R R R 5 MR S S U SR SUTTY SR M e e

THREE-DIMENSIONAL MODELING ANALYSIES OF
GROUND WATEH PUMPING SCHEMES
FOR CONTAINMENT OF -
SHALLOW GROUND WATER CONTAMINATION

Steven P, Larson, Exscutlve Vices Preatdent
Charies 8. Aadraws, Vice Prasident
Mark 3, Howilgnd, Stal! Hydrogeslogist
Daniei T, Feinstetn, Hydrogeologist

Prananted Fabruary t1, 1987
mt Confarance oi

Sotving Ground Water Probiems with Models
MNational Water Well Associations,
Danvar, Golorado

<D

5 5 PAPADOPUYLOS & ASSOCIATES, INC.
CORSULTING GROUNI-WATER HYDROLOGIS TS

FRANL Rocuviiid PIKE SHTE 230
Rackviilisy, MARYLAMNG ZOBN2
T (304 468 -BETHLG



€D s s raravoruos & associares, inc.

THREE-DIMENSIONAL MODELING ANALYSIS OF GRUAMND-WATER PUMPIMNG SCHEMES

FOR CONTAINMENT OF SHALLOW GROUND-WATER CONTAMINATION

Staven ¥. Larson, Exscutive Vice ¥Frezident
Charles B. Andrews, Vice Presildent
Mark . Howland, Staff Hydrogeolegist
Daniel T. Feinstain, Hydrogeoiogist

§. 8. Papadopuloes & Asseciates, Inc.
12350 Rockville Plke, Sulte 200
Rockvilie, Maryland 20852
Phone: (301) 46B-57460

Abgtract

Containment or cleanup of ground-water contamination invariably deals
with the shallow portion of the groundewvatey exviponment. The ground-watsr
flow patterns within this environment, especislly patterns asgociasted with
pumping for contaimment or cleannp, are significantly influanced hy the
rate of recharge from the Iland surface. in these situations, conventional
methods of analyzing ground-water flow patterns {(i.#., amsthods utilizing
potential flow or two-dimensiosnal caleulations of flow patterns} are
inadeguate and capn give a misipading plcture of the performance of a
pumping scheme designed to remediate ground-water contamination.

Three-~dimensional analysiz of flow patterns in the shallow ground-
water environment revealsz that the rate of recharge determiney the area of

containment OF capture of & pumping welil. Pormeability conditions will
affect the shape of the capture zone for 4 pumping well, but will not
affact the ares ¢f sontainment, These results suggest that hydrauvlic

containment of grounsd-water conramination can be achieved at rvelatively low
rates of putping even if the ground-wster enviromment fs highly permeable.

The Feateh®™ to this wvery encouraging resuclt iz that it may be
difficult to use direct measurements of pround-water conditions, primerily
water levels, to demonstrate performance. Tn particular, the subtle water—
lewel gradients associated with low rates of pumping may be difficult teo
distinguish due to “nojse® in the data, znd graphical evaluations of watar-
leve) data may noft he reliabie unless an inordipate number of monitoring
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locations are used, Inereasing the pumping rate makes the effects of
pumping on water levels more pronounced, but it aise increases the cost of
treatment and/for digposal of contamipated ground water., Modeling analyses,
which incorporate s range of physical constraints, can be gued in
copjunction with water-level measurements to provide an  evaluation and
demonstration of performance.

introduction

Over the past szeveral vyears, efforts to remediate ground-water
coentamination at hazardoux-waste dizposal sites have resultad in an  ever-
ipcreaxing number of groupd-water rescovery and treatment operations. The
dezign and implementation of these operations hasg slge increased the need
to gquantify ground-water flow patterns associated with wvarious pumping
schemey and to demonstrate performance of such schemes in the field.

Cuyrrent iy, much of the analysis and design of pumping schemes is
tased of highly gensraiized, mostly two-dimensional, models of ground-warar
flow conditinons (Kealvy and Tsang, 1977; Javendel &nd Teang, i9%84). in soms
ceses, the use of simple two-dimensional models is commensurate with the
scope and objsctives of the problem at hand. In other cases, however,
their use carn lead to overdesign and higher costyg, primarily in terms of
cost for treatment of contaminated ground water.

Contaimment or cleanup of ground-water contamination invarisbhiy deals
with the shallow portion of the ground-water savironment. Recharge to and
pumping from the shallow enpvironment creates three-dimensional £low paths,
Conseguantly, thres-dimensional modeling analyses are regaired to guantify
and evaluate ground-wateyr flow patterns. In particular, the ground-water
ahginear OoF scisantist must be akle to determitie the relative sffects of tho
various  hydraulie parameters (vertical and  herizemtal  hydraulic
sonductivity, rate of recharge, ete¢.) on the flow patterns created by 3
pumping scheme and on the nature of ground-water monitoring that might be
used to demonatrate system performance.

The purpose of this paper is te illustrate how thres-dimensicnal
madeling analysis can be appliled to the problem of quantifying ang
evaiuating three-dimensional ground-water flow patterns associated with
pumping schemes for containment or cleanup. A mathematical] framework for
calculating pground-water flow ypaths isz developed and wvaricus graphical
techniques are used to portray results and gaim insight into the physicai

processes that control the fiow patterns. While most of these rosults are
intuitively strajghiferward, they demopstrate important concepts regarding
pumping requirementz and system design. They also show the role of

modefing fn overcoming the difficulties inherent in mopitoring system
performance when minimizing the pumping rate is & key dezign objective.
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Mathematical Framework

The process for deafining ground-water flow paths in thrae dimensions
is mathematically straightforward but computationally tedious. The general
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equation of ground-water flow ix golved for paprticulsy boundary conditions,
spatial properties, and initial conditions. The scelution 3is  obtained
sumericaliy by means of finite-difference approximastions {Tressote, 1975,
Trescott and Larzon, (976, The result is a three«dimensional distribution
af hoad: average head for stesdy-gtate problems or head distributions at
varicus time intervals for transient problems.

The heat distribubions generated by the numerical mudel are saved in a
computerized form {(disk File} for subseguent caleuiation of ground-water
pathiines. A secend computer prograr iz used to compulte the pathlines from
any starting point within the problem domadn.

The algorithm for calculating the pathlines is similar to the particle
tracking schemes used in warioug models of mass tranaport in  ground-water
flow zyatems {Xonikow and Bredehosff, 1%74; Prickett et al., §%31}. The
ground-srater velocity wector jfz computed from the head distribution
generated by the sumerical model and from the spatial distributicen of
hydraulic conductivity and porosity. Linear and bilinear interpolation
schemes are used to compute the x, v, and z components of the vwelogity
vector as illustisted on Figures | and 2. The x and v comgonents of the
welocity vector eare assumed to he congtant over each depth Interval of the
Einfte-difference grid. More elaborate interpolation schemes couid be used
{i.e,, ¥onikow and BredehosFt, 19747 Prickett, et ai., 148}), but the
rather simple schemes shown in Flgures ! and 2 have provided satisfactory
results for several problems.

The wvertical velocity component at the water table {top of the
finite~difference grid} was szet sgual to the rate of recharge divided by
porasity. Beiwsen the water table and the level of the uppermoest points in
the finlte-difference grid, the vertical weiccity compeonent  way
interpolated lineariy as shown in Figure 3.

A plecewise~linear ground-water pathiine is constructed based on the
velocity vectory caloulated along the pathiina, The lengib of each segment
cf the plecewlse pathline is constant and set sufficigntly small {(generally
I owr ) feet} to provide a reliable approximation «f the actual pathline.
The coordinates of the points along the pathline are recorded in  computer
files for subsequent graphiecrl presentation.

Parametric Relationships

An  important fundamental princigle that influences svaluatiens of the
performance of pumping schemes ig that the pumping will capture or contain
the ground water within an area that is no larger than the ratia af the
puttping rate to the rate of recharge. This principle in velid so long as
the pumping does act induce recharge from a surface-water zource and is
aspecially important when the primary objegtive of the pumping scheme iz
containment. 1f the zoupce of continued contaminant discharge is &t or
abiwe the water table, the pumplng nesessary to prevent contamirnation from
spreading is primarily a function of ares at the water tabie that must he
controlled and the rate of recharge or infiltration to this area.
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This prisciple is iilustrated by examining pathlines in the wicinity
«f & single wall pumping at 21.5 gpm from the center of & square ares that

ig recharged uniformly snd is boundsd by constant heads. The water tabls
configuration for this example is shewn on Figure 4a. The shaded region
cobtainsg water-ifevel gradients d%r&cted inward toward the well. The aroa

of thig region is 2.27 miilion £t whiﬁhlﬁ whisiz m&ltipli&d by the recharge
rate {R} of 8 inches per year {9.47 x 1¢ = gal/ft"/min), eguals the pumping
cate () of 21.% gpm. The computed pathlines of ground-water flow for the
example preblem are shown for a crosa-sectional profile on Figure 4b. in
this ideaiized sxample, the volume of the pround-water anvironment that
encompasges all pathlines which terminate at the well is esgentially 2
cylinder that extgnds to the bottom of the ground-water spvironment. This
volums 13 termed the "containment volumae®, 4 plan view of the contajinment
vglume at the water table, or at any given depth intervsl within an
atpaifer, is termed the capture zone.

The shape of the containment volume is affected by other physical
conditions in addition to recharge, such g3 the rute and direction of
ground-water L£low, the ratio of horizental to vertical hedraulic
conductivity, and llthologic stratification within the ground-water
anviranment . The area of the containment volume at  the water table,
however, iz always equal to the ratiec of the pumping rate to the rate of
recharge, The contsinment volume asscciated with pumping from a partially
penstrating wali in a ground-water environment whers the ratioc of
horizontel to vertical hydrsulie cendustivity is 100 %o | is shown on
Flgures %z and 5b. The plan view of the contalinment volume at the water
table (Figure %a) 1% an alliptical ared. In proefiles {Figure 55}, the
ground-water pathlines show that the containment voiume does not extend to
the bottom of the ground-water enviroament for the sodeled rate of pumping.

Figure 5Sa shows that the plan view of the containment wvolums at the
water table differs from the capturs zone predicied by the well-hnown two-
dimensional analytical stream Function seoluticn. This analytical method
superimposes drawdown on the non~pusping hydraulic gradient in the vicimitvy
¢f the weli {(Todd, 1980, p. 133}, and because it <annet accommeodate
vieprticsel flow, recharge or partial penetration, the analytical s=elution
anly approximates Lhe shape of the capture zone,

The depth of penetration of the pumping well in combination with the
magritude of  vwertical hydraulic conductivity will sffect the depth and

width of the containment volume. In genersl termyg, deeper papsiration of
the pumping weli andfor & higher vertical bydraulic conductivity wiil
increase the depth of containment end decreasd the width. Conversely,

shallower penetration of the pumping weil and/or lower vertical hydraulic
canductivity will decrease the dapth of containment and increase the width,
The containment volume assocfated with pumping from & partially penetrating
well In a ground-water environment whete the ratieo of horizental to
vertical bhydraulic conductivity iz 1,008 $¢ | iz shown on Figures 6&x and
&b, The containment volume iz shallower and wider than the containment
volume shown on Figures 5a and %b, which was calcuiated with a horizontal
to vertical hydraulijc conducstivity ratio of 00 ta 1.
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The rate and direction of ground-water flow will affect the shape and
erientation of the containment volume. Bigher rates of flow will producs j
langer and narrower combaioment volume than lower rates. The direction of
flow will determine where a pumping well, or weils, must be located to
egtabligh a specific containment volums.

Lithologic stratification of the ground-water environment or other
variations in ground-water conditicons have an impact on  ground-water
pathlines, Keweaver, singe the findte-difference model mothodology is
wirtually anlimited in terms of conditions that can be congidersd, the
ground-witer engineer or scientist is limited only by the ability to define
& set of conditionz for analyziszs. In this comtext, the effect of & lack of
information regarding zome of the physical parsmeters and conditions can be
svaluated by the mode]l analysis,

Honitoring of Performance

One of the key activities sssociated with the implemsptation of &
pumping scheme Ffor ground-water coptainment is monitoring to demgnstrate
performabce. Collection of data on ground-water quality provides a measure
af what i3 being accomplished in terms of removing conteminants from the
ground-water environment and can provide s medns for detecting contaminents
that may not be contained by the pumplng scheme. Monitoring the rate at
which tontaminants are ramoved from the ground-water environment iz clearly
an  important measurs, but it does net provide a direct measure of the
containment volume created by the pumping schete, Yonitoring ground-water
quality along the periphery of the containment volume can detect lack of
performance buf the timing &and reiilability of the dats may not be
satisfactory. Conseguently, monitering of ground-water levels is genarally
coensidered as the primary measure of system parformance.

A ground-water pumping schems ix often assumed to be satigfactory only
if water-lavel gradients evaryvhere along the margin of a specific wvolume
contajining contaminants sre inward toward a wel). However, maintanance of
an inward gradient over the entire margin of this volume may be
unpecessary. In faet, maintenance of such a gradient may be inapprepriaste.
This conclusion follows from the observation that gradients along the
margin of & containment volume are evarywhare tangent to the surface af
that wvolume {except &t the water table} as is illustrated in the examples
descritted above (Figures %5a, 5h, 6a, and 6b). Consequently, ths volume of
aguifer showing inward gradients will not coincide with the actual
containment volume,

The changes in water-lavel gradients caused by pumping diminiskh with
distance from the pumping well and, beyoend some distance Lrow the well, the
chapges are, in practice, not maasurable. Yt the volume of containmant
cati extend significantly beyond the area of measurable changes, [t follows
that ground water can be captured from sreas showing neither water-lewel
changes nor inwerd gradients.
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An  integration of water-level measurements with a modeling asnalysis
provides the mechanism for guantifying the extent o©f the containment
wolume, The medeling analysis incorporates the important variasbhle, pumping
rata, fnto the guantification process, Using a modeling analysis, ground-

water pathlines can be computed that are consistent with ali of the

available information: water-level maasurements, pumping rates, aguifer
permeability conditions, rate of recharge, depth of pumping wells, etg.
The modeling snalysis provides key physical constraints to the evaluation
of periormance.

The alterpative to using a modeling analysis as a2 mesnsg of
dettonstrating performance is to increass the rate of pumplhg. At  some
peint, a higher rate of pumping will produce inward water-lavel gradients
along the entire margin of & desired containment velume. Howaver, the rate
of pumping reguired to oreate such & comdition may be slgnifilcantly higher
than that necessapry for adequats containment. More impoertantly, the higher
rate of pumping would likely result in a significantly increased cost for
treatment of the contaminated ground water.

Application to Actual Froblems

The thres«dimensional modeling analysis of ground-water pathlines has
been applied to seversl probiems involving ground-water contamination and

the remediation of <ontamination. In each gase, the purpose of the
analysis was slightly different, but the technical requirements wers the
Hamne t¢  fguantify the ground-water flow patiesns for a specified set of

conditjens. Two of these applications are described brisfly balow.

The primary objective in the first applilcation was to determine the
rate of pumping reguired to contalp discharge of contaminants from wastes
that axtended from near Land surface to a depth somewhat below thes water
table, In thls =itgation, <odtaminants could be dischsrged inte the
ground-water environment via infiitration of water throuph the wastes or by
sontact of ground water with the waste meteriaje. Thus, It was secsssary
for the pumping scheme to gontain ground water that bad come inte contact
with the wagtes.

The principsal technical consideration was the stratified conditions
within the ground-water environment. These conditions are 1llustrated oni
Figure ta., The upper portion of the ground-water envitonment wa$ much less
pericable than desper zoenes and, theoretically, a small rate of pumping
would contain a4 relatively large width of ground-water flow in the shallow
rone. The guestjon waz: what portion of the ground water from the deeper
zones would he fert of the containment volume ¥ Gbvisusly, the width of
the contalnment wolume fap a given rate of pumping could be significantily
affected by the portion of the deeper zones frowm which ground water s
discharged to the pumping well.

A three-dimensional model of the ground-water environment wa%

constructed to calculate the ground-water pathlines. Using the medel, it
wias determined thst a well 20-feet deep, puttping 0 gallons per minute,

3¢
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wouild coreate a containment volume with a width of 400 feet at the water
tabie. This punping scheme would asveld containing most of the ground water
flowing through the deeper, more permeable part, of the aguifer. Tha
results sre fllustrated in Figure Th. Hote that zlthough the contsinment
volume (4% defined by all ground-water pathlines that lead to the pumping
well) extends less than (0 fesr into the lowermost zone, 2 significant
portion of the pumped water flows o the weli through this fone. Thus, the
midel anaiysily  was used to develop a practical scheme for scoomplishing
the necessary contaimment while attempting ¢ #inimize the amount of pumped
water which would requirse Yreatmtent.

Inpiementation ¢f thiz pumping scheme iz not totally straightforward.
the construction of 3 well 28 feet inte the ground water environment that
would  be capable of yielding 10 gallony per minute on a sustained basisx iz
relatively simple. Bavising & monitoring program ko demonstrate
performance L5 much more difficult. The low rate of pumping and the
relatively high permeability of this aquifer combine to produce only very
small and localized changes in gEround-watar levels, Such smal] changes may
be difffculr to discern from background variations in ground-water levels.
Conseguentiy, #simplistic monitoring programs that focused solely on watep-
leye] data would not he adeguate for these circumstances.

A monitoriag program that lntegrates water+«lesvel medasurements with
other information on physical conditiona of the ground-water environment
couid provide & viakle alternativa, Modaling anslyziz of measured waterp-
lavel data could demonstrate a correspondence, or iack thereof, hetween
the water-Ievel data snd the ey physicsl parameters and constraints  such
as permeability and rate of pumping. Such an snalysis could also provide a
meggsure of reliabjility that would form the basis for svaluating pericormance
af the pumping schema,

In the second application the primaty objective was to determine if
contaminatien in  an aguifer was belng captured by an existing extraction
system, In this sgituation the target capture zons had been calculated
using & moedeling technigue which did not take account of vertical f£low.
Subsequent eEnalysey using three«dimensional pathline calculations showad
that the actnal containment volume in the main sguifer of intersst was much
smailer than the Larget capture zons,

A cross geetion of the ground-wster environment madeled in this
application is shown on Figure Eb. The upper 168 feet of the ground-watar
anvironment consists of relatively thin beds and lenses of send, allt and
clay. The upper 05 feet of this ares that consists predominantly of
gilts and sands in referred to as the Upper Aguifer, These sediments
overlie & relatively clean sandstone unit which iz referyed o as  the
Lowar Aguifer, Relatively large vertical water-level gradients exist £rom
the water table, where about 15 fnches per yedar of recharge ocgours, Lo the
{.ower Aquifer.

The caloulated ground water pathlines along a cross section are  shown

on  Flzuce #b. gacause of the relatively large wertical gradients, the
areal extent of the containment volume varies significantly with depth

iz
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below the water table. The areal extent of the containment volume at the
water table, &and in the middle of the Ypper Aguifer are shown on Figure
Ba. Alst shown i3 the target capturs volums for the Upper Aguifer. The

containment volume in the Upper Aguifer was thus shows by this technigue teo
be significant]ly smaller than was previously predicted.

Congludions

Three-dimensional anaxlysgis of ground-water pathlines proavides
significant insight intc the nature of flow patterns assgciated with
pumping schemes Yo remove andfor control contamination from the shallow
ground-~watar environment, The computaticonal process iz a straightforward
extension of results from thres-dimensional ground-water flow modsls. The
improved undersvanding of these flow patterns snd of the relaticaships
among  the varicus physicsl parameters will lesd to morg sfficient designs
of pumping  schemes for ground-water cohtafinment. The mnedel analysis
framewarh also provides a mwechanism for integrating water-level
messurements  with physical constraints to demonstrate and  evaluate
performance of a pumping scheme.
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