
analyzed (see AppendixC) and indicatedhydraulicconductivitiesof 415 ft/d at well 48M06 and 243
ft/d at well 03M07. These two results are consideredrepresentativeof the aquifer.

l
i

The remaining28 (non-oscillatory)slug test analysis results reportedin HLA (1989) are evaluated
below. Based on this evaluation, it is recommendedthat hydraulicproperties determinedfrom 27 of
these analyses not be used quantitativelyin support of hydrauliccharacterizationor remediation
activities. The reasons for this conclusion are discussedbelow and includelimitationsof the single-
well slug test method, deficiencies in data collection, and applicationof an inappropriateanalysis
method. The aquiferhydraulicconductivityat these wells is likely to be significantly higher than the
results reported by HLA (1989). The single remainingslug test was conductedat Well 38M03 and is
the only test conducted in the confinedbedrockaquifer. The hydraulicconductivity of 1.2 ft/d
reported by HLA (1989) for this test is considered representativeof the aquifer. A summaryof the
slug test results is shown in Table 2.

An attemptwas madeto reanalyze some of the remainingslug tests using the methodof Bouwer
and Rice (1976), which is more appropriatefor a well completedat the water table in an unconfined
aquifer. However, becauseof the hightransmissivityof the aquiferandlimitations of the Bouwer and
Rice method discussedbelow, the resultswere not considered valid.

18



Table 2. Summaryof Slug Test HydraulicConductivity(K) Results

" s9) ....' '"".....ItLA (19 BestI,

Well Calculated Estimate K
Number K (it/d) (ft/d) Comments

- 03M01 45 "' - notvalid, probablyhigher

03M02 96 - notvalid, probably higher
iiii i i

03M04 - - not analyzed,high K

03M07 - 243 oscillatory,Appendix C
iiiili

06M02 - - not analyzed, high K
iiii . i ilil

09M02 '- - not analyzed, high K
i

20M02 4 - not valid, probably higher

20M03 4 - ' not valid, probablyhigher

20M04 97 - not valid, probablyhigher

20M05 201 - ' not valid, Probabiyhigher

20M06 - - not analyzed, high K

20M07 44 - not valid, probablyhigher

"20M08 149 - not valid, probably'higher
i iiiii i iii i

20M09 - - not analyzed, high K

25M01 33 - not valid, probablyhigher

25M05 42 - not valid, probabiyhigher
i i

29M03 13 - nnt v_id, probablyhigher

_] 32M01 82 ' - not valid, probably higher
iilliHi i i

• 32M02 ' i16 - not valid, probablyhigher
i i i ,ll

35M02 58 - not valid, probablyhigher

38M03 1.2 ........ 1.2 confinedaquifer
i H i.

41M01 103 - not valid, probablyhigher
Hi. i

44M01 - - not analyzed, high K
..,,= ,Hi i , ,,.,i,

45M03 84 o not valid, probablyhigher

46M02 156 - not valid, probablyhigher
i

47M01 140 - not valid, probablyhigher

48M03 193 - not valid, probablyhigher

• 48M06 - 415 Oscillatory, AppendixC
i

54M02 - - not analyzed, high K

. 54M06 - not analyzed, high K
"' ' '| " ii
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Theoretical Background for Slug Test Analysis

Slug tests are conductedby instantaneouslychangingthe waterlevel in a well andmonitoringthe
recoveryto static conditions. Two of the commonlyrecognized methodsused for analyzingslug tests
are the Cooper et al. (1967) methodfor confinedaquifers (fully penetratingwells), and the Bouwer and
Rice (1976) methodfor unconfinedaquifers(for fully or partiallypenetratingwells). Bouwer (1989)
statesthat the Bouwerand Rice (1976) method can also be used to provide "...reasonable values of K
(hydraulicconductivity)in confined...aquifers." The analysis methodpresentedin Cooper et al. (1976)
is theoretically restrictedto fully penetratingwells in confined aquifers, but in certain situationscan be
extended andutilized for the analysis of slug tests conductedunderpartiallypenetratingand unconfined
aquiferconditions (WalterandThompson 1982;Spane 1992).

Although the precedingsuggests a similarity,there are significantdifferencesbetween the two
analysis methods. Briefly stated, the Cooper et el. (1967) method is derived from the Theis equation,
and utilizes a semi-log, type-curvematchingtechniquein which the entiretest datarecord is matched to
established type curves that representdifferentformationstorativityand well geometryrelationships.
In contrast,the Bouwer and Rice (1976) method is based on the Thiem equation,and relies on a semi-
log, straight-line analysis techniquethatfocuses on analysis of earlytest-timedata. For a more
complete descriptionof the analysisproceduresfor each method, the readeris instructed to consult the
identifiedreferences.

Limitations on Applicability of Slug Tests

The slug test provides a rapidand economicalhydrauliccharacterizationmethod for acquiringsite-
specific estimatesof hydraulicconductivity. Although these characteristicsmake slug testing a popular
test method, slug tests have a numberof disadvantagesthat limit their application. Some of these
disadvantages include:

• limited use in moderateto high permeabilityaquifers

• limited radiusof investigation

• susceptibilityto near-fieldheterogeneities.

Permeability Limitations

Cooperet el. (1967) noted that slug tests conductedin confinedaquifersare limited to test zones
possessing transmissivitiesof less than 7000 ft2/d. However, the well casing radiusalso has a
significant effecton the transmissivityrange to which slug tests are applicablebecause the square of the
well casing radiusis directly proportionalto the time requiredfor slug recovery. Spane (1992), in
examining the well geonletry characteristicof RCRA site installations,indicatedthat single-well slug
tests were likely to be limited to characterizingtest intervalswith transmissivitiesless than about 1000
ft2/d. To illustratethe transmissivitylimitation, Figure 8 shows predictedslug test responses in a 2-in.
diameterwell for test intervalswith transmissivitiesof 1000 and 10,000 ft2/d. As shown, for a slug
test conducted in an interval having a transmissivityof 10,000 ft2/d, the imposed slug pressure
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difference is 98% dissipatedwithin 1 s. For a transmissivityof 1000 ft2/d, about60% recovery is
indicatedafter 1 s and 94% recovery after 5 s. Results of the two pumpingtests at Eielson AFB
indicatedhydraulicconductivitiesof 500 and 1480 ft/d, which correspondsto transmissivitiesof 5000
and 15,000 ft2/dfor a 10 ft long test intervaltypical of the slug tests.

In additionto the practicaldifficultiesinvolved in collecting adequate datawithin such a short time
interval, turbulentflow conditionsandfriction loss in the well casing caused by high velocity flow in
the early partof the test may invalidatethe test results. Analyticalmethods for slug tests (e.g., Cooper
et al. !967; Bouwer andRice 1976) assumelaminarflow conditions. The presenceof turbulentflow
can be determinedby calculatingthe Reynolds number,Re, for each time/data point from:

I

Re = (2 V rc)/_t (4)

where V = fluidvelocity
_t = kinematicviscosity of waterwithin the watercolumn.

Reynolds numbers>_.2000 are commonly regardedas indicativeof turbulent flow conditions. For a
well casing diameterof 2 in., turbulent flow is expectedat flow rates higher than about 1.7 gpm. The
combinationof small diametercasing, high flow rates,and turbulentflow conditionsresults in friction
losses independentof the aquiferthatslow the water-levelrecovery duringthe slug test. Analysis of
tests that are significantlyaffectedby frictionin the well casing, therefore, will give results for
hydraulicconductivity thatare lower than the actualhydraulicconductivityof the test interval.

Radius of Investigation

The distance from thewell thatthe aquiferis perturbedby the slug test depends on the ratio of the
formation'sstorativity to the wellbore storage (Karasakiet al. 1988). The lower the storativitywithin a
confinedaquiferor the lower the elastic storagecharacteristicspossessed by an unconfinedaquifer, the
greaterthe distance investigatedby a slug test. Figure 9 shows dimensionless head responses versus
dimensionless distancesfrom the stress well predictedfor selected storativityvalues. The selected
storativityvalues reflect the expected range for transmissiveconfinedand unconfined(elastic response)
aquifers. The dimensionless parametersare definedas:

HD - H/Ho (5)

rD = ro/rw (6)

where H = observed head at time t, minuspre-teststatichead in well; [L]
Ho = instantaneoushead change appliedto well; [L]
ro = radialdistance away from the stress well that the response is observed; [L]
rw = effectivewell radiuswithin the test interval;[L].
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As indicated in Figure 9, the radius of investigation for a slug test (as designated by a dimensionless
head, HD, response of 0.001), can extend a distance of 100 to 1000 wellbore radii (i.e., dimensionless
radial distance, rD) into the surrounding formation for storativities lower than 0.01. However, for
wells completed at the water table in unconfined aquifers, the specific yield component of aquifer
storagemaylimit the radius of investigation to less than 30 weUbore radii.

Near-Field Heterogeneity Effects

Because of the instantaneous slug implementation and radius of investigation limitations, slug tests
are more susceptible to near-field heterogeneities than pumping tests. Natural and construction-related
test interval heterogeneities (e.g., facies change, presence of well gravel-pack) can severely limit the
analysis of slug tests.

To illustrate the effects of near-field heterogeneities, Figure 10 shows the predicted response for a
slug test conducted in a confined aquifer. The hypothetical well is surrounded by an enhanced
permeability zone (gravel pack) extending to a radial distance (rs) of 3 ft that possesses transmissivity
(Ts) equal to 10 times that of the test formation transmissivity (T). Both zones have a storativity (S) of
10"3. As indicated in Figure 10, the initial slug test response (i.e., t < 1 see) is dominated by near-
field conditions, followed by the slug response reflecting a "transitional" or composite pattern that is a
combination of the hydraulic properties of the two zones. Of particular note is the fact that the slug
test response never reflects only the hydraulic properties of the test formation, which attests to the
influence exerted by the near-field heterogeneity.

Evaluation of Harding Lawson Analyses

Harding Lawson Associates (HLA 1989) applied the Cooper et al. (1967) method for the analysis
of all slug test data. Calculated hydraulic conductivity values ranging from 1.2 to 202 ft/d were
reportedfor 20 of the 30 tests. Eight tests were not analyzedbecause of the rapidrecovery that
occurred following slug initiation, indicating a high test interval hydraulic conductivity. Two of the
tests exhibited oscillatory well response and were not analyzed by HLA (1989).

In addition to the general limitations on slug tests discussed above, a number of deficiencies and
potential errors were noted in reviewing the HLA (1989) slug test analyses. A listing of the major
deficiencies and a more detailed discussion of each is provided below:

• The Cooper et al. (1967) method is improperly applied to unconfined aquifer slug tests in wells
screened at the water table

• Initial stress level, Ho, is not calculated correctly for each test

• The actual time of test initiation is not known.
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Inappropriate Analytical Method

The Cooper et al. (1967) method is strictlyvalid for the analysis of slug tests conducted in wells
that fully penetrateconfinedaquifers. However, undercertain conditions, this analyticalmethod can
be appliedto slug tests conductedin partiallypenetratingwells within unconfinedaquifers. These
"favorable"conditionsnormally re,quire that the test interval is anisotropic (i.e.., Kv/Kh < < 1) to
minimizevertical flow components, that there not be a significantchange in saturatedthickness during
testing, and that the screened interval not encompassthe water-tablesurface if significantwater-table
changesoccur duringtesting.

The HLA (1989) reportdoes not addressthe applicabilityof using the Cooper et al. (1967) method.
Because nearlyall the slug tests were conducted for shallow wells with screened intervals that J
encompassthe watertable, hydraulicconductivityestimates based on this method are not considered
valid.

Slug Test Stress Level

The initial slug stress level, Ho, was determinedfor each test by HLA (1989) as the maximum
recordedwater-leveldisplacementthat was observed at the beginningof the test. Reported Ho values
that were "observed"for the slug tests rangedbetween 0.273 ft and 2.55 ft. Implicit in the He
determinationis the assumptionthat the recordingequipment"captured"the maximumdisplacementat
the beginningof the test--a highly unlikely event given the expectedhigh transmissivities and rapid
recoveries. It should also be noted thatdetermining Ho based on observationswithin small diameter
wells can provideunreliableresults, due to movementof the submergedpressure sensor during
slugging rod removal, water-columntransients inducedby slugging rod insertion or removal, etc.

It should be possible, however, to calculate the Ho based on the slugging rod volume and cross-
section area of the well casing or screen. Since the slugging rod used appearsto have been the same
for all slug tests (reportedslug volume = 0.037 ft3) and the well casing/screen dimensions are the
same for the test wells (i.e., except for well 38M03), the He value would be expected to be identical
for all tests. The actual He value can be calculatedby dividingthe known slugging rod volume, Vsr,
by a"and the square of the radius of the well casing/screen. Given a reported well screen diameter of
2.067 in. (HLA 1989), then, providesa calculatedHo value of 1.59 ft for most of the Eielson slug
tests.

For those cases where the aquiferhydraulicconductivity is significantlylower than the sand pack,
Ho should be calculated based on an equivalentwell radius, rew. The r_ is representativeof the "total
free-water surface area"in the well screen and sand-packedinterval. This calculationcan be obtained
using the following relationshipprovided in Bouwer(1989):

r_w= [(1 - n)rc2 + n rw2]'_ (7)

where n = sand-packporosity
rw - wellbore radius.
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Basedon resultsof the pumpingtests andoscillatoryslug tests, it would appearthat the test formation
permeability is similar to that of the emplacedsand pack.

, The use of an erroneousHo value causes the slug test, semi-log datarecovery plot to be over-
steepenedfor cases where the Ho is underestimated,and to be too gradualfor situationswhere H o is

overestimated. The distortionin the data plot causes an incorrect type-curve selection for matchingthe
' test data. Matchpoints obtained from the test data/type-curvematchingprocess are then used for

calculationof test interval transmissivityandstorativity. If an erroneoustype curve is used in the test
data match, errors in transmissivityandstorativitywouldbe expected.

If the well casing size and effective well radius are knownand if the storativity/specificyield
conditionsfor the test interval can be estimated, then a suitable type curve (i.e., alphavalue) for slug
test analysis can be independentlydetermined from alpha ffi (r2 S)/r2. For the Eielson slug tests,
type curves correspondingto alphavalues of 10-3 or greater wouldbe expected. The fact that most
(i.e., > 75%) of the slug tests were matchedwith type curves for significantly lower alpha (i.e., 10-6
to 10"1°)suggests that the test data were over-steepeneddue to the use of an underestimatedHo value.
Significanterrors, therefore, would be expected in the transmissivityand storativity estimatesbased on
matchingto an inappropriatetype-curve. Choosinga type curve that is too steep results in
underestimationof storativityby an amountproportionalto the error in the value of alpha. The effect
on calculated test intervaltransmissivityis more difficultto determine. The calculated T may be
overestimatedbecause the over-steeptype curve must be shiftedto the left to matchthe data plot. This

will result in a highervalue of dimensionless time (Tt/r¢2)for the selected matchpoint and a higher
calculatedT. However, this effect is somewhatoffset by the fact that assumingan Ho value that is too
low will distort the dataplot so that it falls closer to the steepened curve.

Test Initiation

Like the initial slug stress level, Ho, the startof each slug test was determinedby HLA (1989) as
occurring when the maximumrecordedwater-leveldisplacementwas observed at the beginning of the
test. Implicit in this determinationis the assumptionthat the recordingequipment"captured"the
maximumdisplacementat the beginningof the test, which is highly unlikely. An error in determining
the startof the test tendsto distort the early-timeportionof the dataplot, with a late estimate causing
an over-steepenedcurve. Some of the ambiguityin selecting the actual starttime can be eliminatedby
projectingback to when the "expected* or calculated Ho occurredor by placing more emphasis on
later-timedatain the type-curvematchinganalysis.

Bouwer and Rice Analysis Evaluation

In evaluating the slug test results provided in HLA (1989), an attempt was made to reanalyze three
of the tests (i.e., wells 03M01, 25M01, and 45M03) using the Bouwer and Rice (1976) method.
However, like the Cooper et al. (1967) method, the Bouwer and Rice (1976) methodmay have

• characterizationlimitations andnot be applicablefor test intervalshaving transmissivitiesgreaterthan
1000 ft2/d(i.e., K > than 100 ft/d for a 10-ft screened interval). Therefore, the results of the analyses
were not consideredvalid. The Bouwerand Rice (1976) analytical limitations are discussed briefly

• below.
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Becauseof the semi-empiricalnatureof the Bouwerand Rice (1976) analysis method, a numberof
analyticallimitationsexist. Mostof these have been previouslydiscussed in Bouwer andRice (1976)
andBouwer (1989). Unlike the Cooperet al. (1976) method, BouwerandRice (1976) do not provide
any uppertransmissivitylimit for this analysis method. However, because of its dependenceon early-
time data, it is probablymore restrictivethan the Cooper et al. (1976) method, which utilizes the entire
data response. The BouwerandRice (1976) method requiresthata straight-linebe fit to the early-time
portionof the water-levelrecoveryresponse. For higherpermeabilitytest intervals(i.e., K 2. 100
ft/d) the early-timedata portion that is analyzable with the Bouwerand Rice (1976) method is over
within the first 1 to 2 s of the test. Fitting a straight-lineto recovery data recorded after this time will
providehydraulicpropertyestimatesthat are erroneous. To illustratethe extentof the early-time,
analyzable straight-linesegment, Figure 11 shows a simulated slug test response andthe straight-line
analysis slope for a fully penetratingwell within a test interval thathas a hydraulicconductivityof 100
ft/d. As indicated, the early-time, straight-line segmentof the recovery lasts for only approximately2
s at the beginningof the test. This suggests that, conservatively,test intervalspossessing
transmissivities> 1000 ft2/d(i.e., K 2. 100 ft/d) are not analyzable with this test or analysis method
(see Figures 8 and 11). In addition, the problemsof turbulenceand frictionloss in the well casing
discussed for the Cooper et al. (1976) method are expected to be even more significantduringthe
earlierpartof the slug test used in the Bouwer and Rice analysis.

Conclusions/Recommendations

Pumping tests and oscillatoryslug tests in the unconfinedalluvial aquiferat Eielson AFB
demonstratethat the hydraulicconductivityis relativelyhigh, with test results ranging from 240 to
1500 ft/d. Specificyield estimatesfrom reanalysis of the multiplewell pumpingtests ranged from 0.07
to 0.23. A single slug test conducted in the confinedbedrockaquiferat Well 38M03 indicateda
hydraulicconductivityof 1.2 ft/d.

Otherslug test resultsreportedin HLA (1989) are not considered reliablebecause of limitations of
the slug test method for characterizinghigh permeabilityaquifersand, in some cases, becauseof
shortcomingsin the datacollection and analysis procedures. At best, these tests may provide estimates
of the minimumhydraulicconductivityfor the tested interval. The actual hydraulicconductivityis
thought to be significantlyhigher.

In general, single well slug tests in small-diameterwells are not appropriatefor characterizingtest
intervalswith transmissivitygreaterthan 1000ft2/d (hydraulicconductivity > 100 ft/d for a 10 ft test
interval). Single well slug tests utilizing wells with larger casing _ 6 in.) could providereliable
results. Multiple-wellslug-interferencetests are a possible alternativemethod. These tests requirea
minimumof two closely spaced wells (< 50 ft), and one of the wells (the stress well) should have a
diameter of at least 6 in. Slug interferencetests have advantagesover pumpingtests in that they are
quickly completed, minimizeperturbationof the ground-waterflow system, and do not produce large
amounts of possibly contaminatedwater. Based on the assumedrangeof hydraulicproperties, a slug-
interferencetest wouldbe expected to be completedwithin a 30-min period. A description of the
design, performance, andanalysis of slug interferencetests is provided in Spane (1992).
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If additionalconstant-ratepumpingtests are conductedin the unconfinedalluvial aquiferat the site,
the following test design recommendationsare suggested:

* The test should be conductedfor a minimumof 2 days

• A long-term, pre-testequilibrationmonitoringperiod shouldbe initiated for the purposeof
removing extraneoushydrologictrends (e.g., recharge event)or stresses (e.g., barometricpressure
fluctuation)from the pumpingtest record

* A higher pumpingrateshouldbe considered to maximize the observed interferenceresponseat the
observationwell locations

* Water-levelmeasurementsshouldbe made as frequently as every second during the early stages of
the test to help establishthe early-time,unconfinedaquifer(i.e., elastic) response characteristics

• Becauseof the shallow water table andhigh T of the aquifer,efforts shouldbe made not to
discharge the groundwaterwithdrawnduringpumpingto land surface within2000 ft of the
observationwells.
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Appendix A

Hydraulic Test Analysis for Constant-Rate Pumping Test
• at Well 54M01

Hydraulic test analyses were performedon availableobservation well drawdowndatathatwere
obtained duringa constant-ratepumpingtest at well 54M01 on October7, 1988. The constant-ratetest
was conducted for a total test period of 1043 min, at an averagedischargerateof 36 gpm. Observation
well distances (r) from the pumpingwell (54M01) are listed as:

54M02-r ffi 5 ft

54M03- r = 10 ft

54M04- r = 20 ft.

Hydraulic test analysis methods for the unconfinedaquifertest included both confinedaquiferanalysis
(Cooper and Jacob 1946) for test data sections that displayed radial flow conditions, and unconfined
aquifer typc-curve analysis using Neuman Type B curves (Neuman 1975) and associated derivative
plots (Spane 1993). The results obtained from the two analysis methods provided corroborative
estimates for hydraulic conductivity and specific yield that ranged between 1410 and 1505 ft/d, and
between 0.070 and 0.162, respectively.

It should be noted that the drawdownanalyses presented in this appendixare based on the
assumption of a fully penetratingwell andan aquiferthickness of 20 ft. Hy "r,'dic conductivity was,
therefore, calculated from the estimatedtransmissivityvalue by dividing b) 20 ft. The actualaquifer
thickness is thought to be 120 to 250 ft. As noted in the text, the effects of partialpenetration cause the
transmissivity determined from the type-curve matchto significantly underestimatethe transmissivityof
the entire aquiferthickness (i.e., by a factor of 4 to 10). However, in calculating hydraulic
conductivity, this error is offset by dividingthe transmissivityresultby the screen length (20 ft) rather
than by the actual aquiferthickness.

The best estimates for aquifer hydraulicproperties are 1480 ft/d for hydraulic conductivity, and
0.07 for storativity. The best estimates are based on analyses performed on drawdown data obtained
from observation well 54M04; which is the most distant of the observation wells monitored during the
test. The greater observation well distance results in a larger beta type-curve value (i.e., 0.1 versus
0.006 for well 54M02), which provides a higher degree of certainty in the unconfined aquifer, type-
curve analysis. Analysis of the drawdown responses for observation wells 54M02 and 54M03 also

• provided comparable estimates.

• Hydraulicproperty estimates obtained from analysis of each observation well response are
presented in Table A. 1. A brief description of the analysis process and selected analysis figures are
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presentedbelow. A detaileddescriptionof the use of confinedaquifersolutions and the unconfined
aquifertype-curvemethodfor analyzingunconfinedaquiferresponsesis presented in Neuman (1975)
and Spane (1993).

+

Confined Aquifer Analysis

The analysisprocedure includes the use of a log-log diagnosticplot of the drawdownand
drawdownderivative (fora discussion on the use of pressurederivativesin hydrologictest analysis see
SpaneandWurstner1992 and Spane 1993) to identifythe existence of radial flow conditions within the
drawdowndata, which can then be analyzed using the semi-log, straight-linemethod of Cooper and
Jacob (1946). The straight-lineanalysis method is valid generally (i.e., within2%) for test times
exceeding a "u criteriavalue" of 0.05 (Chapuis1992). The Jacobcorrectionfor unconfinedaquifer
dewateringshould also be appliedfor the observed drawdowndata following the suggestionprovided
in Neuman (1975).

Figure A. 1 shows a log-log diagnosticplot of the drawdowndata and data derivativefor well
54M02. The relativelyhigh "noise"level in the data necessitated the use of a derivative L-spacing of
0.4. The diagnosticplot indicatesthat radial flow conditionswere established afterapproximately17
min and lasted until approximately683 min into the test. Figure A.2 shows the semi-log, straight-line
analysis for drawdowndataduringthis period. As indicated in the figure, a transmissivityof 28,210
ft_/d anda specific yield of 0.162 were obtained fromthe straight-lineanalysis. An hydraulic
conductivityestimateof 1411 ft/d was calculatedby dividing by the assumed aquiferthickness of 20 ft.
Figures A.3 throughA.6 show the diagnostic and straightline analysis plots for observationwells
54M03 and 54M04. The diagnosticplot for well 54M03 indicatesradial flow conditionsbetween 20
and 683 rain after the test began. Semi-log straight-lineanalysis of these dataresulted in a
transmissivityof 29,750 ft2/d and a specificyield of 0.137. An hydraulicconductivity of 1488 ft/d was
calculated by dividing by the assumed aquiferthickness of 20 ft. The diagnostic plot for well 54M04
indicatesradial flow conditionswere established after 30 min and lasteduntil the end of the test at 1043
min. Semi-log straight-lineanalysis of these data resulted in a transmissivityof 30,100 ft2/d and a
specific yield of 0.073. An hydraulicconductivityestimate of 1505 ft/d was calculatedby dividing by
the assumed aquiferthickness of 20 ft.

Unconfined Aquifer Type B Curve Analysis

The unconfined aquifertype-curve analysis procedureincludesthe log-log matchingof the
drawdowndata and data derivativeto establishedtype curves (Neuman 1975) andtype-curve
derivatives (Spane 1993). Figure A.7 shows an exampleof the combined type curve andderivative
responses for a selected beta curve range of 0.001 to 0.1. As indicated, the ambiguity in selecting the
best type-curve match is significantlyreducedby the convergenceof the derivativecurves with a
horizontalline at a dimensionless drawdownvalue of 0.5. This effectively fixes the vertical scale for
type-curve matchingpurposes.

Figures A.8 through A. 10 show combineddrawdownand derivative type curves matched to data
from each of the three observationwells. Drawdowntype curves (NeumanType B) and corresponding
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derivativecurves were generatedandfitted to the datausing computersoftware programs. The best-fit
of the drawdowndataanddata derivativefor well 54M02 was obtainedusing a type-curvebeta value
of 0.006. This type-curvematch (Figure A.8) provided estimatesfor transmissivityand specificyield

, of 29,020 ft2/dand 0.149, respectively. An hydraulicconductivityestimateof 1451 ft/d was calculated
by dividing by the assumed aquiferthickness of 20 ft. The best-fitof the drawdowndata and data
derivativefor well 54M03 was obtainedusing a type-curvebeta value of 0.025. This type-curve match

' (FigureA.9) resulted in transmissivityand specific yield estimatesof 29,810 ft2/d and 0.145,
respectively. An hydraulicconductivityestimateof 1491 ft/d was calculated by dividing by the
assumed aquiferthickness of 20 ft. The best-fitof the drawdowndata and dataderivativefor well
54M04 was obtainedusing a type-curve beta value of 0.1. This t]tpe-curvematch (Figure A.10)
resulted in transmissivityand specific yield estimatesof 29,025 ft_/d and 0.070, respectively. An
hydraulicconductivityestimateof 1451 ft/d was calculatedby dividing by the assumedaquifer
thickness of 20 ft. Resultsof the unconfinedaquifertype curve analysis method are in close agreement
with results obtained from the confinedaquiferanalysis method.
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Table A.1. Summaryof HydraulicTest Analysis ResultsFor Constant-RatePumpingTest
at Well 54M01

Hydraulic Property
Estimate

Hydraufic
Conductivity Specific

Well Analysis Method (ft/d) Yield

54M02 ConfinedAquifer: Semi-Log, 1411 0.162
Straight-LineAnalysis

54M03 ConfinedAquifer: Semi-Log, 1488 0.137
Straight-LineAnalysis

54M04 ConfinedAquifer: Semi-Log, 1505 0.073
Straight-LineAnalysis

54M02 UnconfinedAquifer: Neuman 1451 0.149
Type B Curve Analysis

54M03 UnconfinedAquifer: Neuman 1491 0.145
Type B Curve Analysis

54M04 UnconfinedAquifer: Neuman 1451 0.070
Type B Curve Analysis

BEST ESTIMATE* 1480 0.07

* Best estimatevalues basedon analysis results obtainedfor well 54M04.
,,! q,,
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Hydraulic Test Analysis for Constant-Rate Pumping Test
• at Well 54M05

Hydraulic test analyseswere performedon availableobservationwell drawdowndatathat were
obtainedduringa constant-ratepumpingtest at well 54M05 on October 8, 1988. The constant-ratetest
was conductedfor a totaltest period of 545 min, at a reportedaveragedischargerateof 40 gpm.
Observationwell distances (r) from the pumpingwell (54M05) are listed as:

54M06- r = 5 ft

54M07- r = 10 ft

54M08- r = 20 ft.

The discharge rateat well 54M05 is reportedby HLA (1989) as 40 gpm. No information is provided
in the test datasheets that would indicateif the discharge rate varied or was maintainedat a constant
rateduringthe pumpingperiod. The standardanalysismethods used for the interpretationof
unconfinedaquiferpumpingtests (e.g., Neum_ t975) all require thatthe discharge ratebe uniform
during the test.

Figure B.1 shows the time/drawdownrecordat the pumpingwell (well 54M05). As shown,
drawdowndoes not exhibit a steady decline pattern,andin fact shows an increasingpattern (i.e.,
water-level rise) after approximately40 min. There are a numberof factors that can cause an
increasingwater-levelduringa pumpingtest; the most plausible for these test site conditions being a
decrease in the pumpingrate and/or well developmentat the pumpingwell site. Since decreasing
drawdownpatternswere evidentat all observationwells after this point in the test, a decline in
pumpingrate is believed to be the most plausibleexplanation.

Because of the apparentdecrease in pumpingrate, only observationwell data for the test period
priorto 40 min were subjectedto analysis. It was also assumed that the pumpingrate duringthis
period was constantand averaged40 gpm. Any errors in the assumed discharge rate will be directly
manifested in the hydraulic propertiesestimatedfrom the test analysis.

The unconfinedaquifertype-curve analysis method described in Neuman(1975) and Spane (1993)
was used. Results obtained from the analysis providedcorroborative estimates for the aquifer

, tra_missivity and specific yield that ranged between486 and 523 ft/d, and between 0.21 and0.27,
respectively.

R
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It should be notedthat the drawdownanalysespresentedin this appendixare based on the
assumptionof a fully penetratingwell andan aquiferthickness of 20 ft. Hydraulicconductivitywas,
therefore,calculatedfrom the estimated transmissivityvalue by dividing by 20 ft. The actualaquifer
thickness is thought to be 120 to 250 ft. As notedin the text, the effects of partialpenetration cause the
transmissivitydeterminedfrom the type-curvematchto significantlyunderestimatethe transmissivityof
the entire aquiferthickness (i.e., by a factor of 4 to 10). However, in calculatinghydraulic
conductivity,this erroris offset by dividing the transmissivityresultby the screen length (20 ft) rather
than by the actualaquiferthickness.

The best estimatesfor the aquiferhydraulicpropertiesare 500 ft/d for hydraulicconductivity, and
0.23 for storativity. The best estimatevalues are based on the averageof estimatesobtainedfrom the
three observationwell test results. It should be noted that pressurederivativeanalysis, which proved to
be useful in analyzing the previous pumpingtest (54M01), could not be effectively appliedto this
pumpingtest data set, because of the shortnessof the datalength, the inherent"noise"level within the
data, and the predominanceof "delay-yield"effects within the datarecord.

Hydraulicpropertyestimatesobtained from individualwell analyses are presentedin Table B.1. A
brief d .....:riptionof the analysis process, and selected analysis figuresare presented below.

Unconfined Aquifer Type B Curve Analysis

The unconfinedaquifertype-curve analysis procedure,which includes the log-log matchingof the
drawdowndata to establishedNeumanType B (non-elastic)curves (Neuman 1975), was used to
analyze the available(representative)observationwell data. As noted previously, becauseof the
limit_ observationwell data available,pre-selectedbetacurves were used in the type-curve analysis
based on an aquiferthickness, b, of 20 ft, the reportedobservationwell distance, r, and an assumed
vertical anisotropyratio, KD, of 0.1. The Type B curves were calculatedusing the DELAY2 program,
which is described in Neuman (1975). It should be noted that the type-curve derivative method used in
analyzingthe firstpumpingtest dataset (Well54M01) was not utilized for this pumpingtest reanalysis,
because of the limited observationwell data available.

Figures B.1 throughB.3 show the results and hydraulicpropertyestimatesobtained from the type-
curve analysis for observationwells 54M06 throughwell 54M08, respectively. As indicated, a close
correspondencein hydraulicproperties was obtained.

Figure B.4 shows a combineddrawdownplot analysis for all observationwell locations, together
with the predicteddrawdownresponse based on the best estimatederived values for transmissivity
(9990 ft2/d)and specific yield (0.23), andassumed values for storativity (0.001), vertical anisotropy
(0.1), and aquiferthickness (20 ft). The close correspondencebetween the predictedand observed
drawdownresponse indicates that the test interval is relatively homogeneous within the immediate
surroundingarea. The close correspondence also suggests that the assumed KDvalue of 0.1 must be
close to the actual value. No inference concerningassumed aquiferthickness, however, can be made
since the relative separationbetween beta curves is approximatelythe same, whether the wells are fully
or partiallypenetrating.
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Figure B.4 also shows that duringthe first40 min of the test, drawdownresponses at the
observationwells were significantly influencedby "delayed-yield" effects. The third segment or late-
stage of unconfinedaquiferflow behavior(which follows the Theis curve with respect to the specific

• yield) is not exhibited at any of the observationwells. Confinedaquiferanalyses (which are basedon
the Theis solution), therefore, cannotbe utilized in analyzing the drawdowndata.
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Table B.1. Summary of Hydraulic Test Analysis Results For Constant-Rate Pumping Test
at Well 54M01

"llri . .... ,, ,,,.,., ,

Hydraulic Property Estimate

Hydraulic
Conductivity Specific

Well Analysis Method (ft/d) Yield

54M06 Unconfined Aquifer: Neuman 523 0.21
Type B Curve Analysis

.,=,, .. i,, , .., i ,

54M07 Unconfined Aquifer: Neuman 486 0.27
Type B Curve Analysis

54M08 Unconfined Aquifer: Neuman 490 0.22
Type B Curve Analysis

BEST ESTIMATE* 500 0.23

* Best estimate values based on average analysis results obtained for observation
wells 54M06, 54M07, and 54M08.
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Appendix C

Analysis of Oscillating Slug Tests

This appendix presentsresults of analysesperformedon 2 slug tests thatdisplayedoscillatory
patternsfollowing slug test initiation. The tests were partof a series of slug tests conducted_ a 30
wells by HardingLawsonAssociates (HLA 1989). Of these 30 wells, only two (wells 03M07 and
48M06) exhibited oscillatory behavior. Because of the oscillatory response, the slug tests for these two
wells were not anal_ed by HLA (1989).

Slug tests thatdisplayoscillatorybehavior(i.e., under-dampedresponse) commonly occur in wells
that intersecta highly transmissiveconfinedaquiferand/orpossess a significantwatervolume (i.e.,
mass) withinthe well casing, it is interestingto note that of the 30 wells slug tested as partof the
Eielson AFB characterizationprogram, only the two deepestwells (i.e., greaterthan 50 ft in depth and
not completedat the watertable)exhibited an oscillatory response. Standardanalytical methods(e.g.,
Cooper et al. 1967; Bouwer and Rice 1976) that are valid for the analysis of slug tests that exhibit an
exponentialdecay pattern(i.e., over-damped response) cannotbe used for analyzing slug tests that
displayoscillatory behavior.

Theoretical Background

As discussed in Cooperet al. (1965) and Van der Kamp(1976), a well-aquifersystem response to
slug testing can be representedby the performanceof a mass suspendedon a springin a viscous
medium. In this analogy, the mass is representedby the waterin the well bore and in the affectedarea
of the surroundingaquifer, and the springby characteristicsof the aquifer. Dependingon the various
propertiesof the well-aquifersystem, three types of free waterwell responsecases are possible: over-
damped,under-damped, and criticallydamped.

In an over-dampedwell response situation,waterlevels recover to the static, pre-testlevel in an
exponentialmanner. Slug tests that exhibit an over-damped response indicatethat frictional forces
within the well-aquifersystem are dominantover inertial forces (i.e., representedprimarilyby the
mass of waterwithin the well column). Becauseof this force relationship,over-damped well response
is associatedwith aquiferspossessing low to moderatetransmissivity,for wells of shallow to
intermediatetest depths. Analytical solutionsfor this test response have been developed andpre._ented
by Cooperet al. (1967), Bouwer and Rice (1976), etc.

For the under-dampedwell responsecase, recoverywaterlevels oscillate about the static water
, level with amplitudes that decrease withtime. The oscillatory behaviorexhibited indicatesthat inertial

forces within the well-aquifersystem are significantand must be accountedfor in the test analysis.
This type of well response is commonly exhibited for highly transmissiveaquifersand/or well test
systems possessing large volumes (i.e., mass) of water. The occurrenceof oscillatory inertial behavior
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within wells was first identifiedanddescribed in Cooper et al. (1965) and Bredehoeflet al. (1966).
Analyticalsolutions for under-dampedslug test responseare presentedin Van der Kamp (1976),
Krauss(1977), Shinoharaand Ramey (1979), Kipp(1985), and Kabalaet el. (1985). Becauseof the
relative ease of application,the analytical method developedby Van derKamp (1976) was used in the
analysis of the Eielson AFB oscillatoryslug test responses and is, therefore, the method discussed in
this report section.

4

Criticallydamped well responses representa transitionalresponse between the over- andunder-
dampedcases. The type-curve matchingmethod presentedin Kipp(1985) is the only known analytical
techniquefor analyzing slug tests exhibiting this type of composite well response behavior.

Van der Kamp Analysis Procedure

The Van der Kamp(1976) analysis method is predicatedon describingthedamped, oscillatory slug
test response, Ht, based on the following approximatesolution:

Ht ffi Ho e"_tcos (w 0 ((3.1)

where Ho -- initial slug stress applied;[L]
lr = dampingconstant; [T"l]
t ffi test time; [T]

w = angularfrequency; [radians/T].

The analysisprocedurebegins by determiningthe dampedangular frequency, w, anddamping
constant,_. The angularfrequencyis determinedby:

w = 2_r/p (C.2)

where p ---period of oscillation

The dampingconstant, _-,is determinedby:

_"- -In[Ht/Ho(cosw t)]/t (C.3)

Next the effective water-columnlength, L=, within the well is calculatedby:

i

Lo= g/(w2 + (c.4)
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Knowing_ and Le, calculate thedampingfactor, d, by:

, d = /(g/LJ (¢.5)

• Once the damping factor has been determined,the transmissivityfor the test interval can be determined
by:

T - b + a In(T) (C.6)

where a = analysis parameter;equal to r2 (g/Le)'a/8d
b = analysis parameter; equal to -a in [0.79 r2 S(g/Le)"_].

As discussed in Van der Kamp (1976), the b analysis parameterrequiresthat'the effective well radius,
rew,and storativity, S, of th_ aquiferbe known, However, since the naturallogarithm is takenof their
product,the calculationof b is ratherinsensitive to large variations or uncertaintiesin either r2 or S.

For the Eielson AFB slug tests analyses, rowwas calculatedas the equivalentradiusrepresentative
of the "totalfree-watersurfacearea" in the well screen and sand-packedinterval. This calculationcan
be obtained using the following relationshipprovided in Bouwer (1989):

rew- [(1-n)r 2 + n rw2]_ (C.7)

where n - sand-packporosity
rw - wellbore radius.

Krauss(1977) and Kabala et al. (1985) state if S is not knownindependently,then a value of S - 104
is recommended. As mentionedpreviously, the relative insensitivityof the analysis parameterb to S,
suggests that estimates of transmissivityshould not vary by more than a factorof abouttwo over the
range for storativitycommonlyascribed to confinedaquifers(i.e., 10.3 to 10.5).

Once analysis parametersa andb have been calculated,the transmissivitycan be calculated from
EquationC.6 through an iterativeprocedurebeginning with a first approximationof TO- b, and
continuingto:

Tn - b + a InTn.I (C.8)

where n > 1.

Convergenceto a final transmissivityvalue generally occurs within three or four iterations.
t
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Variousassumptionsof the approximateanalysissolution are discussed in detail in Van der Kamp
(1976). Implicit in the analysis (as withmost hydrologictest analyses) is that laminar flow conditions
exist within the test system duringtesting. It is important,therefore, that the under-dampedanalysis be
appliedto test datadisplaying laminar flow behavior. Becauseof the natureof the test, turbulentflow
conditionsmay occur during the earlystages of the test response, immediatelyfollowing initiationof
the slug test. The presence of turbulentflow conditionscan be assessed by calculating the Reynolds
number,Ro, for each time/data point. The well-knownReynolds numberis given in fluid mechanics "
textbooks as:

Re = (2 V re.)/p (C.9)

where V - fluidvelocity
it - kinematicviscosity of waterwithinthewater column.

Reynolds numbers> to 2000 are commonlyregarded as indicativeof turbulentflow conditions.

Analysis of Well 48M06 Slug Test

Test data and as-builtconstructiondetails for this well test are contained in HLA (1989). The test
was conductedon October4, 1988. The mannerof slug initiationis unknown,but is believed to have
been implementedby removing a submergedslugging rod of knownvolume (0.037 f13)from the well
column. The well screen andwellbore radiiare reported in HLA (1989) as 0.083 ft and 0.229 ft,
respectively. The well is screened over the depthinterval89.0 to 99.0 ft bls. The depth to waterat
the time of testing is not known, butis estimatedto be 13.6 ft bls, based on a static water-level
measurementobtainedseveral weeks priorto (i.e., 9/23/88, 13.7 ft bls) and following the test
(10/31/88, 13.2 ft bls).

Figure C. 1 shows the oscillatorypatternexhibitedat the well following initiationof the slug test.
As indicated,a well defined under-dampedresponse is indicatedwith an oscillation period of 10.5 s.
The under-dampedresponse was analyzed using the approximatesolution method reported in Van der
Kamp(1976). Pertinentinputparametersrequiredfor the analysis includedthe effective water-column
length, Le = 88.39 ft; effective well radius, raw= 0.135 ft; well casing radius, rc = 0.086 (note: the
HLA value of 0.083 is incorrect);angular frequency, w = 0.5984 radians/s (fromthe oscillation
period analysis); damping constant, 1"= 0.0768 s"t(from the oscillationamplitude analysis); storativity
- 0.0001 (assumed); initial slug stress, Ho - 1.59 ft (calculatedfrom slug volume displacementand
casing cross-sectionalarea).

Based on these given inputparameters, a transmissivityof 4150 ft2/dwas calculated. The
approximatesolution is ratherinsensitive to storativity. For this example, varyingstorativity from 10-3

to 10-5 causesthe transmissivityestimateto rangebetween 3150 and 5100 f0/d. As suggested in
Krauss (1977) andKabala et al. (1985) for transmissivetest intervalsexhibitingan under-damped
response, a value of 10-4 is recommendedwhen the storativityis not alreadyknown. Like all single-
well slug tests, the transmissivity is reflectiveof the screened interval;therefore, an equivalent
hydraulicconductivityof 415 ft/d is indicatedfor the 10-fttest intervallength.

4t
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It should also be notedthat the slug test analysis is dependenton laminarflow conditionsoccurring
within the test system. To assess whetherturbulentflow conditionsexisted during the test, Reynolds
numbers(Re) were calculated for each time/datapoint. This assessment indicatedthat turbulentflow

, conditions (i.e., Re >_.2000) did exist during the earlystages of the test, buthadlargely dissipated by a
test time of approximately 14 s. For this reason,only test data after 14 s were used in the under-
damped slug test analysis. As shown in FigureC.1, a good matchbetween the observed and predicted

• response is indicated, even for the early test period (i.e., t < 14 s).

Analysis of Well 03M07 Slug Test

Test dataandas-builtconstructiondetails for this well test are containedin HLA (1989). The test
was conducted on October 2, 1988. The mannerof slug initiation is unknown,but is believed to have

•been implementedby removing a submergedslugging rod of knownvolume (0.037 _3) from the well
column. The well screen and wellbore radiiare reportedin HLA (1989) as 0.083 ft and0.229 ft,
respectively. The well is screened over the depthinterval89.5 to 99.5 ft bls. The depth to waterat
the time of testing is not known, butis estimatedto be 11.3 ft bls, based on a static water-level
measurementobtained on October5, 1988.

Figure C.2 shows the oscillatory patternexhibitedatthe well following initiationof the slug test.
As indicated, only one and one-half oscillations are exhibitedfor the 15 s of test data recordedat the
site. As with well 48M06, the slug test response was assessed for turbulentflow conditions. The
analysis indicates that turbulentflow conditionswere dissipatedafter 9 s into the test. This indicates
that only the last 6 s of test datacan be "rigorously"analyzed. The under-dampedresponse was
analyzed using the approximatesolution methodas described for well 48M07. Pertinentinput
parameters requiredfor the analysis includedthe effective water-columnlength, Le - 85.92 ft;
effective well radius, rew= 0.135 ft; well casing radius, r_ = 0.086 (note: the HLA value of 0.083 is
incorrect);angular frequency, w - 0.5984 radians/s(from the oscillation period analysis); damping
constant, _--- 0.1280 s"l (calculatedoscillationamplitude analysis); storativity - 0.0001 (assumed);
initial slug stress, Ho - 1.59 ft (calculatedfrom slug volume displacementand casing cross-sectional
area).

Based on these given inputparameters, a transmissivityof 2425 ft2/d is indicated. As discussed
previously, the approximatesolution is ratherinsensitive to storativity. For this example, varying
storativity from 10-3 tO 10-5 caUSesthe transmissivityestimateto rangebetween 1825 and 3000 ft2/d.
As suggested in Krauss(1977) andKabalaet al. (1985) for transmissivetest intervals exhibiting an
under-dampedresponse, a value of 10-4 is recommendedwhen the storativityis not already known.
Like all single-well slug tests, the transmissivity is reflectiveof the screened interval;therefore, an
equivalenthydraulicconductivityof 243 ft/d is indicatedfor the 10 ft-test intervallength. Because of
the limited amount of test dataavailablefor this test, however, discretion shouldbe exercised in the use
of the hydraulicpropertyestimatesobtained from this test.

' It should be noted that similar periodsof oscillation(i.e., 10.5 s) were indicatedfor both wells
' 48M06 and03M07. As indicated in Van der Kamp(1976), the oscillation period is largely controlled

by the effective length of the well watercolumn(Le). Since the wells have nearly identicalwell

C.5



dimensions (i.e., depth, casing andeffective well radii) and depth to waterconditions, a close
similarityin oscillationperiod wouldbe expected.

10
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