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ABSTRACT

Multiple-wei] aquifer pumping tests have been used successfully to measure the
bulk hydraulic properties of limestone and shale formations of the Conasauga
Group of East Tennecsee and to define directional components in transmis-—
sivity associated with jeints and small-scale folds. This experience
demonstrates that multiple-well pumping tests can be uced to measure the
characteristics of low-permeability fractured rocks, and it illustrates the
application of data interpredation techniques that are based on models of
nonradial aquifer pumping response. Anaivtical modeis that have been used to
interpret pumping test data include models for simple anisotropic response and
for complex pumping response in an anisotropic aquifer intersected bv a sinale
high-conguctivity vertical fracture, Comparizons of results obtained using
nonradial flow methods with those obtained ucing traditional {radial flow)
anafrvtical methoos indicate that the error from radial flow methods is

generally less than an order of magnitude, an insignificant error in most fow-
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permeability settings. However, the nonradialt flcww metheds provide much more

information on structural controls on groundwater movement.

Special challenges encountered in conducting aquifer pumping tests in this
hydrogeologic environment include selecting a pumping rate that can be
sustained after fracture storage is depleted and laring out a test
coniiquration that is consistent with the test geometry required by the
nonradial flow interpreti&e models., Effective test desiagn and data

interpretation thus require extenzive insight into site geology.,

INTRODUCTION

One important difference between Yow- and high-permeability rocks may be the
dominant role that fractures and other secendary features often play in the
hydreology of low-permzability media. When the hydraulic conductivity of the
matrix is low. the contrast between the promerties of the matrix and secondary
features becomes auite farge, so the secondary features fe.g., fracturesz) are
likely to control such hydrciogic phenomena as sclute transport and system
response to pumping. The hydraulic heterogeneity of iow-permeability rocks,
which is due in large part te the hydraulic dominance of secondary features,
is one important reason that conventional aquifer pumping tect techniques are
not widely usaed in low-permeability media. Aquifer pumning teste have been
used én a few occasigns, however, to investigate *he hydraulic characteristics
of fractured low-permeability sedimentary rocks on the U.S. Department of
Energr’s Oak Ridge Reszrvation in East Tennessee. In thic paper we revisaw
some of that experience and present our observatione on the uses and
jimitations of conventional aguifer testing procedures in this type of

hydrogeoloqic environment.



HYDRQGEQLQGIC SETTING OF THE &RUIFER TESTS

The Oak Ridae Reservation, the site of the aquifer pumping tests discussed
here, is located in the Ridge and Valley province of the southern Appalachian
Mountains. The overall character and alignment of geclogic and topographic
features in thic province are controlled by a series of thrust faulis that
developed during the Appalachian orogeny., The pumping tests have been
conducted in ctrata of the Middle to Late Cambrian Conasauga Group, which is

about 550 m thick in the (ak Ridge area and accurs on the Reservation in two
parallel valley outcrop belts. Lithologically, the Conasauga is a very
heterogeneous association of siltstones, silty limestones, shaley 1imestones,
limey shales and mudstones, subdivided stratigraphically into six formations
(Hazse and Vaughan, !1981). 1In ascending order, these are the Pumpkin WValley
Shate, Rutledge Limestone, Rogersville Shale, Marwvville Limestone, Nolichucky
Shaie, and Mavnzrcvilis Limestone. Regicnal thrus: +ault motion cauzed much
internai structurai deformatien in the Conacauga Grous. Deformaticon
structures incluge iow-amaittude isoclinal folds, secchndary bedding thrust
faults, high-angle reverse faults, and two major joint sets normal to bedding

at about 0 and €09 to strike {(8ledz and Huff, 1981,

The € nasaugs is usually treated az 2 single hydrostratigraphic unit, and in
many ar2as it is guite difficult to differentiate the geoiooic units that make
yp the Group. MWell capacities in the 3roup are too low to encourage sxtencive
use as 3 water supply aquifer, though the Cconasauga doces suppiv a few area
domestic wells., Most radiocactive waste disposal on the Reserwvation has been
on or in strata of the Conasauga Group. Permeability associated with primary

perosity is very low in the Conasauqaj mavement and storace of water are



usually attributed to secondary porosity. Sledz and Hufv (1981) hypothesized,
based on study af the Pumpkin Valley Formation, that permeability in the

Conasauga is developed along bedding planes and along the two joint sets,

ARUIFER TEST CASE HISTURIES

Several multiple-well aquifer pumping tests have been conducted in the
Conasauga in connection with hydrogeologic investigations of sites that have
been used or considered for disposal of radioactive wastes. Drawdown patterns
cbserved in these tests indicate that flow in response to pumping is
nonradial. This complicates data interpretaiion because traditional models
far aquifer tect analyvsis are hased on radial flow., e have found, however,
that meaninaful qualitative and quantitative interpretation of test results is
feasible, using flow modele developed for fractured rock ¢ ttings., We believe
this experience demonstrates that it is possible to cbtain useful information
by using conventional aguifer testing technigues in a low-permeanility

gedimentary rock. Two cace histories of aquifer tests in the Conasauga

o

illusirate some =zpecial chaliengss in test desiqn, impiementation, and dat
T

interpretation that wouid be encounterec in similar hydroceciogic settings.,

Case 1: Tests in the Maryville Limectone

Two aguifer pumping tests were conducted at a site on the Maryville Limestone
ae part of a field study on facicrs in *hs merformancs of low-Tevel
radioactive wasie disposal facilitiee in humid regioqs. The zite was
inctrumented with 12 1S~-cm-diameter wells, 10 to 15 m deep, with 1.2-m screens

and aravel packs. A1l observation wells were less than 40 m from the pumping

well (Figure 1). OGeologic and geophvsical investigations indicated that the



site is bisected by a pair of narrow, tight anticlinal folds; the fold axes

are intensely fractured (Vaughan et al., 1982),

The first pumping test at this site is described by Vaughan et al. (19282).
Partial recoveries of the water level in the pumped well occurred several
times during the test., The water-level recoveries led field personnel to
believe that the pumping rate was too locw, so the pumping rate was increased
several times ¢(finally to 4.4 L/min) during the test, with the resuit that the

pumping well was dewatered after 7 h and test resuits could not ke interpreted

effectively,

The experience of the first test was used as & basis for selecting a
sustainabie pumping rate 3.2 L/min) for the second test. To ensure 3
relativeiy constant pumning rate in the seconc tect the water pumped mas
discnarged to calibrated carbovs whose fill rate was monitored by project

percannel. As 1n the first test, however, water levels in the pumped well

o

rose abruptly (as much as ! m’in 40 min) several timez auring the pumping
period, which {azted 24 n. Measured arawdown at the end of the pumping period
is plotted in Figure 1; the zone of greatest drawdown is not concentric about
the oumping well, but coincides roughly with the leocation of the two
anticlinal folds that were identified in geclopgic investigation of the site.
Wells 1, 2, 7, and 10, which are located in this 2one, zhowed watesr~level
increases at the zame times as same of the water~level recovery episodes in
the pumping well, which is alse located on or near the two fold awes. This
obgervation lent further credencs to a hypothesis that the aguifer’s nydraviic

recpcnse 18 contralled by the local bedrock structurs.
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Results of thic second pumping test were interpreted (Smith and Vaughan,
submitted) according to a method described by Gringarten and Witherspoon
(1972). This method is based on a conceptual mode! of a homogeneous,
horizentally anisetropic aquifer of infinite areal extent, fully penetrated by
a straiaght, planar, transmissive vertical fracture of finite length, with the
pumping well located at the center of the fracture. OGroundwater flow in

response to pumping is toward the fracture, which transmits the water to the

pumping well.

Selection of the Gringarten-Witherszpoon model as tha best available
approximation of hydrau]ié reséonse at the test site was based on inference
from geologic information and on graphical analysie of test results., First,
the deviation of the observed dr:wdown pattern from the clasegic concentric
pattern axpected for radial flow suggeszted that flow in recponse *o pumping
was nonradial. The coincidence of the zone of greatest drawdown with the fold

ted that zones of dense fracturing in the foid axes might control

(1]

axes suage
aquifer pumping response. Semilog plots of cbservation well drawdown us
elapsed pumping time were distinctly curvilinear, not the straight~line plots
predicted by radial flow theory.

Plots of drawdown vs the square root of elapsed pumping time ¢t172y zpe
Tinear, which is the pattern expected when flow traces a linear flow path to
ptanar sink, guch as a transmissive fracture in communication with the oumping
well (Jenkins and Prentice, 1982). JenKins and Prentice {1932 used agraphs of
drawdown vs tlfg to analyze pumping test resulte from sites with fractures
intersecting the pumping well. Their method could not be appiied successfuily
with thess data, however, suggesting a possible deviation from the method’s

ascsumption of an isotropic aguifer.



Finally, the chapes of graphs of drawdown data were compared with the shapes
of published thecoretically derived type curves characteristic of a variety of
aquifer geometries. Log-log plots of drawdown vs time for five ohservation
wells are shown in Figure 2. Gringarten and Withergpoon's (1972) family of
log-log drawdewn-vs—t ime type curves for an anisoiropic aquifer intersected by
a vertical fracture seemed to show the best overall resemblance to site data.
There is no single vertical fracture at the test site, but it is reasconable to
hypothesize that near-vertical zones of intense fracturing in the fold axes

control the aquifer’s hydraulic reczponse and can be modeled as a single

vertical fracture,

In the model precented by Gringarten and Witherspoon ©1972), the
characteristic shape of drawdown-vs-time plots for observation wells depends
on both the location of the obcervation well relative to the master 4racture

and the ratio of the principel transznissivities of the zquifer matrix.

)

Bacazuce the Gringarten-Witherspoon methog uces many different ifype curves, it

.
was much more difficult to sppiy than the conventional curve-matching methods
for radial flow conditions., It was not cufficient merely to match the field
data to a type curve and soclve the associated match-point equations, but it
was fircst necessary to select a tvpe curve that was appropriate for the
location of the observation weil relative to the pumping well and the master
fracture. A= with any interpretive technique involving tvpe-curve matching,
it is possible to match virtually any data set to more than one tvpe curve,

Each type-curve match point is associated with three sguations invoiving zix

unkncwn variabies (Tx, T, 8, %, ¥, and Xgiosen "MNotation® for definitions of

#

variables). Unlecs independent estimates are available +or some of the

variables, a complex iterative process of curve matching and solution of

o



simul tanecus equations is required to arrive at an approximation of aquifer

parameters consistent with data from several observation wells,

Estimates of aquifer parameters obtained using the Gringarten-Witherspoon

me thod are presented in Table 1. These estimates are consistent with cur
tentative hypothesis that a zcne or zones of intense fracturing in the axes of
the two anticlinal folds con@rolled the aquifer”s response to pumping and
could be modeled as a single vertical fracture. We did not obtain a single
solution that simultanecusly satisfied all of the egquations for all of the
observation wells., lInstead, we list (Table 1) estimates for each observation
well that are generally consistent with data for the other observation wells
and with a single conceptual model for the entire site, Fiqure 3 illustrates
the effective location of the master fracture, ac determined from the
calculated x-y coordinate locatione of the various observation well match
points., together with the axial tracee of the two anticlinal foids mapped at
the site. Although a more precise solution could have been obtained using
computer optimization methaoas, we helieve that becauce of deviations 4rom the
assumptions underlying the Grindarten—witherspuon method {(e.qg..
inhomogeneities in the aquifer system, effects of other fractures on the
response of some observation wells, approximation of the complex fold axis
structure as a single planar vertical fracture), a more precice solution is
not scientifica]]y justifiable. However, Table ! does list our best estimates
of the average equivalent porous-medium parametere of the aquifer matrix.
These ectimatec are based on geometric means of the sarameter ectimates
obtained for the individual observation welle and on examination of the ranges

of values obtained in a trial-and-zrror solution process.



Table 1. Solutions fer the Maryville Limestone aquifer pumping test

Sringarten-Witherspoon analysis Theis analysis!

Aquifer parameters

Transmissivity (1075 n2/e) Well focation?
Type curve Xg ~ memmemmemmms- T
Well used  (TIAVZ T T 'S m xm ym 0V aks) 0§
IoorEl, 0 17 3.7 074 29x107% 15 0 3.4 2.7 51y
2 rpEhewd L8 50 0. txnd a1 4 - -
3 - - - - - - - - 7.3 LO0x1072
8yl kb 50 1L, 23 14x1002 2w 9 62 3.0 x 1072
9 rpEhd, D 00 23 05 47x107% 15 13 2.5 20 1.0x 1072
10 rpE08 =0 12 25 058 2.9x107% 18 75 0 2.9 3.3x 107
Best estinates: 1.6 3.5 0.49 5.0 x 1073 Geometric means: 3.7 3.5 x 1073

YReport by Davis et al., 1984, Reference resorted arithmetic mean values; gecnetric means calculated by
present authors.

2Reiatiue to the conter of the hypothetical vertical fracture,

[

Our analysis of the Maryville Limestone aquifer tect, as summarized in Table
1, indicates that the aquifer matrix is relatively transmicsive for a "low-
permeability™ rock, but has a very low storage coefficient ¢8). The low
storage coefficient accounts for the Conasauga Group’s charactericstic ncor
weil rielde and may he largeiy responcible for the Group’s reputation as a
low-permesbility rock. Matrix transmicsiviiy parallel to strike {T,) aopears
to be about 5 times the matrix transmiscsivity perpendicular to strike (Ty),
and locally the aguifer’s response to pumping is stronglw dominated by a high-

transmiccivity zone associated with the axes of the itwo anticlinal 4olds that

pigect the site. Estimates of hydraulic parameters have not been obtained for

=



the high-trancmissivity zone, but the estimates of the directional componente
of matrix transmissivity and evidence of the hydraulic importance of the foid

axes could be very useful in predicting contaminant transpert behavior in this

uni t.

In spite of the t.idence of nonradial flow, an attempt was also made to
interpret the results of the Maryville Limestone aquifer pumping test
according to traditicnal radial flow techniques. Numerical results of an
analysis using the Theis solution {reported by Davis et al., 1984) are
included in Table 1. The trancmicssivity estimated by the Theis method i<
larger than the geometric mean transmissivity estimated by the Gringarten-—
Witherspoon methed, but the estimates of storage coefficient are quite close,
The Theis analy¥sis may overestimate aquifer transmissivity because it dees not
treat the highly trancmiscive fold axec separately from the aquifer matrix.
Differences between the estimates of aquifer parameters generated by the two
methads are not large enough to justify using the more difficuit Gringarten-

Witherspoon method. The Gringarten-liitherspoon analysis is preferred,

a hetter

w

however, because the concestual model on which it is baced i
approximation cof site conditions than is the radial flow mod2l and because it
yields important qualitative and quantitative informatiocn on structural

controls on groundwater movement that might.not be available from other

sources.,
Case 2: Test in the Nolichucky Shale
Alexander et al. {1783 reported on an aguifer test conducted in the

Nolichucky Shale Formation on another part of the Daik Ridges Reservation. The

nine wells used in the test were 21 m deep, screened through the lower 15 m



and gravel-packed to about 3 m below oround surface. Casing diameters were
15 cm for the pumping well and 10 cm for the eight ohservation wells,

Coordinate locations of observation wells are qiven in Table 2.

Pumping in this test was for 24 h, at a rate of 11.4 L/min, monitored by a
flow meter on the discharge valve. As in the Maryville Lime=ztone aquifer
tests, water levels in some of the observation wells rose during the pumping
period. The most significant risec in water level were recorded in wells 3
and 7. In well 3, a water-level rise of approximately 2 m occurred over a 4-h
period beginning after 3 h of pumping., The water level in well 7 began to
rise after 4 h of pumping, and rose 0.4 m in a 5-h period. Water-level data

for the pumping well were not reported, but it is Jikely that the water level

in this well also rose during the pumping pericd.

The drawdown patiern observed at the and of the pumping period (Table 2} wasg
not concentric about the pumping well, but inctead cbserved drawdown was
greater in the wells aligned along bedrock striKe than in observation wells at
other orientations o the pumeing well. Thiz suggected aquifer anizotropy
associated with bedrock ctructure. The drawdown pattern was 3ico distinctly
asvmmetric, in that the wells toc the west and south of the pumping well (wells
2, 3, é, and 7} exhibited somewhat qreater drawdowns than welle at similar
distanges and orientations to the east and north {wells 1, 4, S and 8).

raphs of drawdown vs time, presented by Alexander et al. (19837,

w

Log-log

u)

follow the Theis curve at eariy times but tend %o flatien out at Tater times,
resembling the characieristic type curves for responcsg of a TezKy artesian
aquifer or for a cite pear & recnarge boundary. Alexander =t al. {1983
interpreted this pattern as indicative of a lea¥y arteczian aguifer and

analvzed the test resultc according to a publisned radial-ficw method for



© Table 2. Results of the Nelichucky Shale aquifer pumping test, with results of

data analysis according to a leaky artesian aquifer mode !

Results of leaky artesian aquifer analycic

Cuordinate Drawdown = semeeeem e e e e
Jocation? at end of Drawdown data Recovery data
test = 06—mmescemcscsmemmeecmeeses cmmmem e
Well y (m  x (m (m) T (m2/s) 5 T (m/s)
1 9.9 5.8 3.48 3.5 x 1077 3.7 x 1074 2.3 x 1077
2 -4.1 0.3 1.40 1.8 x 1079 3.3 x 1073 1.9 % 1079
3 -0.6  =é4.1 4.91 - -- 5.3 x 107¢
4 12,5  -0.9 0.40 4,2 x 107°  _ 2,9 x 1073 9.5 x 1079
5 10.0 7.3 0.57 - - 1.5 x 1074
4 -9.8  -7.3 1.91 1.1 x 1079 4.4 x 1074 1.9 x 1079
7 -1.2  -15.2 2.71 5.1 x 107¢ 1.7 x 1074 1.0 x 1073
8 1.2 23.8 0.49 2.2 x 1079 5,7 x 1079 9.9 % 1073
Geometric means: 1.8 x 1079 7.4 x 1074 3.0 x 1079

1!-\'Iexander et al., 1983. Referencs reportsd arithmetic mezn valuees; gecmetric
means caiculated by present authors.

2Distances from the pumping well measured aleng the axes of the site coordinate
syetem. The x-axis is approximately parallel to bedrock strike.

aquifer test interpretation in leaky artesian syestems. Table 2 lists their
estimates of aquifer transmissivity and storage coefficient; no estimates of

confining-layer characteristics were reported in the reference.

The aguifer characteristics reported by Alexander et al, {1983) are +or an
equivalent isotropic porous medium and do not include any meazurements af the
aquifer anisotropy, heterogeneity, or apparant leakage effect observed during
the te:t. We examined the ftect data to determine whether alternative data-

interpretation models might better approximate test conditions and yield more



realistic estimates of aquifer characteristics. Observation wéll drawdown and
recavery data were piotted against log t, and the resulting graphs were mostly
straight lines or straight-line segments, whereas graphs of draﬁdown vs t1/2
did not show a consistent pattern., These characteristics of thé data
indicated te us that aguifer response was probably not controlled by a major
structurat feature and that methods for interpreting aquifer test results in a
homogeneous anisotropic aquifer might therefore be appropriate for
interpreting results from th:s test. We alsc noted that the shape of the log-
log data plets is not diagnostic of a leaky artesian aquifer system, but could
alsc result from proximity to a recharge boundary or delayed reiease of water
from aguifer storage, There is no compelling evidence that the shallow
portion of the Nolichucky Formation stressed during this test is a leaky
artesian aquiferyj inctead, the most plausible explanation we have found for
the obssrved time-drawdown behavior is that the Nolichueky bshaves 1iKe a
double-porosity medium, consisting of 3 system of porous, low-permeability
matrix blocks and higher-permeability fissures that transmit water readily

but have little storage capacity.

The geoi:q:c setting of the Nelichucky Shale aquifer test (i.e., jointed
shale) and the obcerved response of the aguifer to pumping are both consistent
with a double-porosity agquifer model. As Bringarten (1982) points aout, the
characteristic pumping recsponse of a double-porocity medium observed in
observaticn welle open to the fissurecs is very similar fo that of an
unconfined aguifer exhibiting "delayed vield.” At early times water supply to
the pumpinag well comes only from the fissures, and the values for aquifer
transmissivity and storage coefficient estimated from sariy-time responss data
are representative only of the fissures. As pumping proceeds, water stored in

the matrix moves into the fissures and is cupplied to the pumpino well. The



values for aquifer storage coefficient estimated from late-time response data
represent the greater storage capacity of the aquifer matrix. At intermediate
times, there is a temporary plateau in drawdown-vs-time graphs, and during
this transition period, the aquifer response could be mictaKen for the
characteristic response of a leaky artesian aquifer or an aouifer with a
recharge boundary. We suspect that the NolichucKky Shale pumping test ended
befere the aquifer‘s late~time behavior was clearly established, leading
Alexander et al. (1983) to misinterpret the double-porosity response pattern

as the response of a leaky artesian aquifer.

We concluded from the observations summarized above that the most appropriate
~‘made? for interpreting the results of the Nolichucky Shale aquifer test woulog
probably be one of a homogeneous, horizontally anisotropic, double-porosity
medium. There are few published analrtical solutions specific to this type
of system, but Gringarten (1982) reviews several theoretically derived
solutions for aquifer pumping test analysis in double-porosity media, and
Papadopuics (1943) has modified simple radial-+flow isotrbpic-medium solutions
to solve for the directional components of aguifer transmissivity in
anisotropic media. We were not abie to make fuil use of the sciutions for
double-porosity media because the pumping pericd was not long enocugh to permit
cbeervation of the system’s late-time response. Instead we estimated the
equivalent porous-medium hydraulic prcoperties of the fissure zystem by
matching the early~time drawdcown data tc the conventional Theis curve and
soiving for the anisotropig-medium properties by the method of Papadopulas
{1945). If late-time pumping test results had been avzifable, it might aiso
have been possible to ecstimate the storage coefficient and othepr hydrzilic
characteristics ot the matrix, using double-porosity techniques {Gringarten,

1982).



Table 3 lists the results of our analysis of the Nolichucky Shale aquifer
pumping test according to the homogeneous anisotropic aquifer model. In an
ideal homogenecus anisotrepic medium, traditional Theis analysis of drawdown
data would vield the same value of transmissivity for all observation wells
lactually, this is the gecmetric mean of the directional components of
transmissivity, (TXTV)I/ZJ, but calculated values of the storage coefficient
would vary. The transmissivity values calculated from our Theis curve match
points for early-time drawdown‘data from seven of the Nolichucky Shale
observation wells are included in Table 3; they range over nearly one order of
magnitude,1 indicating the heterogeneity of the NolichucKy Shale aquifer. In
the method of Papadopulos (1965), type-curve match points from three
"observation welle at different angles to the pumping well are sufficient to
determine the aquifer storage coefficient (in this case, the storage
coefficrent of the fissure system), the orientation of the principal axes of
tranzmissivity. and the magnitudes of the components of transmicsivity along
these axecs. Attempts *o anpiy the Papadopulos solution with data from various
sets of three chservation welle were unsuccecssful, vielding results that were

t

nu

either counterintuitive {e.g., orientations of the transmissivity axes th
were inconsistent with field observations) or mathematically illegal {e.qg.,
negative values for aquifer parameters). We attribute this to the
heterogeneity of the aguifer; different regions of the aquifer seemed to
recpond differently to pumping, and there are few possible groupings of three
wells that are at different orientations to the pumping well and in the zame
general reqion of the squifsr. To overcome thie problem, we reduced the

number of unkKncwn variables by assuming that the maximum transmissivity was

Ithe zquare of this quantity is used in the Papadopulos <1933) szolution, which
assumes that this term has the same value for all memberz oF a pair or tripiet
ot obcervation wells, In applying the Papadopuios methed, we foilowed a
suggestion of Neuman et al. (1984), and substituted the qeometric mean of the
values determined for the individual wells in =ach pair or triplet.



Téble 3. Analysis of the Nelichucky Shale aguifer pumping test according to a

homogeneous anisotropic aquifer model

Type-curve _ Results of Papadopulos analysie using data from
matching results pairs of observation wells
(T T )1/2 Well
Well {m2/s) pair T, (mese) T, m2ssy  TAT, S
1 1.3 x 1073 1&2 2.7 x 1070 1.3 x 1073 2.1 1.1 x 1073
2 2.8 x 1079 145 3,7 x 107° 4.8 x 107¢ 5.4 1.4 x 1073
3 - 248 4.5 x 1079 1.5 x 1079 2.9 1,3 x 107%
4 7.0 x 1079 448 5,7 x 1079 3.0 x 1079 1.9 1.6 x 1073
5 2.0 x 1679 568 6.0 x 1079 8,1 x 107% 7.4 1.7 x 1073
é 1.5 x 1079 $&7 1,5 x 1079 g§.8 x 107¢ 1.7 4.0 x 1079
7 9.1 x 1076
8 2.5 x 1079
Geometric meancs: 3.4 x 1079 1.2 x 1977 2.0 1.1 x 1973

aligned with bedrock strike and the other principal axis of transmissivity was
perpendicular to strike (this assumption was csupported by the observed
drawdown pattern) and used the Papadopulos {1%43) saolution to calculate
estimates of aquifer parameters from data for six pairs of wells located in
the =ame general regions of the aquifer. The results of thig analycis are
given in Table 3.

The aquifer characteristics calculated in the two different analyses of the

Nolichucky Shale aquifer test differ very little: the geometric mean of the

L)



‘ average Tx aﬁle; would.bé very é]dse to the average value of T Ea]cu]ated in
the leaky artesian aquifer analysis of drawdown data, and the two calculated
values of S are quite close. The anisotropic aquifer analysis, however,
provides an explanation of the raw data that is more complete and internally
consistent than that provided by the leaky artesian aquifer analysis. HNot
only did the anisotropic aquifer analysis provide quantitative estimates of
aquifer anisetropy, but estimafgs of average aquifer parameter values (TX, Ty,
and S) vary by tess than a factor of 5 among the six well pairs, compared with
differences of up to a factor of 20 among the six wells considered in the
leaky artesian aquifer analysis. Both methods estimate only the equivalent
porous-medium parameters of the fissure system; a lchaer pumping period is
néeded to supply the data required to obtain estimates of matrix

characteristics.,

DISCUSSION

The two case histories of aquifer pumping tests described here show that
conventionai aquifer pumping test technigques can be useful investigative tools
in fractured, low-permeability cedimentary rock, 1In each cace, our analysis
of the test data according to a nonradial flow model provided insight into the
targe~ccale hydraulic character of the site, together with sztimates of the
equivalent porous-medium *rancmissivity, hvdraulic anisotropy, and siorags
ceefficient of the fracture cystem. Analysscs according to radizil flaw modele

ewer parameter eciimates, less qualitative insight into site

~ts

yielded

hydroiogy. and an overestimate of transmissivity for the site affected by a

major hydravlic discentinuity,

v



Parameter estimates for the two formations tested are quite similar (Tables I
and 3). The; indicate higher transmissivity than would be expected in a true“
low-permeabilit? mgféEial, moderate anisotropy, and very little hydraulic
storage in the fracture system. There was alsc an indication that the
Nolichucky Shale Formation behaves 1ike a double-porosity medium with

sianificant hydraulic storane in its lTow-permeability porous matrix, but no

estimates of matrix storage were obtained.

Our observations, together with the work of Sledz and Huff (19B81), suggest
that the Conasauga Group can be conceptualized as & medium in which flow
occurs mainly in an intersecting network of discentinuous fractures, and in
which maximum hydraulic conductivity is associated with the intercections of
fracture sets, in this case the intersection of bedding plane fractures with a
strike joint set. Long et al. (1¥82) have shown that such a medium ic usually
anisotropic and can appear very heterogeneous when observed on a relatively
small scale. The degree of heterogeneity decreases, however, as the scale of
obsarvation increaces. Multiple-well aquifer pumping tests are an appropriate
tool for measuring the larger-scale "average® hydraulic properties of the flow
medium and thus resolving some of the scatter in parameter mezsurements from
single-well or laboratory tests. The experiences described here demonstrate,
however, that hydraulic heterogeneity can still be significant at the scale of
aguifer testing and that this heterogeneity can interfere with data
interpretation by nonradial flow models., We zleo observed that minor
structures can be major hydraulic discantinuities {e.g., the fald axes at the
Maryville Limestone test site) at the zcale of a waste disposzal site

invectiqgation.



We believe that the conditions encountered in the Conasauga may be fairly
trpical of low-permeability sedimentary environments. Difficulties
encountered in conducting these tests may therefore be met in aquifer testing
in other low-permeability sedimentary rocks, and the case histories presented
here suggest refinements in testing procedures to enhance the usefulness of
aquifer pumping tests in this hydrogeoclogic envirorment. This environment
challenges the investigator to anticipate site conditions and to plan for
anisotropy, hetercgeneity, and cther structural controls on groundwater flaow

when designing tests.

The well layvoute &t the test sites were inadequate to define the extent of
hydraulic influence of the fold axis at the Maryvwille Limestone site {the
pumping well was on the site periphery) or to provide the optimum geometric
arrangement of wells for applring anisotropic flow models to results of the
Nelichucky Shale teet. 1In both cases, however, a single-well test or a2
pumping test with a minimal array of three or four weils would have failed to
indiczte the aniscotropic and hetercgeneous character of the sites.
Investigators should plan for anisotropy by locating observation wells at
several orientations to the structural grain {emphasic on along-strike
altignment is inappropriate). One way to pian for hetercqeneity is to provide
more than a minimum numbkepr of observaition wells. Proximity to unssen
hydraulic discentinuities may cause some wells to recpond anomaiously, but the
data from "extra" wellz mar help in detecting such anaomalies in the respon=ze
of individual wells and in encuring a minimum amcunt of useable data,

A puzziing feature of the pumping tests at both locations was the ccourrences
of significant rises in water levelis during the pumping pericd, even in the

pumping well, We suspect that thiec may be & common problem in fracture-

dominated hrvdrogeoleogic settings, and we believe that investigatore should he



aware of it. The storage capacity of fractures is very emall, so dramatic
changes in water elevation might result from relatively small changes in the
volume of water present in the fracture system. We advance four hypotheses
for the cause of the water~level increases observed during these tests:

1. Release of water from storage in the porous aquifer matrix of a
double-porosity medium does not occur immediately in response to pumping, and
the delayed release of this water cculd result in local increases in water
level in the fracture system. This hypothesis alone ic probably insufficient
to explain water-level increases in the pumping well,

2. Deformation of the fracture syvstem as a result of pumping may decrease
the storage capacity of the fractures.

3. Water stored in isolated cavities (e.q., formed by dissoclution along
Joints) may he released inta the fracture syestem only after pumping distorts
the ractures or the distribution of hydrostatic pressure, or cleans out
sediment~filled fractures, opening new conduits for flow from the cavities.

4. Water removed from the pumping weill may have been discharged ta the
around zurface above fractures in hydraulic communication with the pumping

well, recharqing the aquifer during the test.

1t may be egpecially difficult to plan the rate and duration of pumding in
this hrdrogeologic environment. As demonsirated by the +irst Maryvvilie
Limestone pumping test, & pumping rate that appears feazible early in the test
may simply dewater the fracture system near the pumping well and mav not be
sustainable, xtencive advance testing may be newded to find a pumping rate
that is high enough to be maintained relatively constant but low enouagh to be
sustained for more than a few hours. Aguifer oumping testz are infeasible in
come low-permeability settings because it is not possible to pump at a rate

low enough to be custained over time. Long pumping periods may be necessary



to permit da*a interpretation by double-porosity methods, which can supply
important information on the interchange of water and solutes between
fractures and matrix in a double—-porosity system. 1t may be prudent to carry
out preliminary datz analysis in the field to ensure that pumpinag continues

until sufficient data are coliected.

Additional pumping tests, usi;g different wells as pumping wells, would have
been a useful addition tc both site investigations. At the Maryville
Limestone site, additional testing might have cenfirmed the role of the fold
axes in the aquifer’s hydrautic response., Additiunal tests at the Nolichucky
Shale site might have provided the data necessary to calculate the locations
of the principal transmissivity axes, using either the original three-well
Papadoputaos <1983) method or a recent modification of that method (Neuman =2t
al.,, 1984) which permits a complete golution with qQata from pumping tests in
two gifferent welle in a three-well set. Other data-interpretation ftzchniques
(e.g.. Gringarten, 1982) may suggest additional testing refinementsz,

Finally, and most importantiy, these experiences demonstrate that effective
use of aguifer testing techniques (or any hydrogeclogic investigation
technique) in fractured lcw-permeability media demands above-average
hvdrogenlogic incight to identify appreopriate conceptual modeis for data

interpretaticon.

NOT&TION

S Storage coefficient, dimensicniecs

T Transmissivity, L2/T

Tx Transmissivity along the axis of maximum transmissivity, LEXT



Ty

A . . Coe 2
Transmigsivity aleng the axis of minimum transmissivity, L=/T

(TXT\,)“‘2 Geometric mean of horizontal transmissivity, L2/T

Tp

X

~<

Dimensionless distance from the ohservation well to the center of
the hypothetical vertical fracture, rp = [xZ + ,\'2'('I'X/T)’,))1’/2 7/ %y

Elapsed pumping time, T

Coordinate location of observation well on the axis of maximum

transmissivity, L

Half-length of the master fracture in the Gringarten-Witherspoon
method, L

Coordinate location of observation well on the axis of minimum

ransmissivity, L
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List of Figures

Figure 1. Map of the site of the Maryville Limectaone aquifer test, showing

well locations and measured drawdown at the end of the 24-h pumping period.

Figure 2, Log-log plots of drawdown vs time for five observation wells at the

pumping test site in the Maryville Limectcone.

Figure 3. Map of the cite of the Maryville Limectone aquifer test, showing
fold axis locations and the effective location of the hypothetical master
fracture at the site of the Maryville Limestone aquifer test, as determined by
the method of Gringarten and Witherspoon (1772). The hrpothetical wertical
fracture that controls pumping recponce is located in the shaded region; the
center of the fracture is located in the cross-hatched region. Principal axis

of matrix tranemissivity is the x axis.
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DISCLAMMER

This report was prepared as an account of wark sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or uscfulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



