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Disclaimer

These are the results of investigations supported by the U.S. Environmental Protection Ageﬁcy’ s
.Ground-Water Protection Division, Office of Ground Water and Drinking Water as part of its effbrts to
provide technical assistance to State, tribal, and local governments on the implementation of the
Wellhead Protection Program. The specific methods and approaches contained in this document have
been peer-reviewed but do not constitute official Agency endorsement or policy recommendations. The
- Ground-Water Protection Division, Office of Ground Water and Drinking Water provides this
information to help solve complex technical problems related to the delineation of wellhead protecfion
areas in confined and semiconfined aquifer settings. Further assistance is available from the Ground-
Water Protection Division, Office of Ground Water ahd Drinking Water in Environmental Protection
Agency headquarters, as well as the groﬁnd-water offices in the ten Environmental Protection Agency

Regions.
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'EXECUTIVE SUMMARY

Improper management of chtamination sources has resulted in numerous cases of ground-water
contanunation of publlc water supply wells. One approach toward preuenting contamination of publié
water supplies is to protect,tlie areas that recharge precipitation and surface water to the aquiter near

:‘the wells. This zone ef laroteetion is‘referred to as a wellhead protection -area (WHPA). The potential
for contamination is typieally less in a confined»‘aquifer than in an unconfined aquifer. Nevertheless,
contamina_tion of confined aquifers has occurred. Wellllead protection areas should be developed f_or‘ all
aquxfer settmgs |

A confmed aqulfer 1s an aqulfer overlam by low-permeabllnty strata. The presence of the low
permeabnhty materlal reduces the risk of a surface contaminant reachmg a producmg well. The
potential for contamxnatlon of a conflned aqulfer is controlled by two factors: (1) The presence of

: permeable pathways (for example, faults,. fractures, permeable sands, or unplugged vabandoned
boreholes) that'perrnlt contaminant rnigrat_-ic.)n'and' (2) the existence of .appropriate.hydrologie
cenditions (fer example, ddwnward flow) that cause contaminants to migrate,through‘ the 1on-
pe'rrneability strata. | | |

Confmed aqulfers occur pervaswely from coast to coast in the Umted States The coastal plam
‘aqulfers along the Atlantlc Ocean and Gulf of Mexico represent some of the largest confined aqulfer
systems in the Umted States There are numerous other smaller aqu:fers which exhrbtt confined

-conditions.
o Degree of Confinement

~ Before a wéllhead protection area can bé' delineated the degree of confinernent of the aquifer -
settmg must be determmed Aquxfers can be unconfmed or confmed Conﬁned aqulfers can be subdxv1ded

mto semiconfined and hxghly confmed aquxfers A senuconfmed aqulfer is an aqulfer overlam by strata
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that have relatively low permeability compared to the aquifer. However, the permeability of these
overlying strata may be high enough to allow significant leakage through the strata. A fractured till
is a good example of a relatively low-permeability stratum with significant leakage. In such a setting,
it is inferred that the leakage is areally distributed. In a highly confining strata, leakage is
negligible. If leakage does occur, it is probably restricted to localized zones such as discrete faults or
artificial penetrations such as wells, and abandoned or improperly plugged boreholes. A semiconfined
aquifer is more susceptible to contamination than a highly confined aquifer because of the potential for
significant leakage through the overlying confining strata.

There are several approaches for differentiating confined from unconfined aquifers. These
approaches can be considered as (1) geologic, (2) hydrologic, and (3) hydrochemical. Geologic
approaches include (a) classic geologic mapping, (b) environmental geologic and 'hydrogeologi_c
mapping, and (c) construction of geologic cross sections. Hydrologic approaches include evaluations of
(a) water-level elevation in wells, (b) potentiometric surface maps, (c) storativity, (d) leakage, (e)
continual water-level responses in wells, and (f) numerical models. Hydrochemical approaches involve
the evaluation of (a) general water cﬁemistry, (b) tritium and (c) carbon-14 data. Tritium is the
radioactive isotope of hydrogen that has been introduced into the atmosphere in the last 40 yr by
atmospheric nuclear testing. It is now in the recently recharged ground water in measurable but
nonharmful concentrations. Carbon-14 is the radioactive isotope of carbon that can be used to estimate
the age of ground waters that may be hundreds to thousands of years old.

Though several techniques differentiate confined from unconfined aquifers, only a few
approaches can be used to quantitatively differentiete semiconfined from .highly confined aquifers. A
40-yr time of travel (TOT) approach is recommended for making this differentiation (that is, 40 yr is
considered to be a reasonable “rule of thumb” to distinguish between semiconfined and highly confined
conditions). This 40-yr time of travel from the recharge area at the ground surface to the well in the
' equifer can be calculated by hydrologic methods or inferred from tritium analyses. Using the time of
travel equation plus leakage values calculated from a pump test, the rate of vertical leakage through a

low-permeability strata can be estimated. If the calculated time of travel is less than 40 yr the aquifer
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isb ‘cobnsidered semiconfined. If the time of travel is gfeater than 40 yr then the aquifer is considered
highly confined. Similarly, if the tritium cpnéentraﬁoﬁs in the aquifer are iess ihaﬁ 1 to 2 tritium units
(TU), the lower level qf detection for many tritiﬁm andlyses, fhen the wéter is oldef than 40 yr; This is
approximately the amount of ti?ne since tritiuxﬁ was first infroducéd in the hydrosphere by
atniosph‘eric nuclear testing. If the water contains tritium vcon'centrations above 1 to 2 tritium units, then
the confinéd aquifer has been rechafged within the last 40 yr, either by hdﬁzontal flow or by vertical
leakage. If horizontal flow cannot kexpl,ain the presence of tritium, then the tritium must result from
vertical leakage and the aquifer should be considered sémiconfined.

It is important to differentiate between semiconfined and highly confined aquifers because, as
pteviouSIy Stated, semiconfined aquiferé are subject to pef{rasive leakage through theroverl)"ing low-
| permeability strata, whereas poténtial leakage to a highly confined aquifer is limite& to localized
and discrete permeébility pafhways. Different types of wellhead protection strategies are‘needed for

the semiconfined and highly confined aquifers.
~ Delineating Wellhead Protection Areas

Deitermihing a wellhead protecti;)h area for a well or well field in a confined aquifer setting
‘requires delineating a general aréa fér ‘proteétion based on hydrodynamié appi-oaches. Subsequently,
| critical zones within the genéral area afe definéd by identifying potential high-permeability
pathways for dbwm‘«%ard migration of contaminants throﬁgh the ldw-permeébiiit’y strata overlying the

aquifer. | v

The hydrodynamically delineated wellhead protectibn area ;:an'bé b‘ased-on either a cone of
depression (COb) (as referred to as zone of inﬂﬁence [ZOI)) approach or a zone of transport (ZOT) (also
referred‘ to as the time of trave'l‘ [TOTI) apprbécﬁ. The time of travel approach is recommended in
preference to the zone of influencé approach. | ST

The cone of depression apﬁroéch uses the lateral pumpir'\g' extent of a cone of depression as thé .

wellhead protection area and, in an area where the prepumping gl'adient of the piezbmétrié surface is
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negligible, cone of debreésion repre‘senbts fbe area fbr which there is a potential for downward vertical
and lateral flow towards a producing well.' ’Ibe zoné of iﬁﬂueﬁce app‘roach‘is one method recommended
for Aefining the wellhead pfotectioh area m uncbnﬁned aquifers. Howe?er,’ this approéch may not be
appropriate for confined aquifers. As the éonfining strata becon‘xé“more impermeable, t}.\evlaterél extebt

~ of a cone of depression in a éonfihed 'aquifér may become unreélistiéally large. Fbr example, the radius
~ of a cone of dépressibn for a senﬁcqnfiriedﬂac.{uvi-fef may be a few: hundred feet, but for a higf\ly confined
setting it may extend more tban‘_ 10,000 ft. The highly QOnfined aquifer, which is less sénsitive to
o povt'ential_ contamination, will have a éone of depréséion area significahtly lérger than one for
semiconfined and unconfined aciui‘fers. Thisvin»o:::r,ease‘in lateral extent of the cone of depression is due.’to

the fact that a pumping well in a confined aquifer must draw more of its ground water from lateral

. sources because less water is available from vertical Ieakagé. Therefore, for highly confined aquifers

Wellhead protection areas based on cones of depressio'nsv may be unreasonably large.

A time of travel approach provides a more realistic esﬁmate ’o'f a wellhead protection area for a
confined aquifer. The time ofr travel apprbac;h provides. a protectibon area defined by the lateral
| distance that 'ground water flows for a defined perioa of time and can be defined by an equal-time
contour line. Inside that contour line, ground' water will 'v_ﬂow to a pumping well in lesé than tbe
‘specified pefiod of time. Outside thaf ccvj‘ntour,'(i‘tv takes water ionger than the specified tinlle>to flow to
- the prodgc‘ing well. ’fhere are twobasic methods for'caiculéting a bti‘me of travel: (1) A volumétric-ﬂow
equatidn, which is a modification of Darﬁy’ ] law, provides the distance bfﬂow‘ over a given period bf
tirhe. The volumetric-flow equation calc_uiatés- the radius of a cylinder froin which ali ground water is
pﬁmped. The Wellhead protebtioh area':cél‘culatéd ﬁsing tirﬁe bf travel may be too large, becaﬁse it
assumes that there is no vertical lebkage and, therefore, that bll ground water discharged results from
lateral flow. (2) A segond method is to ﬁse'a time of travel calculation based on tbe hyfflraulic vgi-adbient
of the cbne of depression. -'f'he sec‘ond me_thod, the cone of depresSion/ tlme of tiaVel, iS a more réaliétic -
estimate of time of travel, because it incorporates any vertical leakavgevihto the calculatibﬁ.

The distance of a‘time’ of travel cbntpuf from the pumping weli for a leaky confined aquifer migbt

be, for example, a few hundred feet, whereas for a highly confined setting the travel tlme distance for.
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the.same period of time "rr\ight extend to thousands of f’eet.j The cone of depression for t_he leaky system

' » stabilizes with a much srr\aller radius than that'for the rr‘\ore confined setting, because ih the leaky‘v
' settihg vertical leakage supplies water to the pumping well, which otherwise has to be supplied by |
lateral ﬂow The more confined an aquifer, the'm‘ore it approaches the conditlon of receiving no
’vertlcal leakage, and the closer the time of travel calculated with the cone of depression/time of
‘travel method approaches the tlme of travel calculated by the volumetrlc-ﬂow equation. In general,
v the wellhead protectlon area calculated with time of travel will be smaller than a wellhead

protectio‘n area calc_ulated with a cone of depression.

A forty-year time of travel threshold is a reasonable “rule of thumb” for distinguishing between
sehticonfined ahd highly confined aquifers. Forty years is the time frame for whlch tritiurh has been
;introdu‘ced into the atmosphere and therefore iinto grouhd water_. Well water with no tritium indicates
that it took g'rou.nd ‘water a nunirnum of 40 yr to ﬂow‘ hoﬁaohtally and‘/ or vertically from a point of
recharge to the well.>C‘onversely, well water with tritiurh indicates ground water that has been
- recharged within the last 40 yr; thus, the particular well or aquifer is relatively sensitive tovaquifer
| contamination. | - |

The shape and size of a wellhead protectlon area can be affected by the gradlent of the regional
potentiometric surface. Nonnegllglble gradxents cause a wellhead protection area to have a noncircular
- shape. The exact shape depends on‘ the rate of purhpage, the trahsmissivity‘of the aquifer, and the
. regional gradient. o | |

After a general wellhead ’prot’ection area has been determihed using hydrologic criteria, the
permeabnhty pathways through the confmmg strata should be con31dered For a semiconfined aquxfer
permeablhty pathways such as fractures are consxdered to be common and evenly dlstrnbuted and,
therefore, the entire wellhead protectlon area should be cons:dered‘hlghly sensitive to potentlal
contarhination, as is the wellhead protectioh area for ah unconfined aquifer. In contrast, for a highly
confihed aquifer, the pathw‘ays for ‘cor\tamihant migratior\' probably are limited to a few discrete
breaches of the confining strata. -These‘breachesih »conﬁ'nemeht might be ahandohed boreholes or faults

~ and should be given a higher level of protection from the rest of the area. In a highly confined aquifer
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settmg two levels of protectlon should be developed The general hydrodynarmc area should be gnven
“one level of protectlon and the xmrnedrate v1c1mty of dxscrete pathways, where leakage could occur,

should be grven a hlgher level of protectlon
Examples of Wellhead Protection Areas in Confined Aquifers

- Wellhead’protection areas,were determined for two confined aquifer settings in Texas. The first
field case setting was in Bastrop, Texas,‘where the highly productive Wilcox aquifer crops out. Before
- the study it was not known whether the well fleld would be in the confmed or unconfined part of the
-aquifer because of its locatlon in the outcrop of the aqurfer The second field case setting was in
'Wharton, Texas, where the Gulf Coast aqunfer was presumed to be hxghly confined beneath the
Beaumont Clay Fneld studles first evaluated the presence and degree of confinement and then 7
wellhead protectlon areas were delmeated for mumcrpal well ﬁelds in both communities.

In Bastrop, Texas, the ercox aquifer was found to be hlghly confined even though lt was located
in the outcrop. The degree of confinement was tested w1th flve techniques, whrch include (1) evaluatlng :
the regional hydrogeologic setting,.(?) conductlng a pumping test; (3) monitoring of continuous water
levels; (4) assessingb' the - ‘general‘.hydrochemistry; and (5) determining tritium and carbon-14

"‘concentrations in the well water. The results of the inyestigations indicate a high degree ofvconfinement
and old watersv with ages greater than 4,000 yr. The radius of the wellhead protection area ranged from‘
3,000 to 18,000 ft, based on the different hydrodynarmc approaches The reglonal gradient affected the
shape of the wellhead protectlon area. A wellhead protectxon area of 3 000 to 7, 000 ft in the-
downstream and upstream dn’ectxon, respectwely, wa_s consndered the most reallstxc. The most crmcal .
: pathways for potential contarr\ination of the ground water are artificial penetrations such as wells‘and :
abandoned boreholes. ﬁ |
In Wharton, Texas, the Gulf Coast aqulfer was found to be hlghly confmed The reglonal -
hydrogeology was._ mvestlgated, in addltron to the evaluatlon of pumpmg tests, general

hydrochemistry, and tritium and carbon-14 measurements The results of the mvestrgatlons indicate a
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high degree of confinement and old waters with ages greater than 15,000 yr. A pump test indicated
extensive leakage, but it appears that this leakage results from ground-water draining from
interbedded sands within the overlying thick aquitérd and not from a shallow aquifer. The calculated
radii of the wellhead protection area based on the different hydrodynamic apptoaches ranged from
300 to 4,000 ft. The negligible regional gradient of the potentiometric surface did not affed the shape of
the wellhead protection area. A wellhead protection area of 1,000 ft is considered the most realistic.
The most critical pathways for potential ground-water contamination are artificial penetrations such

as wells and abandoned boreholes.

xix



ACKNOWLEDGMENTS

| funding_ for this project was provided by the U.S. Environmental Protection Agency, Groun_d- |
Water Protectibn Division, C)ffice of Ground Water and Drinking Water, under Cooperative Agreement
ID No. CX-815385-Ol—& We thank Marilyﬁ Ginsberg, Project Manager, and Ron Hoffer from the U.S.
Environmental Protection Agency, Ground-Watéf Protection Division, Office of Ground 'Water ahd
Drinking Wa'ter; for their techﬁical input éﬁd editorial reviews. Keg Alexander helped in literature
review, pump fests and data interprefation. John Burke from Aqué Water Supply Company, Bastrop,
Texas, and Wayne Popp from the City of Wharton, Texas, provided valuable hydrologic data for their
respective well fields. Original manuscript preparation was by Lucille Harrell, and additional word
processing was by Melissa Snell and Susan L]oyd. Figures were drafted under the supervisioﬁ of
Richard L. Dillon. Editorial review was by i(itty' Chall'stron{ under the supervision of Susann Doenges.

The efforts of all these people are greatly appreciated.



CHAPTER 1. INTRODUCTION'

Nearly half the population of the United States uées ground water as its drinking water aupply. :
Improper management of contarmnatron sources has resulted in numerous cases of ground-water supply
contamination. One approach toward preventing contarmnahon of these water supplies is to protect the
areas that prov1de recharge to supply wells

The 1986 Amendments to the Safe Drinking Water Act created the Wellhead Protection Program ’
| :Through thlS program the u.s. Env1ronmental Protectlon Agency (EPA) assists States in protectmg
areas surrounding pubhc drinking water supply wells against contanunatron. The techmcal assrstance
document, "Cuidelines for Wellhead Protection ‘Area Delineation for Confined Aquifer Settings,” was
developed to provide technical in_tormation‘ vto the States in their implementation of‘ Wellhead

protection programs.
Confined Aquifers: Why Be Concerned?

Confined aquifers, by definition, are overlain by l_ow-pérmeability strata. Confined aquifers are
typically less sensitive to surface contamination than water-table (unconfined)v aquifers. However,
ground-waterbeontamination has occurred in confined aquifers, demonstrating the need to protect these
sources of ground water. | |

“In general, -more confined aquifers are less sensltive to ’contam-ination than less confined or
unconfmed aqurfers, and less restrlctlve wellhead protectlon strategles may be appropnate Unless the.
degree of confmement of a well field is known, the potentral for contammatron is unknown. In some - “
areas an entlre reglon can be generally charactenzed because hydrogeolognc COl‘\dltht\S are relatnvely
uniform. In other areas, however, it may be necessary to charactenze the degree of confmement near
each well or well field. | | | |

Some confmed aquifers have become contammated Confmmg strata are not impervious to ground-‘

water movement and to con‘taminant migration. Long-term pump tests have shown vertical flow



through confining strata (Neuman and Witherspoon, 1972; Grisak and Cherry, 1975). Much of this
leakage inay be attributable to fracturesv through clay and “sii1t strata_ (Williams and ‘Farvolden,' »l976v7;
Gera and Chapman, 1988). Different types of contaminants have also been shown to ‘rnigrate through
confining layers that‘ consist of clays, silfs, and glacial till (Schwarlz and others, l982;‘Dorhofer and
Fritz, 1988; Jackson and Patterson, 1989; Herzog and _~o<thers,:‘1989). Downward migrartvionv of
contamination throughconfining layers can also occur along monitorin‘g-v"/ellcasings (Meiri, l989) and in
natufally occuri'ing faults (Keller and others; 1§87). In Texasv,' Thompson and Hayes (1979) identified "a

fluorocarbon plume in the confined limestone Edwards aquifer.
Purpose of Document

The purposeofv this technical document is two-fold. (1) 'l‘o provide a niethodology tovdefvine the
sensitivity of an aquifer to contamination. This is accomplished first by de’termjning the degree of
confinement of an aquifer, that is, whether an aquif»er‘ is unconfined semiconfined or highly confined
because the more confined the aqulfer, the lower the probabihty for its contammation (2) To provide
approaches for delineating wellhead protectlon areas (WHPA's) for high]y confined and semiconfmed'
: aquifers. | |

7 Chapter 1 defines confinement. Chapter 2 explains the basic mechanics of ground-water flow in a
confined aqiiifer. Chapter 3 provides methods for characterizing confined aquifers. Chapter 4 describes
- general wellhead pr‘otection stralegies. Chapter S'describes’ hydcodynan\ic approaches for delineating
wellheac_l protectiOn areas, and Chapteri6 describes the different approaches for developing wellhead
protection areas for semiconfined and highly confined aduifer settings. Chapter 7 proﬁdes methods for
determining wellhead protechon areas for well flelds Chapter 8 describes two case studies, and
Chapter 9 provxdes recommended approaches A detailed descnption of the two case studies is included
in the appendices, as well as a short dlscussion on the natlonal distribution of confined aquers and a

gloséary of important terms used in the document.



Definition of a Confined Aquifer

Before wellhead protection areas are delmeated for. wells, the aqulfer setting ‘has to be defined
as to. whether it is hlghly confined, sermconfmed or unconfined. Before addressnng the questron of -
v degree of confinement, more basic i issues need to be addressed. What is the 1mportance of confinement to
'we‘llhead protection’v Are general hydrogeologic definitions of confinement acceptable for wellhead |
'protectxon7 The followmg defmmon is recommended in the context of wellhead protectlon strategles
and is referred to as the wellhead protectlon area defmmon

“A confined aqulfer is a section of an aqulfer overlam by low-permeability strata that lower the
probabrhty of ground-water contammatron from surface sources” (frg 1.

The cntxcal elements of this definition are (1) there is a low probabnhty of contammatron from
the ground surface and (2) this low probability results frorn the presence of overlying low-permeability
strata. By this defmmon, ground water in a confmed aqunfer need not exist under greater than- v
atmospherlc pressure, and/ or rise above the top of the - aquifer in wells. This defmmon differs from
 classical definitions be__cause its pn_mary focus_rs the potential for contamination from the surface. The
wellhead protect'io'n area definition is an expansion’of the definition used in the American ‘Geologic
Instltute (AGI) Glossary of Geologrc Terms: ”An aqurfer bounded above and below by impermeable bed
or beds of dlstmctly lower permeablhty than the aqulfer 1tself” (Bates and Jackson, 1987)

| The wellhead protectlon area definition is preferred to classical definitions of confmed aquifers

because it addresses the hydrogeologlc settmg that causes confinement rather than the hydrologlc

. phenomena resultmg from confmement It has 1mphcatrons about the age of the water within the e

confrned aqurfer. If the co_nfxmng umt prevents,contammants from reaching the confmed aquxfer, the
unit will also prevent easy movement of water to the aquifer. Geochemical indicators of absolute or
relative age, and numerical or analytical calculations of vertical leakage, provide a very important

approach for identifying c‘o'nfinement.b
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Figure 1. Schematic of a confined aquifer (uﬁconﬁned in outcrop area).



- The wellhead protection area definition addresses the presence of confining beds above the x

aquifer ohiy, and not “above and below” as Stated in the American Geological Institute definition,
because the dominant sourc'e’; (and therefore the higher probability) of contamination from a wellhead

protection perspective are from disposal practices on or near land surface.

]

i
1

Distinction betvﬂveen a Semiconfined Aquifer and a Highly Confined Aquifer

I
‘
§

A confined aqulfer can be semiconfined or highly confined. A semiconfined (leaky) aquer (ﬁg 2)
‘as defmed by the American Geologlcal Instltute glossary, is “A confmed aqulfer whose confmmg beds
will conduct s1gmf1canf qua;\tltles of water into or out of an aquifer” (Bates and ]ackson, 1987). The
sensitivity to con'tamination“: of the semiconfined aqtrifer should be considered higher than that of a
highly confined aquifer beceuse the semiconfined aquifer can receive significant quantities of water
through the confining strata. | | |

A highly confined aqujifer, ir\ contrast,v receives only minor Ieakage through cenfining strara. The
sénsitivity tob convtaminationief e highly confined aquifer is low. However, artificial penetrations such

as abandoned boreholes are potentially important pathways tha‘t may permit contaminants to pass

through the confining strata and migraté into a-producing well.

Importance of Understanding Degree of Confinement in Context of Wellhead Protection

leferent wellhead protectlon strategxes are recommended for unconfmed (water table),
semiconfined, and highly confmed aquifers. These strategies are based on (1) the sensrtwmes of the
aqulfers to contammatxon, (2) the drfferences in well hydraulics, and (3) the differences in the‘
dlstnbutlons of vertlcal recharge

1 'Unconﬁned, senlgconfined, and highly confihed acldifers have different sensitivities to

!

~ contamination, the water-table aquifer being the most sensitive and the highly confined aquifer being
- S | _ . o
the least sensitive. The unconfined aquifer is not overlain by confining strata to retard contaminant



‘ f ‘ ‘ ,Ground surface

l /‘Water table

T _-1"Fotentiomets
- . LN P4

NY . .

B Unconfined aquifer

Leaky aquifer

QA14884c .

Figure 2. Schematic of a semiconfined (leaky) aquifer.



rmgratlon, the semrconfmed aqurfer has an overlymg cohfmmg unit, but it is leaky, and the hrghly
confined aquifer has an overlymg conﬁmng layer that is essentrally 1mperv1ous to areally dxstrlbuted |
leakage

(2) For the unconfmed aqurfer thevsme of the cone of depressron (COD) from a pumpmg well is
controlled by the recharge rate and the spec1f1c yield (storage) of the aqulfer For the semxconfmed .
aqulferthe amount of leakage from shallower unconﬁned aqurfers affects the size _of the cone of
~ depression. For the highly confined aquifer the cone of depression can become very large because of the
laclt'of leakagev | | | : |

| ~ (3) The pathways of vertical fluid movement for unconfmed semlconfmed and hlghly confmed

aqulfers also differ. In unconfmed aqulfers, vertlcal ﬂurd movement to the water table is typically
_ ummpeded and areally distributed through,the u,nsaturated zone .above the ‘water _table. A |
semiconfined aquifer allows leakage of slgnlficant quantities of water through the nconfining'bed;
consequently, flow paths through the semlconfmmg bed are presumed to be areally distributed and may
include artificialpenetrations as well as natural ‘geolo'g'ic' pathways. This is in contrast to a highly
confined aquifer, in which the probability of leakage through the confining unit is very low (but not
necessarily zero). The overlymg conﬁmng bed of a hlghly confined aqurfer may contain a very small
number of discrete pathways which can mclude natural penetratlons such as faults and fractures, or
artificial peneh'atxons, such as wells and aband_oned bore holes. - | |

The wellhead }arotection strategies for unconflned, sémiconfinéd, and hivghly confined aquifers
difl’er for hydrogeologic reasons. The Us. Environmental Protection Agency (1987) recommends a
 variety of approaches” for unconfined aquifers which lnelude n time of travel (TOT), (2) zone of -
influence (ZOI), that is, ex_tent, of cone ot depression, and (3l zone of COntrlbution (ZOC) ap]oroaches. For '
- semiconfined and confined a’clluifers,: this dobument recomm’énds either a time of travel or an integrated

cone of depression/time of travel approach.



CHAPTER 2. CHARACTERISTICS OF A CONFINED AQUIFER

In this section, the typical geologic, hydrologic, and hydrochemical phenomena that are
characteristic of confined aquifers are investigated, and some of the exceptions and complexities are

discussed. Figure 1 is a schematic diagram of a confined aquifer.
Geologic Characteristics
Confining Beds

Confining beds are typically composed of low-permeability materials, composed typically of
shale, silt, or clay. Most low-permeability strata overlying large coastal plain aquifers are composed
of clay and silt. However, any low permeability bed can function as a confining stratum. Dense
limestones and dolomites, chalks and marls, volcanic lava flows, evaporite deposits (for example,
halite and gypéum bedé), as well as unconsolidated sediments, may serve as confining units.

There is no established permeability range for confining strata (the term permeability is used
interchangeably with hydraulic conductivity in this text). Permeability (hydraulic conductivity) for
sand/sandstone aquifers can range from 10~ to 102 cm/sec (1076 to 1 ft/sec). Low-permeability rocks
typically have permeability values below 10-3 cm/sec (107> ft/sec). Permeability of a cbnfining unit
typically is three orders of magnitude lower than the permeability of the producing aquifer.

| Confining beds can be extremely heterogeneous, that is, permeability varies significantly in the
horizontal and vertical directions. Variability is in large part a function of the geologic setting and
geologic history of the strata. Marine shales (shales originally deposited under marine conditions)
will be relatively Bomogeneous, Whefeas continental shales may be composed of a wide range of
sediment types and, therefore, have a wide range of permeabilities. This is particularly true for

deltaic sediments, continental redbeds, and glacial deposits that may all function as confining strata.






Fraictures and faults may eut confining’beds” and greatlyv‘in'crease their permeability. These
structural features may be‘ax.'eally distributed, for example, in glacial drift in the NOrth-vCentr.al
United States, orvmay only occur in discrete zones, such as a single fault zone. The density and
distribution of these features will have an importaht impact on degree of confinement and on the type of

wellhead profection strategy employed.
Confined-Aquifer Lithology

A confined aqulfer may be composed of a variety of dlfferent hthologles In addmon, in a
‘confined aqulfer, permeablhty may be heterogeneously distributed as it may be in any aqulfer For
example, a sand aqulfer is not composed solely of sand; frequently, shales may be interbedded with
permeable sands or sandstonee (fig.‘ 3). This presence of low-permeabi.li‘ty onits within a permeable
aquifer may create confinement even though there is no laterally extensive overlying aquital"d (fig. 3).
Furtheffnore, the contact between the top of aﬁ aquifer and the base of an overlying aqﬁitard may be
transitional. Defmmg the top of an aquifer and the base of an aquitard may be dxfﬁcult

The geology (mmeralogy, degree of llthxflcatxon, type of poros1ty, and so forth) of the confmed
aqulfer may dlctate some of the hydrologic and hydrochemlcal charactenstlcs often assocxated with
confined aquifers, such as low storativity and the type of water chemistry that is assocnated with long

residence times or long flow paths.
Hydrologic Characteristics ‘

Confined aquifers are hydrologically different from unconfined aquifers, as evidenced by the
nature of various hydrologic phenomena, such as elevation of the potentioni‘etrié surface, cyclic water-
level response to barometric or tidal phenomena, cone of depression, storage coefficients, and leakage

values.
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Figure 3. Aquifers may contain low-permeability strata that are interbedded between permeable strata
and may cause confining conditions. Ground-water production from beneath a low-permeability strata
would be from a confined aquifer even though a geologic map would show the permeable formation
cropping out, a hydrogeologic setting which traditionally would be defined as unconfined.
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Elevation of Potentiometric Surface

ln an unconfined aquifer, there is direct contact between the atmosphere and the ground water
- along the entire upper surface (water table) of the saturated section; in comparison, the potentiornetric
surface of a confined aquifer (thesurface defined by the elevation'to which water rises in wells that
~are vopen to the atmosphere) is often above the top of the aquifer. The potentiometric (pieéometric) :
surface of a confined aquifer may rise above the land surface resulting in flowing (artesian) wells (fig.
1). The reason for this is described next. | |

Ground water flows in an aquifer froi*n zones 'bf recharée to zones of discharge. The elevation of a.
water level in a well represents the potential energy of .the'g‘round-water‘system at that well. Weter
"flows from higher potential energy to lower potentlal energy; the highest potential occurs in the‘
recharge zone and the lowest potential occurs in the discharge zone. The system loses its potentlal

energy by frictional loss (re51stance) as it flows through the aquifer, as expressed by Darcy’s law

q=ki 9]

where q the ground-water flow rate,

K

the hydraulic‘ conductivity, and .

i the hydraulic graclient_.
In the simplest situation, 'where aquifer permeability is uniform and‘ flow rate is constant, the potential ‘
energy (head)‘loss isiconstant and the pbtentiometi-ife surf'ace has a constant'g'radient '(f‘ig. 1). A more
- complex scenerio results ‘when the permeability of‘the equifer varie's. In cdastail plain equifers,'
continental sands/ sendstones ere interbedded with marine or cleltaic‘ shales.‘Relatively permeable
ﬂuvxal sandstones at the outcrop become mterbedded w1th deltaic or marine shales downdip, resulting - ’

in overall average lower down-gradxent permeabrlity Accordmg to equation (1), the hydraulic

gradient is mVersely proportional to hydrauhc conductwnty; that is, for a given flow rate, steeper
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head 'gradients are required ‘for grOund Water to flow through a low-permeability zone compared to
ground-water flow through hxgh-permeablhty zones.
‘In early days of ground-water explontatlon of confmed aquifers such as the Dakota sandstone
E aqulfer, South Dakota, or the Gulf Coast aquifer in Texas, many-wells flowed at land surface because
thebaquifer was under artesian conditlons Arteaian conditions‘“often indicate avconfined aqixifer setting
Water elevatlons below the top of an aquxfer do not mean that the aqulfer is unconfmed Water
elevatlons below the top of a confmed aquifer may occur naturally or artlfxcrally A potentlometnc
surface below the top of a confined aqu_lfer can occur rf an aquxfer is more easnly dlscharged than
| recharged This phen‘omenon is being recognized in sorne of the aquifers in the western United States.
Potentlometnc surfaces below the top of confined aqunfers may occur locally and regxonally :
because of ground-water production. Cones of depressxon from mdlvxdual  pumping wells may result in a

potentiometric surface being beneath the top of an aquifer. Sumlarly large-scale, regional, long-term, = -

- ground-water production for agricultural‘and rnunicipal use, such as the San Joaquin Valley, California, |

or the greater Houston, Texas, region may result in the reglonal lowermg of a potentrometnc surface -
that through tlme, drops below the top of an aquifer. In the context of the WHPA dehmtlon of

confmed aquifers, such aquxfers are consrdered to be confined. -
. Direction of Vertical Ground-Water Flow

The relative elevations of the p'otentiom‘etljic surfaces of a confined aquifer and an overlying
wa‘ter-table aquifer define the direction of vertical ground-‘water flow, indicating whether potential
vcontamxnants can nugrate from the water-table aqulfer to deeper confined aquifers. The direction of
‘vertlcal leakage between an unconfmed and a lower aqulfer is dependent upon whether the
potentiometric surf‘acefor the deeper confined aquer is above or below_the upper aquifer’s water table.
If the potentiometric surface for the confined aquifer iia above the"v‘vater table, then there iara potential

~ for upward flow from the deeper aquifer (fig. 4a). Upward flow implies that contaminants cannot move

12
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Fxgure 4. (a) Confmed aquer where the potentlometnc surface is hlgher than the water table of the
~ overlying unconfined aquifer. The potential for ground- water flow is upward. (b) Confined aquifer
where the potentiometric surface is lower than the water table aquifer. The potential for ground-water
flow is downward. Downward flow is needed for contaminants to migrate from a shallower unconﬁned, :
“aquifer to a deeper confined aquifer (from U.S. Envxronmental Protection Agency, 1987). -
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. from the shallow to the deep. If the poteﬁtiometﬁc surface for the confined.aquifer is below the wate_r
iable, there is potential for downward flow and, fhus, a potential for contaminatien (fig. 4b).

Downward flow can occur around a well when a cone of depressxon froma pumpmg well is lower
than the water table of an upper aquxfer Downward ﬂow can also occur reglonally as a result of a
' naturally‘lower potentxometnc surface or because of long-term regional ground-water productlon.

Vertical Ieakage may contr'iib\.‘lte' a signifieaaf percentage of the overall flow of water to an
aquifer on a regional and well ‘field basis. Even vthevugh‘ the vertical; pei'meability per unit area of an
aquitard‘ may be low in comparisen to the pem{eability of aa\ aquifer, there may be significant vertical
leakage to ithe aquifer because of thev extensive lateral ai'ea of the aquitard in eomparisdn‘ te the
thickness of the aquifer. |

Rates of leakage can be calculated 5y using' an'equation “similar to that for Calcﬁlating horiiontal

flow, that is, by using Darcy’s law. Leakage can be defined as
qv =K' (he-h)/b I )

rate ef vertical leakage per unit area

£
>
o
o
L
i

ho = water level for the confined aquifer
~h = water level at the water table |

K’ = vertical hydraulic conductivity

b* = thickness of aquitard. |
The rate of vertical leakage per unit area is controlled by.'the vertical hydraulic conductivity of the
aquitard and the hydraulic gradient Vacross the aquitard. K";ralues are often giVen as gpd/ft2 or am/sec.
No one has compﬂed a range of leakage values, but K’ values greater than 102 gpd/ft2 (5 x 107 cm/sec)
generally will permnt significant leakage across the aqmtard The rate of vertical leakage is an

important consnderatlon in differentiating highly confined from semlconfmed aquifers.
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Flow Velocity and Age

Ground water in confihed aéuifers commonly ha§ >a low hydraulic gadient, a lmtvl ground-water
‘ ~ flow velocity, and contains relatively old water. Figure 5 cb‘fnpares the poteﬁtiometric surface of the
Floridan aquifer with the degree of confihe_ment. Where the 10w-pe‘rmeability c_onfiﬁihg unit is present,
the po'tentiometric»‘smface of the Floridan is relativély flat compared with the gradient of the
Floridéﬁ in northern Florida where the aquitarc_l has been eroded. In confined aqﬁifers of the coastal
plain, hydraulic gradients are very low (<0.00011)vand flow velocities may be  inV the range of 1 to 50 ft
per yeaf. Flow velocities in the Carrizo aquifer, a typical sandstone aquifer dipping tov)ard the Gulf of
Mexico in the Texas Coastai Plai;i, rangé from 5 to 30 ft per ”y'éar withi the higher ratés in the outcrop
area (Pearson and White, 1967). : ' |

Ground water in confined aquifers‘may be very old Because of low velocities. Kreitler and Pass ,
(1980) identified, with‘“C, waters that Were:S,OOO to 15,000 yr old in thé updvip'v section of the Wilcox
aquifer; a large Tertiary-aged sandstone formati‘on in Eésf Texas. Pearson and White (1967) measured
water ages of 25,000 yr 20_bmi downdip in the Carrizo aquifer in South Texas. Ageév of waters in the
confined section of the Chalk aquifer, where “it underlies the London Clay of the London Basin
(England) exceed 25,060 yr (Smith and others, 1976). GfOund waters from a confined aquifer in

Hermosillo, Mexico were estimated to be 30,000 yr old (Payne and others, 1978).
Storativity

The storativity of an aquifei' i.s‘d‘efinevd as the unit volume of water that a unit volume of aquifer
releases “from storage” uxider a unit decline in hydraulic héad (Freeze'anc‘l Cherry, 1979). For a confined
aquifer with the potentiometric surface above the top of the aquifer, this feleésé of water résults‘from
fhe Vcbom‘pressibility éf the aqﬁifer material ahd a slight éxp‘ansibn of wateij. In reéponse to é decliné in

head, compressible aquifers (unconsolidated sands with interbedded clays) release significantly more
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~water than noncorhpréssiblé aquifers ‘(limestof_\esb'and ,san&étbneé).' In contrast‘ fo confined aquife'rs;
wat“er-level‘ declines in uncoﬁfined aqﬁifers céuse drafnage of .watef from ;he pdré Spafes, thaf is, the
 saturated sectién becomes ihinner. The storage “t'erm for un;:onfined aqﬁifer§ is referred to as}_s‘pecific
yield. | | |

Thé release of water from storage for eithér (:‘6‘n‘fi‘ned or :unconfined aquifers results f;om a decrease
in head values, 'fbor example, as a result olf_ the pumping Qf a well. The water released rby drainage of
pores spaces in an unconfined aquifer is sigmfiéantly greater than thé water released by compressing -
the pore spaces iﬁ a confined aquifer. Specific yield for uhconfihed aquifeté ranges fro?n 0.30 to 0.01
(Fréeze ahd Cherry, 1979). Cbn'fined aqﬁife‘rs _comrﬁénly have low-storétivity values compared to
uncohfinéd aquifers. Storativivtiies for confined aquifers conimoniy rangé from 0.005 to 0.00005. However,
- the storativity values forb very compre;sibie aquiférs, characterized by clay compaction, approach
spécific yield values for unéo‘nfinéd équifers. St‘obrativity often is used as a method to differentiéte

confined from unconfined aqtiifers;
Cyclic Water-Level Responses Resulting from Atmospheric Pressure Changes -

Water levels in wells of confihgd' aquifers typically exvhibi‘t'small-cyclic changes in elevation,

~ which méy ‘occur with a frequencypf once or t&ice a day. Water levels in wells of unconfined aquifers
typically dé not show such a daily cyclic chéngé in elevation. Cy_ciic responses of the Water leveis in

 wells result froxh chavn'ges‘in» overburderi pfeséures (ocean tides), diiation Qf thé aqixifer (earth tides) or
chéﬁges ih afn’wspﬁe‘rié pressure at thé well bofé. Afmospheric pressure changes probably have the
greatest impact .dn water levels because of the magnitude of the cf\anges and ; tﬁeir widespread
- occurrence. The water elevation in a ‘wv'ell is the elevafion to rwlv\ichvthe’.waterf will rise to equilvibratg
with atni_ospheric pi'essure. Changihg weéther» systems (high pressure and low pressure cells) can cause
atmoépheric pressure changes ‘(f'ig._ 6). In baddit‘i(’m, atmosphéric pressureé ‘ ‘change continuaily '
thi'oughout the dvay as a result of heating and cooling of the'atmosphere;(f‘ig..» 6). Ina conﬁned'aqui,fér, ‘

the only poiht where the potentiometric surface is in direct contact with the atmosphere is in the well
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Figure 6. Weather-related barometric changes and their effect on the water levels in a well
penetrating a confined aquifer (modified from Todd, 1980). Reprinted by permission of John Wiley and
Sons, Inc., New York, New York. '
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bore. Increa_ses in atmospheric_ pres:sure w1ll force the water elevation _in'the well clovyn. Decreases m
‘ atmospheric pressure will p'ermit»the water elevation in the well to rise. The rest of the aquifer will
not respond to this change in atmospheric pre'ssure because the overlying aquitard acts as a rigid cover.
Only water levels in water wells open to the 'atmosphere.respo‘nd to atrnospheric pressure changes. In
contrast, the water table in an unconfmed aqurfer is in contact with the atmosphere everywhere;
'therefore, atmospheric pressure changes are transmntted equally to the water table and not ]ust to the
~ well; therefore, water elevation in a well does not show daily water-level fluctuatlons w1th daily
pressure changes (fig. 7). The presenceof these small cyclic water-level changescan be used to

’ differentiate confined from unc‘onfi’ned’ aqulfer settings.
Cone of Depression

B During vthe‘ pumping of a vwater well, water levels drop and a cone of depression of the
' potentiorhetrlc surface develops around a well. The"Water produced from a well in a confined aquifer
comes from three sources: (1) water flowmg laterally from the aquifer mto the well (2) water flowing
vertlcally from aqultards above or below a producmg aquifer. This water either orlgmates from within
the aquitard (aqultard storage) or from leakage through an aqmtard and (3) from storage in the
producing aquxfer (frg 8). In an aquifer thh a negllgxble regional hydraulic gradxent the perlmeter of
the cone of depression defines the boundary, ata gwen time, of the areal extent of the lateral flow in
the aquifer and of vertical flow from adjacent confining units. ‘
A graph ot water-level decline, resu'lting from ground-water pumpage from a highly confinedv
- aquifer, follows a characteristic curve known as the Thels curve and has a generally asymptotic shape B
(ﬁg 9). The only source of water from a hrghly confmed aqurfer is the water flowmg laterally to thev
well. Because there is no verhcal leakage, the cone of depressxon must contmue to enlarge over time, and
water levels wrll contmue to decline even after long penods of time. For semiconfined aqulfers, the
drawdown of water levels and the lateral extent of the cone of depressxon stops when the amount of

- vertical leakage ‘equals the well discharge. A series of leaky aquifer curves can be used to calculate the
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Figure 7. Example of daily water-level changes in two wells from the Edwards aquifer, Georgetown,
Texas. The cyclic water-level curve for well 58-27-305 shows two maximum values per day that are
related to barometric changes and exhibit confined aquifer response. The flat water-level response for
well 58- 27-210 exhibits an unconfined aquifer response and shows longer term water- level declines
from local pumpage (modified from Senger and others, 1990).
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Figure 9. Theis curve and leaky aquifer curves (from Todd, 1980). Reprinted by permission of John Wiley
and Sons, Inc., New York, New York. . '
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amount _of leakage (fig 9); the greater the lea_kage, th:’eigreatg‘,:-i the,r/ B ‘value for the different curves.
For very leaky systern's,\ drawdown,can be minimal, and water le_vels will stabilize rapidly. Figures 10, :
11, and 12 show ounip-test data for a ‘highly‘ eonfined aquifer, a moderately leaky semiconfined =
aquifer, and a \rery leaky semiconfined_ aquifer. - |
The flow of ground rvater toward a well is related to changes in head caused by purnping the well.
-~ Horizontal head gradients toward‘the_ Well perrnit l_a_teral ﬂow to the well; in the ease' of confined
L aquifers,“vertical head gradients across aquitards permit vertical leakage and water f_ro‘m ‘aqu‘itard
storage; and head changes permit ‘comp‘ression of the: aquifer ’and the "squeezing” out of water from
aquifer storage. "i'here is no flow to the well frorn‘ areas where there is no vertical or horizontal.head
gradient toward the well. This simple ‘statementoffers an important insight toward understanding the
~ area that co‘ntributesv water toaproducing well. The aquifer eﬁtemal to the eone does not contribute to
the water produced at the well assurr\ing there is no, or a negligible,' regional gradient ' Once‘the cone

has stabllized theoretlcally, there is no contribution of water from storage There is no longer any

s change in water levels w1th time and, therefore, no additional compressmg and squeezing of water out

of the aquifer All of the contribuhon of water comes from vertlcal leakage

' Leakage through an aquitard has been observed Neuman and Witherspoon (1972) conducted a 31-
'day aquifer test in the Oxnard aquifer, OXnard California The confined Oxnard sand and gravel
aquifer 1s overlaln and underlam by aquitard/ aquifer pairs (flg 13) Momtormg wells were installed
and momtored in the three aquifers and two aquitards By the end of the 31-day aqulfer test, water
levels had dropped in the producmg aquifer as well as the aquitards and in the overlying and_ '
underlymg aqulfers Vertical permeability was estimated at 2.9 x 10'2 gpd/ft2 ThlS example
- graphically demonstrates that leakage» from overlymg or underlymg aquifers does occur and that

contamination through an aquitard can occur.
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Figure 10. Example of pump test (drawdéwn versus time) for nonleaky aquifer, Dakota sandstone (from
Greis, 1976). ‘ ‘ :
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Figuré 12. Example of pump test (drawdown versus time) for very leaky unidentified aquifer (from
Freeze and Cherry, 1979). Reprinted by permission of Prentice-Hall, Inc., Englewood Cliffs, New Jersey.
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Figure 13. Geologic setting and pump test data from confined Oxnard aquifer, overlying and underlying
aquitards, and overlying and underlying aquifers (from Neuman and Witherspoon, 1972). Example
shows that there is leakage through an aquitard.
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Hydrochemical Characteristics of Ground Water in Confined Aquifer's’

Hydrochemical'characteristic‘s of ground water tybi'c’ally reflect aquifer lithology and residence
time of ground water. Because of thelarge geog-raphic ektent of many confined aquife'rs,r ground water
within such an aquifer may‘be re'lat_iyely old'and may have traveled over relatively long distances.'
Both age‘- and distance 'o‘fv travel controlv the chemical»and ‘isotopic combositionv of the watervsr The
| chemical compOsition‘of ground water typically changes as_it ﬂows‘ from zones of recharge to zones of.

discharge.“ Recharge '"zones for confined aquifers are ‘typically oxidizing, have low pH levels, and
relatiyely» highbconcentrations of nitrate‘,”‘ sulfate, and calcium. As ground water flows downdip, it
‘becomes more reducing, typically shows an 'increase.in p_I-VI,»and‘ itsvtotal dissolved. solids (TDS)‘
concent_rations i'ncrease.i Nitrate (NO;;) and su‘lfate (SO4)“conc'entrations decrease significantly, calcium
(Ca) decreases, and sodiu‘m (Na) and bicarbonate:(HCOQ,) concentrations increas‘e (l‘3ackv 1966' Kreitler
_ and others, 1977; and Fogg and Kreitler, 1982). Flgure 14, a cross section through the Atlantic Coastal
Plain, New Iersey, shows the evolution from a low-total-dissolved-sohds mxxed-composrtion water in
the recharge zone to ,a,Na-HCO3 to Na-Cl -»water‘_downdlp. If the general chemical evolutionary
- pathway is known the chemical composition of an_.individual sample can be used to determine whether
‘the water came from the recharge zone or from the downdip confined section.
| As the water ﬂows down gradient from the_recharge aone it also becomes progressively older.
Tritium (3H) concentrations will decrease to aero as the tritium (short-liy'ed radioisotope of hydrogen
~in water with a half-life of 12 3 yr) disappears by radioactive decay Presence or absence of tritium can
be used to indicate whether a water was recharged more or less than approximately 40 yr ago (fig. 15).
Anthropogenic chemicals in the ground water also prov1de an assessment of the age of the water. The

occurrence of contammants ina ground water, such as ﬂuorocarbons, mtrates at high levels, and

synthetic orgamc compounds, also mdlcates the addition of relatively young waters Carbon-14. e

concentrations decrease as ground water ﬂows downdip and becornes older The age of ground water that

. isin the range of thousands of years can be estimated with 1"'C analyses
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a Na-Cl for ground-water flow in the Atlantic Coastal Plain, New Jersey (from Meisler and others,
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Figure 15. Example of tritium in ground water, Fresno County, California (Poland and Stewart, 1975).
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Lérge-scale pumpage may alter fhé hydrochemistry of the ‘gfound water in a confined aquifer.:
Extensive and long-term pumpage fx\ay result in inckreavs’ed leakage through confining aquitards a‘ﬁd
subsequently alter the chemical cdmposifion of the ground vwater.‘bA water sample éollectéd from a
natural system typically represents ground water that ‘ﬂowed from the outcrop to the point of
collection. In cbntréSt, a water 'sample'coll‘ected‘. from a well field that has been pumped at high
volume‘s‘ coniinually for 40 yr (as an examplé),v may inkfactb result from leakage through overlying
aquitards. This sample may have a different chemical composition and may be significantly different

in age from the water sample collected from the natural system.
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CHAPTER 3. APPROACHES FOR DETERMINING THE PRESENCE AND/OR

THE DEGREE OF CONFINEMENT |

Confined aquifers are less sénéitive to ground-Water contamiﬁation from overlying contaminants
than ai’e uncbnfined_aquiferé. It 1s not siﬁ‘\ple,‘hb_wever,‘to determjﬁe ‘whether a wéll or well field ﬁnder ‘
ihvestigation is prod@ci,ng from arj unco'l_;tfined,’ éemiconfined, or confined .aquifér. As discussed in the | ,
previous section on the characteristics of confined aquifers, there are seyéral charéctefistics that can be

used to test for fhe presence and/or degree of'co'nfine’men't. The prime céncérns_ in determim'né tkhe
presence and/or degree of confiﬁement are to evéiﬁate the sensiﬁviiy of the aquifer to potential
contarrﬁnatioﬁ‘»ahd to identify the pdtentihl pafhwa); for cdrita‘mina‘nts‘nﬁgra'ting to a producing, well.
The methods liStéd below é_an'be ‘1“1$ed td describe (1) the presence or absenf:e of »cbonfinen‘\ent, (2) the
~ presence and degree of confinemenfl (_séinicohfined versus highly ‘confined), or () the degree of
confinement after thé presence of confinement has already been identified. Mémy of the methods,
however, ohly identify the ]Sresence of cc‘mfinemeﬁt and not the degree of confinement because we often
measure only'the hydrologic, geologic; or hydrochemical phehomena that are caused by confinement 1
and not the amount of leakage or the zoﬁes of leakage. We are limited ‘in-,ouxy' techhiques for delineating
highly ébnfined frobm senﬁconfinéd settings and 'particularly in quantitatively determining the degree
of confinement. | | | | |
The techniques described below can be used for a;sseséiﬁg'the présen'ce and/or dégreé of
confinement. There are three basic. approaches for idéhtifying the pi'esence vand/ or degree of
confinément: geologic, hydrologic, and hydrochemiéal. Each basic approach can be divided into
different techniques. Geologfc techniques identify the presence of confihing »' s;tréta; their _séétial =
disfﬁbution,' and their physical ci\aracteristics. Because some géologic ‘tec’hriiq@es identify b_reayches‘ in-
confinfng strata, the degree_vof coﬁfjnefnent can be inferred. Hyd;olégic techniqués ‘identi_fy whether the
‘aquifer is confined and, for some t,échn.‘l;quesl,ﬂthe degree of cénfinement. Hydrochemical 'technic'iugs ,
iﬁdica’te absolute or re]&ﬁve ages of watefé, which can in turn be used .to infer presence and / or degree of

confinement.
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~ The presence'and/or ‘degree of éoﬁ,finéf;_iént should be considered inplanning tutur_e_ areas for
ground-water productionas wel.l as :for safeguarding present water su‘pplies. Highly confined aquifers
will be inherently less susceptible tobfuture contaminatiOn than will be unconfined or semiconfined
aq_uifers.i Mapping. techniques are of particular benefit to plannlng and protecting future water supplies
because of the inherent capability of maps to project an‘d infer hydrogeologic properties into areas for

which there are no data.
' Ceologic Approach-b'

The geologic approach includes several techniques that identify the presence of a con'fining bed
overlying an aquifer and define the physical characteristlcs of the bed. These techniques identify the
" thlckness and areal extent of an aquitard and 1nd1cate potentlal permeabxllty pathways which may

perrmt contaminants to leak through a conflmng unit.
~ Classic Geologic Maps ,»

| GeoIOgic m‘aps have» been used to determlne conflnement by depicting geologic formations | ‘A
formation is commonly composed of one predommant llthology, such as shale, hmestone or sandstone, |
but often other rock types are mcluded Formatlons on geologlc maps can be 1nterpreted by |

‘hydrogeologlsts as bemg aquxfers or aquxtards, based on the formatlons doxmnant htholognes and on
the estlmated ability to produce ground water. Aqulfers are often consrdered to be unconfined because
they crop out or to be confmed because they dip beneath a formahon of lower permeabllxty |
Outcrops, soil maps, aenal photographs and borehole information (electnc logs and driller’s
‘ ‘, logs, for example) are the general types of data that are used for constructmg geologlc maps delmeatmg
confined aquifers. Many areas have been geologlcally mapped SO pubhshed mformatxon may be
avaxlable Surface geologic mappmg is routmely based on mappmg of geologlc formatlons in outcrops

Outcrop mapping should be supplemented w1th an aenal photograph mterpretatron to assrst in the
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mapping of areal flistribution of;geologic.fbrmations. Fractures and faults in confinihg strata are
important potentiél pathways for vertical ﬂbw and may be identifiedv 'through‘aerial.-'pho‘tographic
mapping that is vériﬁed-in the field. Ob‘serva’t‘ion of fracture «opevnin.gs, and nﬁneralization or oxidation
along fractures, indicate that the fractures are a pathway for flow (Gﬁsak and Cherry,‘ 1975). All
mapping Approacheé provide a tWo—dimensionél, Surface picture of the confinjng unit. They do not

provide any subsurface information.
Environmental Geologic and Hydrogedlogic Maps:

Environmental geologic and hydrogeologic mapis are a subset of class‘ic‘ geologic méps. Iﬁstead of
depicting,geologic 'qumations, ‘environ'mental geologic maps typicaliy address a broad range‘ of
environmental issues. For eiamplé, ina_réag whéré floods aré‘a primary concern flood-prone areas could
be mapped. Hydrogeologié maps typié;lly addreés only imporfaht aspects related t§ bthe underlying
ground water. For confined aquifer settings, hydrologic criteria relatéd to confined settings, such as
lithology, faults and fractures, boreholes and wells, and so forth, should be depicted on hydrogeologic |
maps. These types of data are available froﬁ geologié rﬂaps,‘ soil maps, topographic maps, aerial
photographs, borehole informatibn (eléctric logs, driller’s logs), and water-level records, and are
a:\vraillablé from ofganizations, such as the U.S. Geqibgic Survey (USGS), State geological sixr’véys, State
-water and environmental agencies, Stété public health departments, university geology and civil
vengineering deipar‘tmentg régionai pléhning entities and councils of govémfnehts, and pfivate
consultants. The technique indicatés the presence or absence of cqnfinenient to provide information on
‘the degree of confinement. Geologic data need to be integrated with hydrologic and hydrochemical

- data. | | a | | | |
Aftificialpenetratiqn maps are a subset of hydrogeologic maps.. A critical pathwavyv for -

containinants tb migraté through normaliy irﬂnpenetrable confihing strata, may be through artificial

penetrations such asvabvtandoned or prodﬁcin;g‘oil and gas wells, abandoned of produCing water vwells, )

seismic shot holes, injection wells, or any other excavations that might breach a confining stratum.
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Exémples of contamination via abandoned wells have been documented by Gass and others, 1977;

Fairchild and others, 1981; Wait and McCollum, 1963. Figure 16 shows the density of abandoned oil and

gas wells in one oil-producing county inWesf Texas. Anzzolin and Graham (1984) estimated that

approximately 1.65 million abandoned wells exist in the United States. Penetrations may be cased V
(abandoned water wells, for example) or uncased (abandoned mineral or oil exploration holes that were

‘never plugged). Uncased holes in lithified bedrock generally do not collapse and, therefore, remain
open long after abandonment. Uncased boreholes in unconsolidated sediments may collapse from earth

pfessures and may be less pf a problern. Cased boreholes generally remain open for a long time. Many

uncased and abandoned boreholes may still contain drilling mud which may limit the amount of fluid

flow within the borehole. The amount of leakage down artificial penetrations is difficult if not

impossible to calculate. For this document it is assumed that leakage can occur through an artificial

penetration such as an unplugged borehole. Therefore, any artificial penetration represents a point for

potential vertical migration of cdntamination. .

Mapping the location of arnficial penetrations may be extremely difficult. Maps of artificial
penetrations can be produced from a variety of data sources. Maps that depict all known artificial
penetrations generally are not available because such maps would require the mapping of penetrations
associated with different uses. Maps depicting water wells may be available from State water
agencies. Locations of oil and gas wells and other wells used in the mineral industry may be available
from other State agencies regulating water, oil and gas, and the mineral industry. This will vary from
State to State. Abstract companies have ownership maps that may show the location of oil vand gas
exploration wells. Many abandoned boreholes, however, may predate State regulations requiring
reports on the exact location and the plugging of artificial penetrations. Field mapping may require
surveys with metal detecting equipment (for example, electromagnetic, resistivity, and magnetic
techniques), aerial photographs, and interviews with present and past landowners. Door-to-door
inventories may be the most effective way to locate artificial nenetraﬁnns. Uncased, abandoned
boreholes have no electrical signature and may be impossible to find. Hydrologic techniques that may

identify boreholes include (1) monitoring ambient water levels to identify potentiometric highs
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resulting from discrete points of leakage, (2) injecting water into an aquifer and looking for occurrence of
flowing wells, and 3) pump-testmg analysxs to identlfy dlscrete pomts of . leakage (Aller 1984;

‘ Iavandel and others, 1988) These hydrologic techmques have not been tested in the field
Subsurface Geologic Mapsv

- Construction of s‘ubsurface maps from geophysical logs or driller’s logs in the vicinity of a water
well or well field provides a “depth” perspective as to the:distribution' of low-permeability layers,
which may provide confinernent,v but may not be evident frorn surface geologic information at the_ well or
in the outcrop. When subsurface maps are integrated with surface geologic maps; thev provide a three-
dimensional picture of the distribution of confining beds. Well logs are routinely used for determining
‘the best ground-water'producing interval, but generally have not been used to define presence or absence v
of confining zones for the purpose of aciuifer “protection.. ‘Ceophysical logs can be used to map low-
permeability strata above and within aqnifer units A w'ell log at a specific well or well field p'rovidesv
particularly relevant data Where more abundant data are available, cross sections and map views of
structures can be constructed and thickness of an aquitard and presence of structural and hthologlcal
'discontmuitles can be determined. Integration of surface geologic maps with subsurface geologic and

hydrologic mformatlon allows better assessment of confimng condltions
Hydrologic Approach

- The hydrologic approach mcludes several techmques that generally define whether an aquifer is
| confmed or not These techmques lnclude water elevatlon in a well, potentiometnc surface maps, pump
tests for storathty,.pump tests for leakage response, continuous. water-level responses, hydrologic v‘
- measurements in confining strata, and nnmericalv models.i Most of, the approaches measure‘:Or

characterize a hydrologic response within the aquifer. Only two approaches,' pump test for leakage
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and hydrologic measurements in confining strata, evaluate the hydrologic characteristics of the

“confining strata itself.
Water-Level Elevation in a Well

Determining the presence of confinement by the elevation of a water level in a well represents one
of the simplesf methods for determining confinement. If the water le.vel is above the top of the aquifer,
then the aquifer is confined (fig. 1). Appropriate water-level measurement data may exist or may have
to be collected. Methods of measurement are steel tapes, electric lines, and air lines. Confined aquifers
in which water levels are naturally below the top of the aquifer or in which water levels have
declined below the top of an aquifer because of short-term or long-term pumping, are still considered
confined because of the presence of an overlyihg low-permeability layer. However, this technique will

not identify these aquifers as confined.
Potentiometric Surface

A potentiometric pi'ofile is the line or surface defined by the interpolation of water-level
measurements in different wells (fig. 1). This technique is similar to that previously described for
“Water-Level Elevation in a Well,” except thé potentiometﬁc surface technique requires the use of
several wells over the area of interest. This technique has the additional capability of determining
how water levels in one well interrelate with other well water levels in the area. A single datum point
often provides little insight into a hydrologic phenornenbn. As more data are incorporated in a
potentiometric surface, the presence of confinement can be examined in greater detail. This technique
will not identify confined aquifers in which the potentiometric surface is below the top of the aquifer;

nor will this technique determine the degree of confinement.






~ Pump Test for Storativity

Storativity values can be used to determine whether an aquife; is confined or unconfined, but
should not be used to assess the degree of confinement. Storativity values for confined aquifers are
generally 10-3 or less, whereas storativity values for unconfined aquifers are 10-2 or greater. The
average storativity for the Ogallala aquifer, a major unconﬁned aquifer in the High Plains of Texas,‘ is
.08, whereas the average storativity for the Gulf Coast aquifer, the major confined équifef along the
Texas Gulf Coast, is .0009 (compiled from Myers, 1969). The low storativity values for confined aquifers
result from compression of the aquifer matrix and the concomitant decrease in pore space. The higher
storativity values from unconfined aquifers result from drainage of pore space. In highly compressible
confined aquifer;, such as coastal équifers that contain interbedded clay strata characterized by high -
porosity and compressibility, storage coefficients may approéch unconfined values and may not be
characterisfic of typically confined aquifers.

Storativity values can be calculated from wﬁter-level changes‘in observation wells during
pumping tests using the Theis nonequilibrium ecjuatinn or other equations that are modiﬁcations of the
Theis equation; Monitoring wells for drawdown observations, however, may be difficult to find because
municipalities often will not have closely spaced wells producing from thé same water-bearing

horizon.
Pump Test for Leakage

If drawdown data from an aquifer pump test exhibit leakage, leaky;aquifer solutions can be used
 to calculate vertical le_akagé through an aquitard. The likelihood of an aquifer tn receive leakage can
be reasonably wéll assessed when such information is integrated with a detailed geologic description of
the confining strata. Presence of significant leakage can be determined from the general shape of the |

drawdown versus time curve. Figure 10 shows an aquifer test for a ndn_leaky aquifer, figure 11 shows.
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moderate léakage, and f'igtrn"e'12 shows significant leaka'g‘evaeavkage caﬁ be the result 6f higher
permeability areas in the lédnfinin‘g bed and/or natural 61' hufnan-inducéd breacﬁes of the confiniﬁg
’ sfrata. | ‘ | |
_Loﬁg-term pumping—test data méy be 'needed to observe when the changé in dr#wdown
apprOaches zefo, which is characteristic for leaky conditions. Data from observation wells are needed
to quantify rates of leékage becausé the effegts of well loss could impact drawdown‘ in the,pumping’
well. Estimated leakage values for all aquifers range ffém 102 to 10-5 gal/day/ft2. These lower values |
(10-5 gal/day/ ft) approach highly cohfined conditions with no leakage. Vertical»le‘a‘kagve &alues for
semiconfined aquifers are considered to range from 102 gal/day/ft? to 10? gal /day/ft2. |
; Calcﬁlation of vertical leakage through confining strata probably represents the best hydrologic
method_for determining potentiai for contamination énd for‘ delineating highly confined from
semiconfined aquifers. Ali'clalculations fr’omipumping-tést data, however; répresent measurements of
averaged hydrologié properties. Unless the ‘permeab’i'lit’y contrast between the pathway of leakége
and thé lbrest. of the aquitard is significant, discrete points of leakage probably cannot be seen from
‘aquifer response. Leakage from confining strata may represent a significant part of the ground water
" pumped frorh a well. Leakage does not ‘necéssarily o’riginatevfrom a shallow unconfined aquifer which
» méy be bavpotential source for contamination, but 'may come from storage within the aquitard (Hantush, ‘
- 1960; Neﬁmaﬁ' and ‘Withers‘poc‘m, 1969a, 1969b, 1972). H the aquitard represénts a éomplex intérbedding
of sands and shales, then the source of the water may come from the draihage of the interbedded sands.
A rﬁore accurate picture of leakagé through an aquitard can be made by installing monitoring wells in
the aquitard itself to see how they respond fo ptﬁnpage from iﬁe' cdnfined aquifetf (Neuman and
Witherspoon, 1972). B

There are several papers on theoretical analysis of leaky aquifefs (Hantush, 1959, 1960, Walton,

1962, 1979; and Herrera and Figueroa, 1969; Hei'rera, 1970; Neuman and,Witherspoon, 1969a, b, 1972; = |

Lai and Su, 1974 ). Calculation of leakage values for well fields, however, is not routine. There is

| limited information on which hydrogeologists can base their analyses.
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Continuous Water-Level Responses

Continuous water-level elevatlonrdata can provide a simple and cost- effectlvevmethod for
determining whether an aqulfer is unconfmed or confined. Contmuous water-level data for confmed
. aquifers show daily fluctuations of water levels in wells’ because of dally atmospherlc pressure -
changes. Water levelsv‘in wells of an unconfined aqutfer will not show these natural, daily fluctuations
(tig. 7). Major, longer term pressure changes, such as atmospheric pressure changes with weather
changes, will also cause similar effects in wells of confined aquifers. Water-level response of confined
aquifers to recharge events may be significantly different from those in unconfined aquifers. Recharge

to confined aquifers through points of discrete leakaée 'may indicate relatively rapid and large.water'-
level changes, whereaswater-levelb response in an unconfined aquifer is typically of a smaller
magnitude. |

Water-level ﬂuctuatlons assocrated ‘with barometnc or earth-tlde variations are relatively
small and must be measured with equipment that is sensitive enough to measure centlmeters of change
and record at least every two hours. Drum recorders wlth floats or pressure transducers have the
sensitivity and short time interval betvreen measurements needed for these t)ipes of measurements.
Measurement penods of at least one day" are needed to observe daxly fluctuations. Longer term
measurements are needed to observe possible effects of recharge associated with precrpltatlon

| Interpretatlon of contlnuous water-level recorder data is a sensitive techmque for determining the
presence of c_onfmement, but cannot be used for assessing the de_gree of confinement. The use of contmuous
water-level recorder data for defining confinement may be most approprtate as an initial screening tool

© to determine whether an aquifer is confined.
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Hydrologic Measurements in Confining Strata-

* The hydrologic characteristics of a stratum suspected of Being confining can also be determined by
monitoring hydrologic processes within the stratum itself. _C)ther hydrologic approaches assess the
- presence and/or degree of confinement By measuring hydrologic processes in the confined aciuifer
beneath the confining stratum. Water-level changes in overlying strata during pumping in an Aquifer
indicate comfnunication with the producing aquifer (Neuman and Witherspoon, 1972; Grisak and
Cherry,‘ 1975). Diurnal water-level fluctuations in overlying strata indicate confinement. Conversely,
séasonal water-level chénges that correlate to seasoﬁal variations in precipitation suggest leakage
(Williams and Farvolden, 1967).

Hydroiogic measurements of leakage through an overlying strata are difficult to rhake becausebof v
the problem of identifying locations whefe the leakage is occurring‘.‘Permeability pathways throixgh a
suspected aquitard typically are vertical, making monitoring wel/l‘s particularly difficult to place. The
location ahd mifnber of monitoring wells should be based on geologic mapping"so that monitoring wells
can be installed in leakage locations. - |
Monitoring wells in overlying strata can be used to test the confining nature of the strata, as well

as to monitor for specific contanﬁhants migratiﬂg thréugh the strata. Monitoring of suépected aquitards

is expensive compared with the other techniqués described.
Numerical Modeling

Numerical modelihg isa sophistiéated technique that can be used to determine whethef an
aquifer is confined and the degree of confinement. The hydrologic characteristics of confining §trata are
estimated ‘by aliering hydrologic'parameters (referred to as parameter‘bestimation) of the confining
strata and then simulating observed potentiometric surfaces. By estimaﬁng vertical leakage in the

confining strata the degree of confinement can be estimated. A numerical model is an excellent me_thod
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for synthesizing all available geologic and -hydrolo‘g‘ic .information into a cornbrehensivepictdre o
: Creatmg a numencal model solely for defmmg confmement is probably more than is needed for
determmmg whether -an aqulfer is confrned and the degree of confmement The prev1ously discussed

‘ techmques are more cost effectlve for defmmg confmement
A numencal model can. be of great value in delmeatmg a wellhead protectron area. If a nunlencal
model is to be developed for evaluatmg wellhead protectlon areas, then it may also be appropnate to
use the model for determmmg the degree of confmement Van der Hen;de and Bel]m (1988) gwe a
compllatxon and review of numerlcal models approprlate for hydrogeologic characternzatlon and

development of wellhead protectlon areas
. Hydrochemical Approach

Hydrochen\ical"techniques identify;the ageof ground ‘water or the flow distance of water within ‘
o an aquifer; With general water-chem‘istryidata,wwe can determlne' if wel‘l, water is characteristic of the
v recharge zone or vof the down-gradient c0nfined-section of an aquifer. With radioactive isotopes we can
estimate the age of the water and the approxxmate time when the water was recharged at land
surface The sensrtrvrty of an aqurfer to contammatlon can be estimated w1th the following water

| ‘chemistry approaches‘._
: G‘eneral Water Chemistry v

For large coastal‘ plain aquifers with both outcrop and downdip sections, it may be diffic'ult to
' deterrmne if a well is located in the recharge zone or downdlp ina confmed sechon Tlus is especrally‘
true in the transntlonal area between outcrop and downdxp sections. Ground-water chermstry may help

determine whether a well is located in an unconfmed recharge zone or in downdlp conflned sectxons In .

'coastal plain confined aqulfers, waters in recharge zones are charactenzed by low pH hrgh eH low :

TDS, hngh Ca/Na ratlos low HCO3, low Cl, some NO3 and some SO4 As these waters flow downdrp’ o
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they chemically react with the reck matrix and the water chemistry changes, resulting in increases in
pH, TDS, Na, HCO3, and Cl, and decreases in SO5, NOs, and H (fig. 14).

For settif\gs known to be confined, significant leakage tbhroﬁgh‘aquitarde may be identifiable.
: Cherrﬁcal composition of a Well water can be_cerhpared‘ to the genefal composition of the ground water
in the region to determine whether the water fits into the ,chemical‘compoéition of the fegional-ﬂow
system. If not, local 1eakage ﬁ\ay be occurring.v Fogg end I‘(reitler‘(1982) observed ”recha'rge", type of
waters downdip in the Carrizo aquifer, East Texas, and‘:concluded that uplifted salt domes had

~ breached the confining layer permitting leakage to occur at that location.
Trittum and other Anvthro'pogenic Chemicals

Large Quantities of tritiunﬁ, the radioactive isotope of hydrogen, and other anthropogenic
ehemicals such‘ as Freon, have been added to the’atmoephere in apprdkimateiy the‘flast 40 yr (1954
- through 1990). These chemicals have been recharged fhroﬁgh precipitation to the ground water at

concentrations above natural levels on a global bas1s The presence of these anthropogenic chemicals
provides an estimate of the absolute age of ground water and, therefore, an estlmate of the
susceptibility of an aquifer to contamination by exther vertical leakage or lateral flow. The lack of
tritium in an aqulf_er may indicate the presence of confmmg strata. Conversely, the presence_of modern
concentrations of tritium (see detailed discussion on modern concentrations that follows) mdlcates N
exther rapid honzontal ﬂow or vertlcal leakage With an understandmg of the geologlc settmg, the
relative lmportance of horizontal flow versus leakage can be determined. The use of tritium
‘concentrations in ground water provides a pewerful hydrochemical technique for detertr\ining the
“presence and/or degree of confinement of an aquifer. L | |

The netural tritium in precipitation is esfimated‘ to be approx'ir'navtely' five tritium uﬁits (TU’s)
(one tritium unit is equivalent to one 3H atom in 10“.8 H atoms). Large quantities’ of v’trifium, howe'ver,.
were edded to the etmosphere with the firsf atmospheric eﬁcleer weapons:tests in the earlyb 1950’s.

Atmospheric-tritium concentrations in the early 1960's were as high as 6,000 tritium units because of
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atmospheric testing, hut havet -declined since ther\ because of the,l‘J.S./ U.S.S.R. moratorium on such
testing (fig. 17) (Fritz and Fontes, 1980). Precipitation and, therefore, ground water that recharged
after the early 1950’s contamed tritium concentrations sxgmflcantly above natural background
concentrations. Tntlum concentrations in ground water that was recharged before the early 1950’s have
decreased by radioactive decay to concentratlons below detectnon levels. Tritium has a half—hfe of
12.3 yr. Thus, ground waters with no measurable tritium today were recharged before the early 1950’s,
whereas ground water with tritium conée_ntrations of two or more tritium units indicates the presence of
a component of water'that was introduced into the aquifer after 1954 and is, therefore, younger than
approximately 40 yr. | ‘. | |

The tritium techniques should be used to determine only whether a water is y0unger or older than
40 yr. More specific dates are complicated by the possibility'of the mixing of older water (no tritium')v
with younger water (high tritium), variable tritium concentrations in atmospheric input, and continual;
raciio'activé decay of tritium, The _tritium in the atmosphere was at its maximum level in the 1960’s, but
concentrations' have been decreasing ever since (fig. 17). Because of the d‘ecrease in nuclear testing, the
atmospheric content and the amount of tritium in recharge water has also been decreasing. This makes
it difficult to calculate specific times of recharge within the period from 1954 te the present However
the ability to determine only 1f well water was recharged more than, or less than, 40 yr ago may be

| satlsfactory for wellhead protection - |

Fluorocarbons (Freon and other artificially created fluorinated e'rgauic cou\pounds) have only
been added to the atmosphere in the last 40 yr. These stable organic compounds have been recharged to
the ground water in small hut measurable quantities. Presence of fluorocarbons in ground water gives us
an age-dating capability similar to that of tritium (Thompson and Hayes, 1979).

Only atmospherically derived anthropogenic v‘chemicals are co_risi(iered‘ in this sectioh. Other
anthrepogenic chemicals such as Trichloroethane (TCE) and other contaminants also enter aquifers and
can be used to date the ageof a water‘ar\d identify the presence of Vertical leakage, but are discussed in
a later section because they are introduced to aquifers through lo'cal ccintaminarit plumes rather thanon

a worldwide basis.
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The presence of tritium or ﬂuorocarbons in a ground water indioates either recent lateral inflow or
recent vertical leakage The aquifer, therefore, has the potentxal to be contaminated from the surface.
i The hydrogeologlc setting should be evaluated to" determme the relatlve 1mportance of lateral or
vertical flow.. | |

“Tritium is measured by the liquid,scintillation- method on normal or concentrated water samples.
Tritium anal)"sesy are not routinely perforrned on ground water; therefore, there is not an extensive data
base of tritium concentrations. Because of the low éoncentrations (1 TU = 10-18 3H atoms), care needs to
» be taken in water sampling to prevent contamination. La_boratories'analyzing tritium should have the
ability to rneasure tritium concentrations as low as one tritium unit. Fluorocarbons, like tritium, are not
anal-yzed on a routine basis. Fluorocarbon analyses are made with a gas c'hrobmato‘graph‘with an
electron capture uhit, Fluorocarbons are present in ground water at very low concentrations. Good
sampling procedures are needed to prevent contarnination. |

The degree of confinement can be estimated‘frOm the age of -the ,water if the presence of
confinement has already been determined. If a well fteld contains modern ground Water that has flowed
through the confmmg strata then the aquifer is semlconfmed If the ground water is older than 40 yT,
| then the aquxfer should be consxdered hlghly confined. The tritium techmque has the greatest:
“sensitivity of the geochemical approaches for defining confinement. vItdoes not, however; identify

pathways for leakage and therefore should be integrated with geologic and hydrologic investigations.‘ :
Carbon-14

| The absolute age of ground water .'can be estitnated from the aétivity of the carbon-14 (14C) of
dlssolved blcarbonate As w1th trmum, 14C ground-water dates can be used to esumate thev
“ susceptlblhty of an aqulfer to. contammatlon by elther vertxcal leakage or lateral flow. An old 14C age
>c0uld 1dent1fy the presence of confmement or, if conflmng strata had been prevtously 1dent1f1ed the
degree of confinement. The use of 14C for datmg ground water is better sulted for datmg old waters than

for dating modern waters. Because of lts_long half life, 14C_probably can be most effectxvely used asa
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dating tool for ground water for wellhead protection by determining if the 14C age of the water is
greater than 500 yr. Waters younger than approximately 500 yr are considered as “modern.” Tritium, on
the bther hand, can be used to date ground Water that is less than 40 yr old. Tritium is thus the
preferred method for age determination to infer whether an aquifer is confined or not. Determining that
ground water is thousands of years old using 4C dating does provide a level of assurance not obtainable
by any other technique and, therefore, has a role in wellhead protection strategies. Conversely, 14C
analyses should not be considered for aquifers where ground waters are expected to have short residence
times.

Carbon-14, the radioactive isotope of carbon, is prodﬁced in the atmosphere by coémogenic
reactions. Atmospheric 14C originates as dissolved CO; in rainwater and is recharged to an aquifer
through normal precipitation/ ;echarge processes. Two geochemical processes decrease the 14C
concentration in the aquifer. The 14C concentration decreases because of radioactive decay. The half-
life of 14C is 5,730 yr. Carbon samples as old as 50,000 yr can be theoretically dated, but are complicated
by geochemical reactions in the aquifer. The 14C in dissolved CO; in rain is used in plant growth. Plant
processes create high CO, and 14C concentrations in the soil zone. This CO; with 4C is then recharged
to the ground water as carbonic acid. Carbonic acid may diésolve carbonate mineral material in the
aquifer as the ground water flows through the aquifer. The mineral material being dissolved, however,
contains “dead” carbon, that is, carbon with no 1#C. This addition of dead carbon dilutes the 14C
concentration of the bicarbonate in the ground water and requires corrections of calculated ages (Pearson

and Hanshaw, 1970; Wigley, 1975).
Contamination

The presence of surface contaminants in a well field indicates a high sensitivity to future aquifer
contamination, which may result either from lateral ground-water flow or vertical leakage. The
location of the contaminant needs to be known to differentiate the two pathways (for example, lateral

and vertical). Regardless of the pathway, however, the well’s zone of contribution is sensitive to
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contamination. It could be argued that the deirelopment of a 'Welihead'protection area in an aquiter
containing contarm'nents is atter the fact; cotitaminants, however, may have reached the well’s zone of
contribution :at concentrations below the Ehvironmental ProteetiOn Agency’s maximum concentration _
limit (MCL) or State.primaryrstandard. The presence of'nonpoi‘nt source contaniinants, such as nitrate
fertilizer, may indicate pervasive vleakage to an aqﬁifer, although epecific pathways may not be

identifiable.
Hydrochemical measurements in confining strata

Previously discuésed" hydrochemical techniques have COncehtrated on making measurements
within an aquifer to determine presenee and/or degree of confinement. It is also appropriate to
characterize the hydrochemistry of the overlying strata to deternﬁne the presence and/or the degree of
'cor\finenient. The hydi'oéhemical techniques of ger\eral water ‘cl'_\emistry, tritiurn, and 14C in confining
strata can be used in a manner similar to that suggested for an underlying aquifer. An investigéti’ori of
‘water chermstry in overlying strata could provide very valuable mformation on the presence and/or
idegree of aquifer confinement, but probably would provrde more detail than is needed for defmmg

confinement and developing a wellhead protectlon strategy.
Chai\ges in Water Chemistry

Large voltime ground'-water ‘production from a well or well field may significantly alter the
hydrology and hydrochemistry of a confined aqulfer Head declines from pumpage may result in
significant vertical Ieakage through the overlying confmmg strata. General water chemistry and
tritium concentrations may change because of vertical leakage. Salt water contamination (Cohen and
Kimmel, 1970), nitrate contammation (Eccles and others, 1976) and changes in general chemlstry

~ (Smith and others, 1976), are examples of changes in general water chenustry that have resulted from
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long-term ground-water pumpag‘e; Evaluating water chemistry data through time for a well under

consideration for wellhead protection may document leakage through confining strata.
- Quantitatively Distinguishing Semiconfined from Highly Confined Aquifers

The previous diséussibn of géologié, hydfdlogic, and hYdrochemical apﬁroaches provided several
- methods for distinguishing confined froin unconfined aquifers and/or ihdicating some degree of
* confinement, but do not quantitatively differentiate séiniconfined from higﬁly cohfined condition‘s. In
-the next section on wellﬁead protectipf\,, differeht, Wellhead pfotection strategies are used for
semiconfined and highly confined aquifers. An arbitrary but logical and justifiable division is
pfesented to quantitati\}ely separate highlyv confined ffbm senﬁconﬁned aquifers.
| The sﬁggééted method for differevnti'ating. semiconfined from highly confined aquifers, from the
‘perspecfive of wellhead bl‘irote,ction, is basedf on the ability td quahtitatively assess whether an
overlying aquitard can leak contaminants.to the uhderlying aquifer in a reasonable penod of time. The
criterioﬁ to distinguish semiconfihed from highly confined, therefore, is based on a vertical time of
_tr’avél calculation. The calc_ulatibn of vertic_al .vtvixlne of travel is a sensitive methéd fbr assessing the
potential leakage through an aquitard. B |
Estimation of time of trével.éan be calculé’ted in two ways. Calculations can be méde with tritium
: data or with vertical leék#ge values and‘.hydrdgeologic data from a well or well field. Specifically, a
40-yr vertical time of travel is considered t’o  be a reasonable “rule of thumb” fqi' differ‘enfiating
semiconfined from highly confined aquifers. A 40-yr timé of travel means that fhe water at é Qell was
recharged in approximately 1950, Whicﬂ 'coincides with the beginning of major industrial development,
atmospheric atomié;i)omb testing, and extehsive‘agricu]tufél fert'ilizer‘ and pesticidé ‘use. Most
contaminants in grdund water in the United States today were _pfobably intrc'x‘:lucedr into the ground |
water no earlier than 40 yr ago. | - o
| The tritium technique de‘termines whethér the ground  water m a confined aquifer contains tritium

or not. If there is no appreciable tritium; then the time of travel of ground water is greater than 40 yr

50



from its recharge, and the aquifer would be consldered _higl-rly' cOnflned. If ground water in a confined
aquifer contains more thanac'ouple of tritium units, then the combined vertical and horizontal time of
travel is less than 40 yr, and the aquifer would be considered a semiconfined aquifer and more sensitive
to surface contammatron The tritium techmque requires a basic hydrogeologlc understanding of the
aquifer to insure that the presence or absence of tritium reﬂects vertical leakage and not horizontal -
flow. For example ground water in a hlghly conflned transmissive limestone aquifer might contain
tritium because of lateral flow from a dlstant pomt of recharge and not from vertrcal leakage. |

The second approach for: dlfferentratmg semlconfmed from highly confmed aqurfers is by
' calculatrng vertlcal time of travel from vertrcal thrckness permeabrllty values, porosrty of the
confmmg strata and vertical hydraullc gradxent across the confining strata. The equation for

calculatmg vertrcal time of travel across the confmmg layer is -

. T,=8LX/K'&h o 3)
where Ty = vertical time of travel (years) across the conﬁmng layer
e = porosrty of conﬁmng strata
L = thickness of confining strata |
X = travel distance across confining strata
Ah = hydraulic gradient across confining strata
K’ = vertical permeability of the cont’ining strat_a'.Z

A hydrogeologic investigation and a pumping test of a well or well field provide the needed data.
The above equatron can be rearranged to_solve for the vertical permeablhty (K’) that would be -

needed to separate a sermconfmed from a highly confmed aqurfer
" K'7=,'eLx,/TvAh':' R @

Assigning hypothetical values of:
Tv = 40‘years |

.20

)
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L = 10ft
X = 10 ft (contaminant is assumed to be at base of unconfined aquifer, fhat is, fop of
| aquitard) | | |
Ah = 20 ft
then
K’ = .025ft/yr
or
K’ = .005gpd/ft.

If the confining strata for this exa‘mple has a K’ larger than 005 gpd/ ft2 then water can leak thrdﬁgh
the aquitard in less than 40 yr, and the .aquifer‘s‘hould be conSidefed semiconfined. For leakage valﬁes |
smaller than .005 gpd/ft? the time of travel across the aquitard would be “greater than 40 yr, and the
aquifer would be.considered highly confined. |

Vecchioli and others (1989) used a 5-yr vertical time of travel to differentiate highly confinéd
from semiconfined aquifers in northern l'-'loricia and recommended the 5-yr time of travel as being
pr'actical.. A 40-yr vertical time of travel is suggésted in this document because it can be calculated not
only by using purﬁp-test data, but also by usiﬁg ﬁ'itiﬁm Aata. Having alternate approaches is important
because not enough hydrologic data may be available to calculate accurate times of travel. Conversely,
tritium analyses may be inappropriate, as in the case of a confined limestone aquifer, where horizontal
flow may be fast eﬁough that g‘rouhd WAter contains tritium from lateral recharge aﬁd nbt vertical
leakage. | |

In a case in which a pump tést indicl:a‘tesv leakage, but the tritium analyses show no tritium, the
tritium data should be gi\?en pridrity and the aicigifer should be considered highly confined. The leaky-
pump test may be documenting leakag‘eh from within the ovérl'yihg confining strata and nbt leakagé
through ah overlying strata from a surface or shallow source. The lack of trjtium indicates that the
confining strata has effectively prevented recently récﬁarged ground water from reaching the producing

well.
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'Recommendations for Evaluating Confinement

The prevnous sectlon catalogued three basic approaches for defmmg confmed aqulfers geologlc,
‘hydrologlc, and hydrochemlcal Wlthm each basrc approach several specxflc techmques were
. dlscussed Some techmques are more appropnate because they better define the degree of confinement or

: because they are less expensxve :
An Integrated Approach B

The most 1mportant recommendatlon for deterrmmng the presence and/or degree of confmement is
that the determination be’ based on an mtegratlon of geologlc, hydrologxc, and hydrochemlcal
: approaches The geologic approach is necessary to determme whether there is a confmmg strata and
whether there are pathways ‘through b_zthe_confmlrtg strata. The hydrologic and. hydrochemical
approaches documer_lt whether there‘isbactually ‘leakage through the confirting bed. Collecting both !

. khydrologic and hydrochemical data provldes a method tob'compare one approach to another.
~ Geologic Approaches

’ Ceologic rnaps or cross sections :based on surface and s‘ubsurfacev geologic data are'needed to
1dent1fy the presence of confmmg layers Al‘tlflClal penetratxons should be mapped because they
represent the most likely pathways for contammants to leak through confmmg strata. Sources of
contammatlon should be identified. Hydrogeologrc maps specnflcally constructed for wellhead

protection areas andbased.,,on geologrc and arhfncral-penetratlondata are recommended.



Hydrologic Approaches

The most important hydrologic approach for evaluating degree of confinement is the calculation,
from pump-test data, of the rate of vertical leakage through the‘ Aquitard. This techriique is a direct
determination of the leakiness of the overlyif\g strata. The pump-te‘st‘data for calculating vertical -
leakage will also be of value for calculating wellhead pr_ofec‘tion areas. Water-level data,
potentiometric surface data, continuous wétef—level recorder data are easier and less expensive to
obtain than leakage information but provide less information on the degreé of confinement. Their
greatest value will be for initial screénin‘g‘ to determine the presénce of confiﬁement. Storativity data
are less critical than leakage data and may be expensive to obtain. Monitoring wells in aquitards and
numerical models may provide valuable informatiohn on the dégree of confinement, but will be

expensive.
Hydrochemical Approaches

‘The most important hydroéhemical technique is the estimating of time of travel with tritium
data, because the technique provides an absolute age for the water and gives a direct measure of the
sensitivity of the aquifer to contamination from combined horizontal flow and vertical leakage.

~ General water chemistry, presence of contaminanfs, and 14C data are not as valuable as tritium data.



CHAPTER 4. DEVELOPING A WELLHEAD PROTECTION AREA

Definition of Wellhead Protection Area

A wellhead protection area refers‘ to “the sﬁrfaée and subsurface area surroimding a water well or
well field, supplying a public water system, through which cohtarhinants are likely to move toward
and »reac};x such water well or well field” (U.S. Environmental P-ro»tectionv Agency, 1987, p. 1-2).
| Confinéd aquifei's are less séﬁsitive to contaminafion frox;n surface sources tﬁan uﬁéonfined aquifers
because of the presence of overlying 'cdnfining layers. As discussed previously such confining strata may
be senﬂconfining, that is, they have the potential for extensive leakage on an areal bésis, or they may
be highly confining but be penetrated by discréte feaﬁxres such as faults or artificial peﬁetrétiohs. »

Even thoﬁgh the potential for contamination of confined aquifers is less than for unconfined
- aquifers, qontamination pf éonfined aquifers occurs. And ‘s‘o, it is appropriaté' to consider wellhead

-protection areas for confined aquifers.
Protection Goals

The goals of a wellhead protection area for a confined aquifer are similar to those for any aquifer

‘and include one or more of the following:
Providing Time to React to Incidents of Unexpected Contamination -

This goal is met by delineating a remedial action zone, that is, an area delineated with a time of

travel long enough to allow identification and cléanﬁp of contaminants before they reach a well.
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Lowering Co_ncentrétions ofa Contamir_taht to Target Levels before Contaminants Reach a Well

This goal is reached by dellneatxng a‘pbrotectlon area large enough to attenuate potent1a1 ‘
contamments to target levels. Attenuation may ‘occur thhm the confmmg strata or the underlymg
aquifer. Confmmg strata may or may not attenuate contammants The clay minerals of many conflmng
strata have the potentlal to adsorb contaminants. However, contammant mxgratlon through an
aquitard probably will be focused along openings such as fractures, whet'e there will be less dispersion
artd dilution of a eontaminant thanvth’rough the equitard material itself. Attendatioo within the
confined aquifer, from the yyellhead_pfotection, area boundafy to the well, mey represent a significant

_proportion of the total attenuation from the contaminant source to the well.
Protecting All or Part of the Zone of Contribution from Contamination

The purpose of delineating a ‘wellhead.manageme_nt zone 1s the prevention of contamination of all
or part of a well’s or well field’s zone of contribdtion; A yvellhead management ’zone that ihcludes the
entire zone of’ contribution of a well fie:ld. in a confined ‘aquifer'm‘ay be very large. This factor combined
with the generally tower susceptibility of COnt‘arr'nina‘tion in such éettihgs may lead to implementation |
‘difficulties. An alteméte épproach is to define a4 wellhead protection aree based on SOme setback zone

such as 10-, 20-, or 40-yr time of travel contours.

Hydrodynamic Criteria for Delineation of

Wellhead Protection Areas for Confined Aquifers

The U.S. Envu'onmental Protectlon Agency (1987) recommended flve cnterxa as the technical
 basis for delmeatmg wellhead protectlon areas. These criteria are hydrodynamxc ones because they

define the wellhead protectxon area by flow characteristics of the aquer For confmed aquifers, these



cnterra should be mtegrated with a permeabrlrty pathway approach which is drscussed in a later
section of this document. The hydrodynamlc cnterla are: | |

1. Distance

2. Drawdown

3. Time of travel

4. Flow boundaries

5. Assimilative capacity
Distance -

Usir\g the distance criterion, a wellhead protection area is delineated by a flxed radius or
| dlmensmn measured from the well to the wellhead protectlon area boundary The dlstance criterion
represents the srmplest least expensrve, and most arbltrary criterion used for delmeatmg a wellhead
protection area for any aanfer. It is only recommended as a first, initial step‘untll a more complete

analysis can be made.
Drawdown

Drawdown is the decline in-wat'e‘r-level eleva‘tion‘ 'relsulting frorn the pnmping of a well. The
| areal extent over which drawdown occurs is referred to as the zone of ,influence or the va,real extent of the
cone o‘f‘ depression of the ‘pumping well (ﬁg 8) For an aquifer with a negligible regional hydraulic -
'gradient the extent of the cone of depression is coincldent with the area of doanard leakage. ThlS
- area of lowered head values prov1des the proper head gradxent to permnt potentral leakage of surface
 contaminants down to a producmg interval of a confmed aquer The hydraullc potentlal for leakage

decreases rapidly away from the well as head gradient across the aquitard decreases. For the confined

setting, this potential for downward leakage does not automatically translate into:the occurrence of

vertical leakage. A permeable pathway must be‘present in the aquitard for leakage to occur.
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The exteht of the cone of depression may be larger than the area of downward leakage if the: |
original potentiornetrlc ipsurface of the‘ confined aquifer was ihigher‘ '_than:t_he water ta‘ble‘ of the
overlying aqulfer. Considering the typical limitation of data availability and the fact that the e>‘<tentf
ofa“cone Of depression is t'ypically ‘determined by a calculation rather than by measurernent an effort to |
delmeate an area of downward flow as separate from the extent of the cone of depressnon may not be
’ reasonably accornphshed The areal extent and depth of a cone of depressnon continues to increase with
time untll steady-State conditions are reached Therefore, drawdown thresholds should be related to

specified perlod_s of time.
Time of Travel -

Time of travel is a criterion using' the time for ground water (or a ground-water contaminant
movmg at the same rate) to flow from a pomt of mterest toa well Isochrons (contours of equal time) of
any requxred value can be depicted on a map (ﬁg 8). The lateral area contamed w1thm an 1sochron is
referred to as a zone of transport (ZOT). As prevnously descrlbed a vertxcal time of travel can be
calculated for vertlcal leakage across a confmmg layer Trme of travel allows wellhead protectlon ’
area deh_neatlon usxng calculations that consrder both vertlcal-_ and horlzontal-tlme of travel flow
components | | |

Time of travel calculatxons for this manual are assumed to be based on advective ground-water
flow. Advectlve flow of contamrnatlon- represents ‘Darcian flow, which is typlcally a conservatlve

approximation‘ for contaminant transport.
Flow Boundaries

The ﬂow-boundary cntenon for dehneatmg a wellhead protectlon area uses the concept of
locatmg ground-water divides or other physrcal hydrologlc features that control ground-water flow

and defme the geographxc area that contnbutes ground water toa producmg well. This area is defined -






as the zone of contribution. These physical boundaries can be geologic, such as faults at:ross which no
flow occurs, or hydroiogic, such as ground-wa‘ter divides. Ground-water divides can be natural, such as
those that reflect topography, or be hurrtan induced, such as those created by a pumping well. In an
| aquifer with an original horizontal potentiometric surface, the zone of influence oerimeter (the lateral
extent of the cone of depression) coincides with a well’s ground-Water divide; only water within the'
zone of influence flows to the wev“' that ivs, the zone of. inﬂuenee equals the zone of contribution. Likely
settings for an original potentiometric surface to’ approach being horizontal’ are deep, confir\ed aquifers.
Where the origir\al poteutiometric-surface gradient is not uegligible, the zone of influence and zone of
contribution do not eoincide. In suc}t a setting, the well’s ground-wster divide on the downgradient side
occurs inside the zone of influence; on thevupgradient side, the well;s ground-water divide occurs outside
and extends upgradient until it intersec'ts a hydrogeologic bour\dary. The steepness of the original‘
potentiometric-surface gradient needed to initiatevﬂow exterr\al to the zone of influence is dependent on
such aquifer parameters as Bydraulic conductivity. The difference between the zone of influence and
the zone of contribution in an aquifer with anﬂlor‘iginal nOnnegligible potentiometric-surface gradient
may be'quitev small for small times of travel. However, as times of travel become lsrge, significant
‘dnfferences may occur. If there is a significant natural hydraulic gradient across a sue, then this
- 'component should be taken into cons:deratxon in delmeatmg wellhead protectxon areas, partlcularly if

larger times of travel are being used.
Assimilative Capacity

The assimilative capscity criterion‘ uses the concept that tl'te saturated and/or unsatura_ted
section of an aquxfer can attenuate contammants to acceptable levels before the contammant reaches a
well screen. This attenuatxon process results from dnlutlon, dlspersmn, adsorption, and chemical
precxpltatlon or biological degradation. These processes have all been documented to occur and play
important roles in the remediation of contammated ground water However, consxderatlon of these

processes involves sophisticated treatment of contaminant transport phenomena, whrch requires
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detailed information on the hydrology, geology, and geochemistry of the area of investigation and is
typically unavailable.' The inclusion of these pfocesses into wellhead protection Strategies is,

therefore, generally not realistic.
~ Recommended Hydrodynamic Criterion for Conﬁned -Aquifers

The recommended criterion for defining a wellhead protection area is time of travel. Disfance
does not accurately characterize the recharge zone. Use»of the ‘ﬂow-bounc‘l‘ary criterion is not generélly
recomrﬁended because grvound-w'a“ter divideg) in a confined setting may be difficult to identify.
Assimilative capacitsi requires complex rtreatmen’t_ of contatﬁinant-transport phenomena which is
‘ béyond the scope of a practical application. A comparison of a wellhead protection areaidelineated
using the time of travel criterion, ‘with‘ ai wellhead protection area delineated by the cone of depression
leads to the reconﬁendation that time o'f ‘trével is preferfed._to the cone of depression, because the
lateral extent of a con'e‘ of depression increases as the leakage through the aq_tﬁtard decreases, leading
to unrealisticélly largg wellhead protection areas ‘(fig. 18). |

Both the cone of dépressioﬁand the time of travel é_bntours become larger for a more confined »
aquifer, because less water is conf;ibuted from vertical leakage, and, therefore more water must come
from lateral flow. Consequently, though pérhaps counterintuitively, the wellhead protection areai for
a highly confined aquifer Qould be larger than for fhe semicoﬁﬁned aqﬁifer, even though the highly

confined aquifer will be less sensitive to contamination than the semiconfined aquifer. -
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Figure 18. Simulation of drawdown versus log distance for hypovthetical aquifer for different values of
. leakage using computer code PTIC (Walton, 1987). Note curves are linear. At the well maximum depth
of drawdown can be determined. As drawdown approaches zero, the maximum lateral extent of the cone

of depression can be estimated.
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CHAPTER 5. METHODS FOR CALCULATING WELLHEAD PROTECTION AREAS

Methods for Calculatirig Wellhead Protection Areas for Confined

Aquifers with Negligible-Gradient Regional Potentiometric Surfaces

Two approaches are considered for calculating wellhead protection areas for confined aquifer
settings where the regional potentiometric surface gradient is negligible, (1) cone of depression and (2)
time of travel.
Cone of Depression Approach

The lateral extent (as defined by a very small [<1-ft] drawdown contour) of a cone of depressioﬁ
defines the zone of influence surrounding a pumping well after a specific period of time. Three methods
can be used to estimate the lateral extent of a cone of depression.
Drawdown in Monitoring Wells at Different Distances from a Producing Well Method

A drawdown versus distance curve can be plotted from drawdown values simultaneously observed
in monitoring wells at different distances away from a producing well (fig. 8). A plot of drawdown
versus the log of the distance, will give a straight line (fig. 18). The point where this line intersects the
line of 0 to 1 ft drawdown defines the size of the cone of depression (Driscoll, 1986).

Drawdown versus Time in the Producing Well or in a Monitoring Well Method

The lateral extent of a cone of depression can also be estimated from data for time versus

drawdown observed in a single well. The slope of the semilog plot of drawdown versus time can be used
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to estimate drawdown versus distance. The slope of a semilog plot of drawdown versus distance (fig. 19)

(Driscoll, 1986) is twice the slope of the time versus drawdown curve.

Drawdown versus Distance Simulation Using Analytical Solutions and Simple

Computer Models Method

The lateral extent of a cone of depressio;i can be determined with analytical solutions and
hydrologic parameter values derived from pump-test data or previously collected regional data if
pump-test data are not available. Two techniques are available: the equilibrium technique, used when
the cone of depression has reached equilibrium; or the nonequilibrium technique, used when the conbe is
still expanding. The radial vdistance of zero drawdown for a pumping well that has reached
equilibrium (the cone of depression has expénded as far as it can) can be estimated with the Thiem

equation (Thiem, 1906)

. 21:?(b loge 3 (5)
where s = drawdown from driginal potentiometric surface
Q = discharge |
K = hydraulic conductivity
b = aquifer thickness
r = radial distance at point of drawdown observéh’on
re = radial distance of zero drawdown of cone of depression.

Davis and DeWiest (1966) and Lohman (1972) provide a detailed discussion of this equation. The
second technique is to use the noi\equilibrium Theis equation (Theis, 1935), from which the lateral
extent of the cone of depression at different times can be calculated

s = 114.6Q W(u)
T : (6)
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Figure 19. The lateral extent of a cone of depression of a pumping well can be determined with time
versus distance data. The slope of drawdown versus log distance is twice the slope of drawdown versus
log time. Example from Driscoll (1986). Used with perrmssnon from Groundwater and Wells, Edition 2,
1986, Iohnson Filtration Systems Inc. - ,



“W(u) is the well function of “u” where -

Tt ' o ,('7)1..4
s = drawdown
Q = disc‘hargev '
T = transmrssivity |
r = radial distance to point of draWdownobservation; a
S = storativity : | |
t = time.

| These equatrons are written for solutlon with Enghsh umts (s[ft] Q[gpm] T[gpd/ ftl, rlft], t[days])
: Driscoll (1986) provides a detaxled d1scussron of methods of solutlon for this general equation. An :
appropnate pumping period must be chosen that su'nulates the normal p_umpmg ‘period for the well -
* under consideration for wellhead protection. | o | |
User-friendl‘yj eompn‘ter ‘prog'rams can also be used to eétimate the cone of depreasion for .
equilihrium or __noneq'uilibrihin conditions. Comouter codes snch as those descrihed binWalton (1987) are |
semianalytical codes with relaﬁvely'eimple bodndary conditions and simple'designaﬁons' of hydrau'lic‘ v
| conduetivity, storativity, and leakage More com}Slex models‘ can also be used to calculate d’rawdown '
| versus dlstance where boundary condltlons, vertrcal and horlzontal ‘hydraulic conductivity, storat1v1ty
values, and so forth, can be varied on an element by element basrs Simulation of well- fleld hydrauhcs
‘w1th mterfermg cones of depresswn from multlple-well productlon are best accomphshed with
numencal codes rather than analytlcal solutlons or some of the srmpler numencal models (see Van der
Her;de and Bel]m, 1988) The complexxty of the - code, however, should be matched with the
avaxlablhty of data. Sophrstlcated codes are often not appropnate when there are only hmnted data’ o

avallable'.



Time of Travel Approach

Time of travel calculation is based on ‘Darcy’s law. Eivthé‘r the distaoce of flow for a given perlod
of time or the time of travel for a given distance ccn be calcﬁlated from dcta‘ on hydrauiic gradient,
transmiééfvity, poros'ify, and‘ pump disc'harge Time- of travel calculations can be made either by
mcorporatmg the hydraulic gradlent from the cone of depressxon and transmxsswmes, both obtained
from pump-test data, into tlme of travel calculahons or by usmg a simpler cylmder method which does
not require hydraulic gradlent or transmlsswuy data, or by using WHPA model (Blanford and
Huyakorn, 1990) a semxanalytlcal time of travel model.

A 40-yr period is a convenient period to use for a time of travel calculation because 40 yr is an
approximate break point' between recently recharged (pOst-1950) waters contaihing ‘tritium, and older -
(pre-1950) waters with noi"’bomb”_.tritium. Water w1th no measdraole tritium should be oldér_than 40
yr. If there"is no tritium ih ground water, then it will iake at least 40 yr for currently fecharging watef

to flow to a well either horizontally or vertically.
Cone of Depression/Time of Travel Method

" The cone of dépreésion/ time of travel method calculates time of travel on the basis of the

hydraulic gradient of the cone of ‘depression Calculations can be made through (a) simple analytical

solutions such as the following equation, or (b) reverse-path calculatxon computer codes such as used by

Shafer (1987) or Blanford and Huyakom (1990)

(a) Analytical time of travel can bevcalculated from the folloWing equation:

TOT=@D*e/K% 8



where TOT = time of travel threshold
Al = distance of travel for a given time period

K = hydraulic conductivity'

e = porosity
i = Ah/ Al is the hydraulrc gradrent of the cone of depressron between two points of -
measurement

mgasurgmgnt ona lew lmg mu' ‘

To calculate time of travel contours,_. this equation can be arranged in lthe following form:
. Al=(TOT'K*i/®. e

The hydr_aulic» gradient decreases rapidl)r :vawa'.y ‘fromé the well (fiigT 8) and, ther:efore, is not cons'tant
and isa function of Al. The’ time ot tr‘avel can‘be calculated by thev following procedure The time of
. ;travel for various mcremental dlstances is estlmated from the hydrauhc gradlent (1) for each mcrement
- (e g 0to 10 ft, 11 to 100 ft, and 101 to 1 000 ft) pump test data and equatlon @) (fig. 18). The total txme
of travel.ls the sum of each tlme of travel for each» mcrement ' 'I‘he total trme of travel i 1s then plotted
‘,versus dlstance (flg 20) Because the log of time of travel versus the log of dlstance is approxlmately
' lmear, the dlstances for dlfferent tlmes of travel can be estlmated Extrapolatron beyond the farthest
data pomt should be used w1th care. (Thxs calculatron can easrly be made w1th a spreadsheet program "
ona rrucrocomputer ) The drstance of travel for a grven txme of travel can then be contoured to delmeate

a wellhead protectlon area. | B | 7
(b) Time of travel contours can also be calculated from computer models that map the '
potentlometrlc surface and calculate ground-water ﬂow paths m a reverse dlrectlon Flow paths of a

‘ ground-water ﬂow system can be calculated w1th elther forward or reverse partrcle trackmg numencal_

ground-water ﬂow models Forward trackmg predxcts where ground water or a contammant in the e

ground water w1ll flow in the future Most ground water flow models that calculate ﬂow paths are

| ~forward tracklng Forward trackmg is partlcularly valuable for predrctmg where contarmnatxon from a
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leakage using computer code PTIC (Walton, 1987).






pollution site may flow and in what time period. In éqntraét, reverlse—path‘ calculations éstiihate where
ground water and contaminants have flowed in the pasf. This ‘approach is Qaluable for defiﬁing
wellhead protection areas because it defines the “recharge area” for a well and the time of travel for
water or a contaminant to get from a point to a well. -

Caléulation of reverse flow paths and travel tirﬁes_with ﬁixrrierical modéls is a two-step proceés.
First, the water level at the well and the potentiometric surface for the surrounding area is calculated
and, if desired, the problem of vertiéal leakage associated with semiconfined équifers can be.
addressed. Many ground-water computer models can éimulate ground-water flow. Second, reverse flow
paths are calculated with codes such as WHPA (GPTRC-numerical option) (Blénford and Huyakorn,
1990) or GWPATH; the reverse-path numerical model of Shafer (1987) (fig. 21). |

The use of reverse flow path and time of travel ‘c‘alculations has advantages and disadvantages.
The advantages are that the method is the most so‘phibsticated and provides the most realistic
vsimulation. The disadvantage is that the method is the most corhpiex.

Ah alternate approach to using a réverse—path calculation is to use a solute transport (forward
tracking) code, buf use the producing well or field as an injection Well aﬁd calculate the bdistance to the
edge of the hypothetical plume as it migrates away from the well for specific times. The plume
boundary for a given period of time (time of travel) can be used to ‘delingate a wellhead brotectioh area.
This approach being used by the Texas Water Commission to delinéate wellhéad protection aréas f‘or‘
well fields may have advantages, since solute transport ﬁ\odeling si)ecifically considers contamination

~ migration.
Cylinder Method

The cylinder (volﬁmetric) method is used by the Florida Department of Environmental

Regulation, the U.S. Environmental Protection Agency (1987), and Vecchioli and others (1989). The
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Figure 21. Example of reverse-path calculation (from Shafer, 1987).
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method uses a volumetric-flow equation which calculates the radius (r) of a cylinder from which all

water would be pumped out after a defined period of time (time of travel) (fig. 22). The equation is as

- follows:
r = (Qt/n8H)!/2 S (10)
where Q = discharge
8 = porosity
H = length of screened interval

t

travel time to well

The equation is a modifica'.tion of Darcy’é law for radial flow to a wéll, even though it uses neither
hydraulic conductivity an hydraulic gradient (Vecchioli and others 1989). The volumetric-ﬂow‘
| equation assumes all flow is horizontal. 1n the context of confined aquifers, the aquifer is assﬁmed to be
highly confined and, therefore, there is no vertical leakage into ’tl"\é aquifer. This assumption fesults in

a larger radius for a given time of travel than would be calculated for a leaky confined aquifer.
Semianalytical Method (WHPA Model)

The WHPA model is an integrated semianalytical niodel for delineation of wellhead ‘;\)rotection

areas (Blanford and Huyakorn, 1990) that was developed for the U.S. Environmental Protection Agency -

Offlce of Ground-Water Protection to calculate wellhead protectxon areas by calculatmg time of travel
contours for negligible or slopmg ;eg10nal hydraul;c gradients (fig. 23). The WHPA (1.0) originally did
not consider vertical leakage and théfefore could i\é?]é caused time of travel contours and overall
wellhead protectiqn areas to be larger than needed; timg of travel contours woﬁld be 'similar to those
calculated by the cylincier method, because both neglect leakage. Recent Mifiéaﬁons' to the éompﬁter
program (WHPA 2.0 allow vertical leakage and will permxt txme of travel calculations to leaky )

~aquifer settings. (WHPA 2.0 was not available for testing durmg preparatlon of this manual. )
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Volumetnc-ﬂow equatlon
(Cyllnder equatlon)

" R = SQRT(Qt/r 6H)
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Figure 22. Cylmder or volumetnc-flow equanon approach for calculatmg time of travel for 40 yr This
approach glves a conservahve txme of travel because verhcal leakage is not considered.
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Figure 23. Example of reverse-path calculation using wellhead protection area (WHPA) computer

program (from Blanford and Huyokorn, 1990).






Comparison of Approaches and Methods |

Calcixlating a wellhead protection area' frorn the cohe of depression/ time of travel rhethod isb :
recommended in preterer}ce to a r'r_iethod‘associated with the cone of depression approach or the cylin‘der _
' methodt ‘The cone of depressbionb/ ti’rne of travel method lsthe rnost versatile of the three because it
providesxan accurate assessrnent of the wellhead proteCtioh area ,“for both semlconﬁned ahd highly '

confined aquifers. By calculating the cone of depresslor\' the potential for‘ver,tical leakage is accounted

for, and, by using a time of travel calculation the lateral extent of the wellhead protection area is '

libmited"to a reasonable size., The methods associated_ with the cone of'depressiohfaporoach will
approximate bthe wellhead orotectiOn‘area caloulated’ from" the .cone of dépressioh/tlmé of travel
method for a sem_iconfinedaquifer but can becorne very large for a highly eonfined aquifer. The cylinder
method is a time of travel calculation which does not account for possible. leakage and therefore
considers all aquxfers as hxghly confmed This may result in wellhead protectlon areas that are larger
than needed.

The'difterence in siz‘evof. the Wellhead protection areas for semiconfined and highly confined
‘aq‘uifers .ean be demonstrated by'using the three different methodsvto ealculate a wellhead protection
area for a hypothetlcal aquxfer w1th T= 50 000 gpd/ ft, Q= 500 gpm, S= 0001 and leakage conditions
that vary from highly leaky (P’ = 10 gpd/ ft ) to hlghly confmed (no leakage) By using the cone of
depressron/ time of travel method with a 40 yr threshold the radrus of the wellhead protectxon area

. ranges from 300 ft for the very leaky aquxfer to 6,000 ft for the hrghly confined aquxfer wrth most of the

' ‘b radxus values from 2,500 to 6,000 ft for the more confmmg condltlons (fig. 20).

The cone of depressron methods create a wellhead protectlon area Wthh may be sxgmﬁcantly
~ larger than one developed with the cone of depressron/ time of travel method The radius of the cone of
depressron for a very leaky aquxfer (P' =10 gpd/ ft ) is. approxrmately 250 ft, whereas the radius. ofa

cone of depression for a confmed aquifer (no leakage) is greater than 20,000 ft (fig. 18). Calculated trmes
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of travel for the hlghly conflned scenario from the outer edges of the cone of depressron to the pumpmg
well are greater than 10 000 yr, Wthh is. not reahstrc for 1mplement1ng a wellhead protectlon area.
The calculated dtstance for 40-yr. tlme of travel usmg the cylmder method is 6,000 ft for hxghly ,‘ ,
confined condrtnons, which is snmnlar to the tlme of travel dlstance for the hrghly confmed aquifer
settmg for the-cone of depressron/ tlme.»»of travel approach 'The cylmder method however does not
accurately calculate time of travel for the sermconﬁned condntlon, because the cylmder equatron does

* not mcorporate any leakage WHPA (1.0) also calculates the 40-yr time of travel as 6,000 ft.

Calculation of Wellhead Protection Area for Wells in‘Conf"ined o

- Aquifers with ’ahRegional Sloping Potentiometric Surface

"In the previous section, the ap'proaches for‘calc‘ulating wellhead 'protection ‘areas assume that :
ground-water flow toward a well is dommated by well pumpage from an aqulfer with a neghglble
initial potentlometrlc -surface gradrent Potentlometrxc surfaces in confmed aquifers are typically
_characterized by very low gradlents. Nevertheless, it is ,possrble that steeper initial gradlents can
occur within confined aquifers ‘and affect the shape of the cone of depression ‘Of a pumping well (fig. 24).
- The size and shape of the wellhead protectxon area is controlled by the reglonal hydraulrc gradient,
the aquifer transrmssrvrty, and well discharge. For aqurfers with reglonal potentlometrlc gradlents
between .0005 and .001 or greater wellh_ead prot_ectlon area, del_lneatxon vmethods that lncorporate a
sloping’regional 'potentiome‘tric surfa_ce shouldbbe c‘onsidered'(z'l‘odd,“ 1980; Bear and Jacob, 1965; Southern
Water Authonty, 1985). | s

There are two general approaches whlch mcorporate an initial slopmg potentlometnc surface in

estimatmg a wellhead protectron area: '(l)- zone of contrlbutxon wrth the 1dent1f1catlon of »ﬂow .

| boundanes and (2) zone of transport wnth time of travel contours wl'uch can be solved through solutxon N

of srrnple analytlcal equations or through computer applxcatxon
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B Zo_ne of'Contri‘bution_Withv‘Identifi:cation,,of Flow'Bvoundari,es -Method‘

In this method, the zone of 'contribution'b-is‘ defined by'ﬂow_ boundaries. within an aqutfer. Fora i
* well pumping from anbaquifer haring aA reglonal ‘sloping ’pot'e’ntiometric surface (tig. 2‘4),‘ the edge of the
' cone of depression on the downegradient side'-Witl be :relatively dose to the well. On the up—gradient
51de the transverse extent (m the Y- dlrecuon) of the zone of contnbutxon increases asymptotxcally toa
maxxmum, but the lateral extent (m the X-dlrectlon) extends mﬁmtely, or untxl a hydrogeologlc
boundary is reached, in the up-gradlent dxrectlon The down-gradlent null pomt and the maximum

width of the zone of contnbutlon can be solved analytxcally (Todd 1980)

‘,._-X- tan(zﬂ-K-b-lY) :
- (1D
where X and Y are coordinates o
Q = the ‘pumpage rate“at‘t_he well :
K = hydraulic ‘Conduc'tivityv |
b = the saturated thlckness of the aqulfer
i = the hydrauhc gradrent of the 1n1t1al slopmg potentlometrlc surface
‘The down-gradlent ﬂow boundary (null pomt) is glven by
L Q , : R .
XL 21:Kb1 ; S (2)
The transverse boundary limit is given by
YL=£ Q k - . : o )
- 2mKbi. . o e a3

.‘764



®

- Ground surface (b) | ‘ N\
? ‘ L Flow line ) ,;f‘\
e PG g L\

riginal - = \
potentiometric % Y \
surface : — g . \
. v , 2
ye"' Drawdown curve -1 3 |
, e SN - —L 2| |
- . Y i Equipotential 2|5
— T aX( Pugepll'ng e 5 _g /I
lmpermeable 2|3 /
— t T X N =YL g . //
-— *—  Confined aquifer b Not to scale Ground water divide ‘ ;
e
Not o scale Impermeable
N Y 2nKbi :
Uniform-flow equation: X = tan( Q Y) Where: Q = Waell-pumping rate ,
Distance to down- - ‘ Q. K = Hydraulic conductivity .
gradient null point: XL =~ 3rgpr b = Saturated thickness
: i‘=s Hydraulic gradient
Boundary limit: YL -t _Q n=3.1416

2Kbi : ' s QAt4821c

Figure 24. Ground-water flow field for cone of depression of a pumping well with a regibhal ground-
water flow gradient. Uniform flow equation (Todd, 1980) can be used to calculate down gradient null
point and lateral extent of zone of contnbutlon ‘



| ‘ The shape of the flow boundary can be calculated usmg equatlon 1, Wthh can be solved by selectmg |

- Y values between zero and YL that ¢ are calculated from equation (13) However no up-gradxent flow

* boundary can be detemuned.from these"equatlons The up—gradlent boundary is generally selected to be,‘ |
the first hydrogeologlcal boundary mtersected by the zone of contnbutlon or defined by a desired tlme
of travel The WHPA code, (Blanford and Huyakom 1990) descnbed next, can also be used for
calculatl_ng the shape of the flow boundary. Vertical leakage is ‘not considered in equation (11), and so
.th‘elwelhead pfotection ‘at;ea uslng this rnethod will b_e.large_'rj than it needs to be if there is significa’nt‘v

vertical :leakage.
Zone of Transport with Time of Travel Contours Approach

A zone of transport with time of travel contours can be calculated usmg three methods (1) the
simple analytxcal solutnon method (2) the semxanalytlcal method, and (3) the time of travel reverse-
path calculation method. All three methods calculate tl_mes of travel from which contours of equal

time ca‘n.be constructed.
Simple Analytical Solution Method
'I’he time of travel for water to move along a line parallel to the hydraulic gradient, from a point

to a pumping well, can be calculated from the following equation (modified from Bear and Jacob, 1965):

e

21:Kb1

_8f
Tx KI[XL

”.‘(14)'

where Tx . = travel time from point X to‘a pumping well

@
]

porosity
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Xy = distance from pumping well over which ground‘ water travels in Tx (time); XL is either :
positive or negative depending on whether point x is up gradient (+) or down gradient '

(-) of the pumping well

= discharge
K = hydraulic‘,conductivijty'
b = aquifer thickness
iv, = hydrauhc gradlent _

- This equation is similar to that used by the Southem Water Authonty (1985), which is mcluded in the ’: g
| Envrronmental Protectlon Agency s general guxdelmes for delmeatlng wellhead protection areas (U. S. _‘
- Environmental Protection Agency, 1987) | |
The equation permits the calculation of the travel time frorn a given point' to a pumping well-.
Calculation of travel distances for specific travel times have to be solved by trial and error but can be
easily accompli_shed through the use of a spreadsheet p_rogram w1th a Vrnicrocomputer. Travel dista'nces

and traVel times can only be‘.calculated 'along a line through the'pumping”well parallel to the regional' '

hydraulic gradient. Complete dehneatlon of the wellhead protectlon area around a’ well in an aquifer

with a reglonal sloplng potentlornetnc surface requlres computer solutlon The 81mple analyt1ca1 '

“solution method for determmmg a wellhead protectlon area does not account for any vertical leakage_

through an overlymg aquitard if the aquxfer is senuconhned 'I'herefore, as w1th the cylinder approach
for confmed aqulfers with low reglonal potentlometrlc surfaces havmg neglrglble gradlents, the
calculated extent of the wellhead protectxon area should be cons:dered larger than needed

The best use of thxs equatlon may be for determmmg the 1mportance of the reglonal‘

potentlometnc gradlent on the shape of the wellhead protectlon area and whether the delineation of

wellhead protectlon areas should be made with technlques that allow for a regional potent_r_ometnc L

surface with a non-negligible gradient. The ratio of the distance of 'grou'nd‘-“wa‘ter’ travel in the down-

gradlent dlrectlon to that in the up-gradlent dlrectlon for the same trme of travel mdlcates how i

noncircular the wellhead protectlon area w1ll be. As the shape of the wellhead protectlon area



approaches a circle, the influence of the regional hydraulic gradient on times of travel becomes

insignificant.

Semianalytical Method (WHPA Model)

WHPA is ah integrated semianalytical model for delineation of wellhead protection areas (fig.
23) (Blanford and Huyakorn, 1990). WHPA is appropriate for calculating time of travel contours for
confined aquifers with regionally sloping potentiometric surfaces. It is recommended in preference to
the simple analytical solution described above bécause amo‘ngbother reasons the complete time of travel
contours can be calculated, and not just at points along a line intersecting the well and parallel to the

regional-flow gradient.
Reverse-Path Calculations Method

The time of travel from reverse-péth calculations can be made with a regional potentiometric
gradient or with a negligible hydraulic gradient. A more detailed description of the method is

included on page 67.
Comparison of Methods

The zone of contributioh method defines ground-water flow boundaries, but does not provide an up-
gradient limit for a wellhead protection area. It provides a relati?ely simple‘ method for defining a
wellhead protection afea and up-gradient boundaries can be deternﬁned by other methods.

A wellhead protection area can be calculated from the simple analytical solution method for
travel times. The e@uation however limits travel time calculations to a down-gradient point and an up-
gradient point along a line through the well and paréllel to the regiof\al flow gradient. The complete

- wellhead protection area cannot be delineated.
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The WHPA computer program,‘ a semlanalytxcal solution for travel txmes, can be used for
‘calculating wellhead protectlon areas. It prov1des a better approxxmatlon of the wellhead protection
area than either the zone of contnbutxon or sxmple analytlcal approach because it prowdes a complete
areal delmeatlon of the wellhead protectlon area. - | |

| Only the WHPA (2.0) computer code accounts 'for potential vertical leakage in semiconfined
‘aquifers. Significant vertical leakage will cause wellhead protection areas to be smaller; therefore,
any method that does not account for vertical leakage will result ina larger, that is, more conservative,
wellhead protectxon area. (The WHPA code [2.0] that mcorporates leakage was not. avaxlable in tlme
to be tested for this document )

Reverse-path calculations 'provide{k the most sophiSticated .d’elineation of a’v wellhead protection
area. The method requlres two steps, (1) calculation of the regional potentlometrlc surface with a
‘numerical flow model (this step accounts for vertlcal leakage) and (2) calculation of the reverse paths
~with a second code. Reverse-path particleftrackivn‘lg provides a more accurate delineation of the
wellhead protection area than any other method, but may be more complicated than necessary fot_ the

delineation of many wellhead protection areas in confined aquifers.
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CHAPTER 6. WELLHEAD PROTECTION AREAS FOR SEMICONFINED

AND HIGHLY CONFINED AQUIFERS

Drfferent permeablhty pathways are antlcrpated for semxconfmed and h1ghly confmed aqurfer -
settmgs and determmmg the locatlons of these pathways is 1mportant for both types ¢ of aqulfers The -
. locatlons of these pathways should be gnven a hlgher level of wellhead protectlon because they are

the most probable zones where contarmnatxon may enter the aquxfer
: Permeability’Pathway Criteria'tor Seiniconfined Aquifers

- In the case of the semi’conﬁn‘ed‘ aqulfer thereb 1s, by defini‘tlon ‘significant leakage through the .
aduntard The potentlal for leakage is consxdered to be areally dxstrlbuted across the wellhead
protectlon area (fig. 25) The geologlc and art1f1c1al penetratlon mappmg techmques descnbed in a
prev1ous sectxon on defmmg confmement (Chapter 4) are recommended for descnbmg the nature of _
'leakage and mappmg of possnble leakage zones. If SpeCIflC zones of leakage cannot be 1dent1f1ed then.
- the entire wellhead protectxon area should be consrdered sens1t1ve to the leakage of contaminants. ’
Because the presumptlon of w1despread leakage leads to a hlgh level of protectlon throughout the
wellhead protectlon area, 1dent1frcatxon of specxfnc pomts or zones of leakage may be less cntncal than

xdentlflcahon of potentlal contammant sources.
y Pe‘rmeability_:ll’athway Criteria for Highly Confined Aquifers

In contrast the highly confined :ac‘luif‘erhas essentlally-no lor negligible,‘leakage thrOugh ‘the
aqultard Nevertheless, minor leakage that cannot be ldenhﬁed from pumpmg tests may be 1mportantv B
if it occurs through discrete hrgh-permeablhty pathways (such as faults or wellbores) (flg 26)
Mappmg geologlc and art1f1c1al penetratrons is recommended for descnbmg the nature of leakage and

.for 1dent1fymg p0551ble leakage For the hlghly confmed settmg, the potentlal for contammatlon of |
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Flgure 25 Schematlc of areally dlstnbuted permeablhty pathways for setmconfmed aqulfet Example'
is of a fractured till aquitard, which causes semiconfinement and an areally extensive potential for
surface contamination. A wellhead protection area should include all the area within the circle.
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Figure 26. Example of wellhead protection area for highly confined aquxfer where penetratxon of
~confinement has only occurred with abandoned boreholes and a fault.



well water is considered to be lower than for leaky aquifers. Potential pathways such as faults,
fractures, and boreholes may have to be treated as highly restricted zones. Abandoned and unplugged

boreholes‘may have to be sealed.
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CHAPTER 7. CALCULATION OF WELLHEAD PROTECTION AREAS FOR WELL FIELDS

The previously described methods for calculating a lbwellhead protection area are based on the
assumption of a single well. More complex configurations of wells occur and should be considered for
wellhead protection. Three scenarios are considered. (1) Well fields where pumping wells have
interfering cones of depression, (2) well fields where individual wells are screened at different
intervals and cones of depression do not interfere, and (3) well fields where individual wells are
screened in different aquifers, the shallower aquifer is semiconfined and the deeper aquifer is confined.

(1) Well fields in which pumping wells have interfering cones of depression. Ground water
pumpage from multiple wells may result in a composite cone éf depression that is deeper and wider
than individual cones of depression and noncircular. Calculation of a wellhead protection area for a
well in an aquifer with a negligible regional gradient should still be based on a cone of depression/time
of travel approach. However, this calculation will probably require the use of numerical models that
calculate the cone of depression and then time of travel contours to accurately assess the more complex
area of time of travel. The wellhead protection area semianalytical solution and the reverse-path
codes are appropriate. The WHPA code and other reverse-path codes are also the most appropriate
methods for calculating wéllhead protection areas for sloping regional potentiometric surfaces because
they more accurately portray the interaction between well field hydraulics and the sloping regional
potentiometric surface.

(2) Well fields in which indi?idual_ wells are screened at different depth intervals and cones of
depression do not interfere. The wellhead protection area should be based on the composite areas
| calculated for each well, using one of the previously described approaches (fig. 27). The probiem is not
so complex that a numerical model ha§ to be used, since the cones of depression do not iﬁterfere; fhey
only overlap.

(3) Well fields in which individual wells are screened in different aquifers, the shallower

aquifer is semiconfined and the deeper aquifer is highly confined. The total wellhead protection area



CEEE Well i ‘ mWall

Land surface

Unconfined aquifer:

General wellhead protection area = 0 GAvse

Figure 27. Example of overlapping wellhead protécfibn areas for two wells in different confined
aquifers. Total wellhead protection area is the composite area for the two wells. Cones of depression
are overlapping but not interfering. Wellhead protection areas based on cone of depression. . :
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should be the combination of the individual protectibn zones with each separate zone being protected

according to its sensitivity to potential contamination (fig. 28).
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Land surface

Leaky aquitard Semi-contined aquife

Highly confined aquifer :

Wellhead protection area for highly confined aquifer :
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- Figure 28. Overlapping wellhead protection areas based on cones of dépression for a highly confined
and a semiconfined aquifer. The protection area for more sensitive semiconfined aquifers is given the
higher priority than the protection area of the highly confined aquifer where they overlap.
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CHAPTER 8: EXAMPLES OF WELLHEAD PROTECTION STRATEGIES IN CONFINED AQUIFERS

The fo]lewihg'examples describe the deVelo']‘ar'x‘\ent‘ of wellhead protecfion strategies for twe '
confined aquifer settings. Welihead protection areaé were developed for two sites, one i’anasvtrop
County and one in Wharton County, Texas (fig. _29), and are e@mples from the updip and the downdip
sections, respe(:tively, of a regional confined coastal aquifer. "I'he examples are (1) to discuss assessing
confinernent and (2) to discdss determinihg 'a wellhead rprotection area. Evaluating the different
criteria permits the decision on the degree and type of confmement On the basis of this decxslon a
- wellhead protection area delmeatlon strategy is presented for each of the two examples. The
'development of wellhead protection areas for Bastrop and Wharton Countles is presented in detail in

Appendix 1 to show the complexity of the process.

Bastrop, Texas

Example from the Updip Section of a Confined Aquifer

The first wellhead protection example is a Qell field in Baétrop County, Central Texas, loceted ‘
in the out‘cr‘op of the Wilcox aquifer. The well field is located abodt 5 mi north of the City of Bastrop
and south of the Camp Swnft Mlhtary Reservation (flg 30). The well field cons1sts of two active wells,
516 and 515, as well as eight inactive and abandoned wells. The well field is bounded to the south and
west by a Federal Prison Fac;llty, to the .north by the University of Texas Cancer Research Inshtute,
: and to the east by a trailer park and smallv indusfrial park. Within one mile to the‘ west of the welll
field, the Lower Colorado River Autherity operates a medium-sized open-pit 1igni‘te mine. The Camp

Swift well field is operated by the Aqua Water Supply Corporatioh, a local water cooperative, which

supplies water to the town of Bastrop and rural areas in Bastrop, Lee, and Milam Counties for a -

~ population of about 20,000. The well field is located within the eutcrop area of the lower Eocene v
- Wilcox Group, which_ is corhprised of three formations, (1) the HoOper Fomation, (2) the Simsboro

Fofmation, and (3) the Calvert Bluff Formation. The Simsboro Formétion consists of felatively sand-
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Figure 29. Geologic map and cross section of the Gulf Coast area, showing locations of Bastrop (Camp
Swift well field) and City of Wharton.
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EXPLANATION

Camp Swift well field
@ Active wells
O Inactive wells

516 Last three digits of state well
number

@ . Test wells (abandoned) -

General wells (no well number)
“<{> Qil or gas test wells
- ® Industrial wells
- < ~-Domestic or stock
f Wellhead protection area
(/" Wellhead protection area,

assuming anisotropic
transmissivity. See Appendix |.

QA14894

Figure 30. General highway map of Bastrop County showing the location of the Camp Swift well field
and wellhead protection area for wells 515 and 516. The wellhead protection area defined by the
dashed line is based on the anisotropic conditions observed during modeling. Appendix 1 provxdes a
detailed description.
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rich fluvial deposits and is the ntain waterbearing»unit in the area The recharge'area for the Simsboro
is along al-to 3-rm-w1de outcrop belt wh1ch is about 2 mi west of the well field.

The wellhead protectlon area delmeatlon strategy for this partlcular settmg followed the steps
outlmed aboveand is discussed in detail in Appendxx.ivl. The first step, determining the presence and/or
degree of confinement was based on evalnati_on of geologic, hydrologic, and hydrochemical criteria. The.
CampSwi‘ft"well field was‘ considered'highly :’confined and ‘has a low probability of contamination.
The main indications were ‘the presence' of overlying shale strata, the absence of any tritiurn, relatively ‘v
old 14C ground-water ages, and the highly confined response frorn the aqnifer tests.

' The second step, delmeatmg the combmed wellhead protectlon areas for the two producmg wells “
515 and 516 of the Camp Swrft well field, follows the different approaches glven above and is
| descnbed in detail in Appendlx 1. The recommended wellhead protectlon area is an approximate c1rcle -
with a _rad‘il‘lS‘ .6,000- ft, and is based on a 40-yr threshold and:the time of travel approach for the two

producing wells as shown in figt1re30. Wlthin'the 40-yr capture 'zone, local higher .protection- zones are

' recommended in the v1c1mty of the main pathways for potentlal contamination. These pathways are

consxdered to be locallzed such as abandoned boreholes and exnstmg wells.

"~ Wharton, Texas

Example from the Downdip Section of a Confined Aquifer

The seco;nd wellhead protection e‘xample‘» is'a‘-’well‘ field in the City of Wharton; Wharton'
- County, Texas, located in the Gulf Coastal Plam of southeastem Texas (flg 29). The well fleld is v',
located in the downdip section of the Gulf Coast aqulfer, a reglonally extensnve coastal plain aquxfer .
The City of Wharton is about 60 mi west of Houston and about 50 mi north of the coast of the Gulf of "
! Mexico. The c1ty water wells, servmg approxxmately 70000 people, are located on empty lots
throughout the city (fig. 31) In partlcular, a wellhead protectlon area is desxgned for Clty of Wharton}

well 3, (also referred to as 406).
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EXPLANATION

Figure 31. Map of Wharton, Texas, and vicinity, showing wellhead protection area for city of Wharton |
well no. 3 (well 406). : .
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In‘Wharton County, tﬁevmain hydrogéologic- imijs consis.t‘of.Pleistocve;ne and Pliocené éequ’éhces of
gravel, sénd, silts, an‘d‘clay_. All Gﬁlf Coast formations thickeﬁ towafd ;he-coaSt énd crop "o_ut in belts
that are neaﬂy parallel to the shbfeline. The wells peruce from the Chicot aquifer »fvrom a depth o:f:
about 600 to 900 ft below sea level. The Chicot aquifer is overlain by a thick seqﬁence of mostly clays
(Beaumont Clay) which is conéidered the ‘confini'ng unit for the underlying Chicot aquifer. The Willis
Sand is the major waterbearing unit of the Chicot aqﬁifer, which grdps out about 30 mi northwest of the
Ci(y of Wharton. Thé outcrop area ié the main recharge area. | |

The development of a wéllhead protection area delineation strategy followed two steps, (1)
determining the degree of confinement, and V)] délineéting the wellhead protectiox; area. Based on
geologic; hydrolbgic, and geochemical criteria, discu‘ssed in detail in Appendix 1, ground water in wéll
406 is considered highly confined. Although pumping-test data indicate leaky beh'avior,v leakage is
inter’i:orefed to come from overlying and underlyi’ng sands”, which were not screened. The old 14‘C ground-
water ages and absence of detectable tritium indicate véry bold ground water. The overall vertical
hydrauiic head 'distribvution indicates a aéwnward grédieﬁt; however, vertical permeability of the
c}onfiningblunits is very low, preventing significant fluid movement. The recommended wellhead
protection area foi' well 406 (fig. 3)isa cifcular area with a radius less than 1,000 ft and i§ based o.n
the cone of depression/ timé of tra?e‘l apprdach _usi’ng a 40—yr ‘thféshol_d. Within this general area, the

main pathways for contamination are abandoned boreholes and existing wells.
Comparison of Wellhead Protection Areas for the T_wb Examples

The delineated wellhead protec‘:tio‘n aréas for Bastrop and Wharton, Texas sﬁow some differences
| o‘wing to their different hydrogeologic sefﬁngs.

In the Baétrop"area the wells are within a highly confined aqui'ferv with a meaéurable regionai
' hydréulié gradient. This results in a slightly noncircular wéllhead'protection areé with a radius éf

about 6,000 ft.
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In the Wharton area the well is located in a hlghly confmed aqulfer setting wnth a negllg1ble
»honzontal hydrauhc gradlent Pump—test data mdlcate sngmhcant leakage, but the leakage is from :
- adjacent overlymg or underlymg sands and not from ,shallow ground-water sources. “The wellhjead :
protectlon area is a cn'cle w1th a radxus of less than 1 000 ft »- » | |

The ground water in both locatlons is old The hxghest pnonty areas for protectlon w1thm the

gener_al wellhead protectlon area are those co_ntammg artificial penetratlons.
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'CHAPTER 9 RECOMMENDED APPROACH FOR DEFINING

WELLHEAD PROTECTION AREAS FOR CONFINED AQUIFERS k

_The recommended approach for defmmg wellhead protectlon areas for confmed aqu1fers is as
follows, and is dlagrammed as a flow chart (fig. 32): |

Y The nature of confmement of the aqulfer is considered .to be either{unconfined or confined .

" (a) If the aquifer is unconfmed recharge to the aquifer is. considered pervaswe A wellhead:

B protectlon area dellneatlon strategy is developed based on the techmques in EPA's general guide: = -

Guidlines for Delineation of Wellhead Protectwn Areas (US Envrronmental Protectlon Agency, o

1987).
(b) Ifjthe' aquifer is vconfined, one should determine ‘whether it is a semiconfined or highly

confined system through methods that calculate a time of travel A" 40-yr vertical time of travel

‘lS suggested but other trme perlods may be more approprrate for specific well settmgs If the

S 'aqulfer is sermconfmed the aqulfer is overlam by a leaky aqultard in whnch leakage is. assumed :
to be areally dnstnbuted throughout in addmon, there may be locahzed leakage through fault
‘zones and boreholes If the aqulfer is hlghly confmed the aqulfer is overlain by a- nonleaky " .
aquxtard and the only potentlal pomts of leakage are through dlscrete permeabxllty pathways

i ;: such as faults, fracture zones, and abandoned boreholes |
'(2) The prepumpmg gradlent of the regronal potentlometrlc surface is determmed As a rule of vv
thumb lf the regronal gradxent is 00005-0 001 or greater, it may affect the size and shape of the

: wellhead protechon area. The 1mpact of the regxonal gradrent on the shape of the wellhead protectxon '

area can be estlmated wrth equatlon (14) If the gradrent is less than 0. 0005 the size of the wellhead o

‘ protectron area will be controlled by the hydraullcs of the pumpmg well
| For elther scenano, a: tlme of travel delmeatron cntenon is recommended For the scenano w1th a

very 'low regxonal hydraulnc gradlent assummg some degree of confmement the trme of travel -

calculatlon can be made w1th elther the cone of depressron/ txme of travel or the cylmder methods If‘ B

. the necessary data are avarlable, the cone of depressnon/ trme of travel method is recommended m L
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Figure 32. Flow chart for designing wellhead protection areas for confined aquifers.
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: preferenee to the cylmder method For the scenario w1th a regional hydrauhc gradlent that could cause |
a nonc1rcular wellhead protectlon area, one of the methods recommended for a sloping potentnomemc
surface should be used. |

-3 After the general wellhead protectlon area is delmeated a permeabllxty pathway map is
made Thns map defines the zones of potentlal natural and art1f1c1al pathways through the aquxtard
and is 1mp0rtant to management of act1v1t1es in the wellhead protectlon area ngh-permeablhty
pathways are distinguished to allow m,or.e‘protechvef measures to be taken in the more sensitive areas.

(a) For Senﬁconfined«arIuifera, where signifioant leakage through the aquitard oecurs, the entire‘v B

regional area of the wellhead ’protectivon area "ushould be considered as having a poten‘tialk tOr

vertical leakage. e

(b) For the highly conf»inedvaquife‘r-{,v the location of natural and artificial zones of leakage to the

aquifer are of pnme concern; because they represent the only pathways for contaminants to reach

the producing aquifer.
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APPENDIX 1
COMPARISON OF WELLHEAD PROTECTION AREAS

TWO EXAMPLES



Bastrop, Texas

- Example from the Updip Section of a Confined Aquifer

The first wellhead'protection example for confined aquifers is the Camp Swift well field in
Bastrop County, Central Texas (fig. 29) The well field (f1g 30) is located about 5 mi north of the City
‘ .of Bastrop and south of the Camp Swift Mrhtary Reservatlon The well field consxsts of two active
wells and eight inactive and abandoned wells Speclflcally, wellhead protectxon areas have been
established for wells 516 and 515 (ﬁg 30); well 516 is the main water supply well and produces from an
approximate depth of 500-700 ft, and well 515 is used as backup durmg high demand in the summer |
months and produces from a shallower depth of approxlmately 250-550 ft The Camp Swift well field
is operated by the Aqua Water Supply Corporatlon, a local water cooperative which supphes water to |
the town of Bastrop and to rural areas in Bastrop, Lee, and Milam Counhes, Texas, for a population of
approximately 20,000. The well 'field is bounded to the south and west by a l“ederal Prison Facility, to |
the north by the University of Texas Cancer Research Institute, and to the east by a trailer park and
small industrial park. Within 1 mi tovthe,west of the well field, the Lower Colorado River Authority

~ Operates a medium-sized open-pit lignite mine.
Hydrogeologic Set‘t‘ing_ |

The area is characterlzed by a dry, subhurmd chmate with an annual precxpltatlon of about
A 367 mches, Wthh is less than the average ‘annual potentlal evaporatxon (Follett 1970). The
~ topography is characterized by gently rollmg to undulatmg hills with generally less than 150 ft of =
relief. | | .‘ B v | | |

The area is in the updlp part of the Gulf Coast Sedrmentary Basm, a thick wedge of sedlmentaryv ‘
rocks, rangmg in age from Cretaceous to Quatemary Ground water is produced from the Wilcox aqulfer,

which is composed of fluvial, deltaic, and;manne deposn_ts ‘of‘ Eocene age. The ercox strata crop out Zm " v
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broad parallel bands that trend to the northeast and dip gently to the southeast at approximately 2 to
3 degrees (fig. 33). | |

The well field is loc‘ated within the outcrop area of the lower Eocene Wilcox Croup, which is
, comprised of three formations, (l) the Hooper Formation, (2) the Simsboro Formation, and (3) the
Calvert Bluff Formation. The Simsboro Formatlon consists of relatively sand-rich fluvial deposxts and
- is the main waterbearmg unit in the area. The recharge area for the Slmsboro is along al- to 3-tm-w1de
outcrop belt that is about 2 mi west of the well field. Several faults have been identified in the
v1cmlty of the Camp Swrft area, but are relatively mmor and probably have no influence on the

regional ground-water flow regime.
Determining Confinement

The degree of confinement of the Camp Swift well field has been evaluated using geologic,
hydrologlc, and hydrochemical criteria described in earlxer chapters ‘Only a limited number of

methods were found appropnate, and they are discussed below
Geologic Approach

1. Geologic Map ancl Cross Section

The Camp Swift well field is located on an outcrop of the Calvert Bluff Formation, the upperrnOSt
unit of the Wilcox‘Group (fig. 33). The Calvert Bluff Formation consists of fine- to'coarse-grained sands
and sandstones, mterbedded with clays and mudstones and is generally less than 500-ft thick in the
area. In general, this formation produces small amounts of water for domestic and livestock uses The
underlying Simsboro Formation, the main»waterbearing unit 'of the»‘Wilcox, consists of fine- to coarse-
gramed sands with smaller amounts of mterbedded clay and mudstones and ranges in thxckness from
about 100 to 300 ft. Most of the wells in the area and all of the wells at the Camp Swift well field are

completed in the Slmsboro
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Figure 33. Geologic map of outcrop of Wilcox Group, Bastrop, Texas (Barnes, 1974).
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The subsurface distribution of sand and shales is depicted along a cross section through the north-
south oriented wells (fig. 34) based on driller’s logs. The upper section is dominated by shales, whereas
the deeper sectionvis sand-rich and is the producing zone of the different wells. Although it is difficult
to correlate the sand geometry across the section, the uppermbst»shale section, as much as 300-ft thick,
appears to be continuous throughout theiwell field and indicates a relatively thick, confining aquitard
on top of‘ the producing aquifer. The presence of this thick, low;permeability layer shown on the
geophysrcal and driller’s logs is not evident from surface geologic maps.

| Although the Camp Swift well field is located on a Wilcox outcrop, the Calvert Bluff Formation,
which is consxdered regionally a minor aqulfer, may act as a confimng or serruconfmmg unit for the
aquifer unit (Simsboro Formation) due to abundant clay and shale layers within the Calvert Bluff.
- 2. Other Mappmg Methods

Henry and Basciano (1979) developed enwronmental geologxc maps for the Wilcox Group of East
Tekas that identify areas of critical natural resources, such as aquifer recharge areas and areas of
natural hazards such as flood-plain areas. The Camp Swift well field is located in a moderate-relief,
sandy mud-oak forest, with ‘shallow geology characterized by interbedded sand and mud and muddy
sand. The general area of the well field is considered a recharge area; however, it is not as important a
recharge area as the area to the west correspondmg to the outcrop of the Simsboro Formation.

The general soil map of Bastrop County Us. Soxl Conservatlon Serv1ce, 1979) classrfles the soil
at the Camp Swift well field as Axtell fine sandy loam. Thxs type of soil formed in clayey sedlments ‘
interbedded in places ‘with shale and sandstone. The soils have a loamy surface layer and low-
permeability lower layer with high-water capacity. The soil’ charactenstlcs suggest limited recharge
potential. | |
| Mapping artificial penetrations of the confining unit is cruCial for the development of wellhead
protection strategies; Abandon,ed boreholes are the most likely pathways for contaminants to migrate
into a confined aquifer. Figure 30 denotes those known wells in the v1c1n1ty of the Camp Swift well

field, lncludmg those which are abandoned and no longer used
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‘Fig‘ﬁre 34. North-south cross section of driller’s logs and geophysical logs at the Camp Swift well field.
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Hydrologic Approach

1. Water-Level Data in Wells

Water-level elevatlons for the dlfferent wells in the well fleld are shown on flgure 34 Water
elevatlons are generally above the top of shale layers, 1nd1cat1ng confined aqulfer condltxons The
regional potentxometnc surface for Bastrop County, based on.water-level measurements primarily of
the Simsboro Formation indicates a hydraulic gradient of"O 002> to thebeas't-southeast in the general
dip dlrectxon of the formatlons Tlus hydrauhc gradlent is typlcal for the outcrop reglon of reglonally ’
confined aquxfers along the Gulf Coast.

The pattern of daily water-level variations from " continuous water-level recorders can
distinguish confined and unconfined aquifers. Continuous water-level records rneasured from _vvell 505
show semidiurnal variations of approximately 1 ‘ineh and thus indicate confined conditions.

2. Pumoing-Test Data | |

(a) Extent of the cone of depression B

Water 'levels in observation wells, as far as 3,200 ft avvay from the producing. well, droo during
pumping. However, no water-level'response was observed in well 502 during pumping of 516, which is
located 1,800 ft» away; the screened interval in 516 is somewhat deeper than_ those in the other wells
(fig. 34), suggesting a lack of hydraulic communication' between well 502 and vvell 516. | |

“ (b) Storativity |

Calculated storatlvxty values from the pumpmg test in the well field range between 0.0003 to
0 0005 w1th an average value of 0.0004 (Myers, 1969). These values are typlcal for confined aqulfers in -
the Texas Gulf Coast. |

‘- () Leakage
~In a confined or semiconfined aquifer, effects of lealcage_ may be r&lected in the drawdovvn curve
during a pumping test.- Drawdown in wells 503, 504, and 505‘,(fvig. 35) from the pun\ping test in well 502

- follow the typical Theis nonleaky curve (fig. 9), suggesting a highly confined condition.
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Figure 35. Log-log plot of drawdown versus time for monitoring wells 503, 504, and 505 during pumping
test in well 502, Camp Swift well field. ' ‘
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~ In comparison, the pumping test in well 516 (fig. 36) indicates a reiatis'ely flat slope, more
characteristic ef leakage ‘through an overlying aqﬁitard. Note that the scf_eenéd in‘terw)al in well 516 is
somewhat deeper than those of ﬁﬁe other wells (fig. 34).. Furthermore, relatively thick sands ,‘are
shown above the screened intervals in well 516, which are separated from the screened sand interval By'
a fela{ively thin-shale layer. Consequently, leakage inferred from the pumping test in the deeper well
516 (fig. 36) apparently does not represent leakage from a shallow unconfined aquxfer, but rather is

leakage from a shallower sand layer of the confined aqulfer that is not screened (flg 34).
Hydrochemical Approach

1. General water chemistry

The chemical composi_tioh of ground water in a regionally extensive,. confined sandstone aquifer
| typically shows a general change from a Ca-HCO3 water in the shallow recharge sections to an Na-
HCO3 type for deeper ground water as all;esult of cheﬁﬁéa} reaction with aquifef‘reck. Thus, the generalr
chenﬁcal composition of ground water can be usedv to infer the relative age of the ground water.

Figure 37 shows»t‘he distribution of _hydroehemical facies in Bastrop Ceunty for the Wilcox Group
aquifer. Those wells eompleted in the Simsboro Forrhétion are marked separately. In the vicinity of the
Camp Swift well field, the Ca-HCO3-type water, a recharge-type water, extends relatively far |
downdip in the Simsboro. Toward the south, wafef in the Simsboro Formation is mostly a Na-HCO;-
type ground water, a water typical of older waters in a confined section. To the nerth, ground water
shows a more complex facies distribution'which is probably related fo mixing of different'Waters and
possibly dlfferent water-rock reactions. Although the water from the Camp Swift well field appears
chermcally to be recharge-type waters, the regional ground-water chemistry appears to be sufﬁcxently
complex to prevent a conclusion on the presence of confmement. A simple downdip evolution of ground

water is not apparent.
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Figure 36. Log-log plot of drawdown versus time for pumping Camp Swift well 516 during 36-hr pumping
test in 1986. ’
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Flgure 37. Distribution of hydrochen‘ucal facies and total dxssolved solids and calculated carbon-14
ages for the Wilcox Group aquifer and Simsboro Formation. :
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Changes in the chemistry of water over time from a well may indicate vertical leakage through
an overlying aquitard. At the Camp Swift well field, which hés prbduced for almostv 50 yr, no trends in
variations of the chemical composition of ground water could be identified. |

2. Carbon-14 age determinatioﬁ

Selected samples in the Bastrop area were analyzed for 14C. Cbrrected tle ground-water ages,
using the 813C approach (Pearson and White, 1967), range from about 4,490 yr to as much as 18,400 yr
(figs. 34 and 37). The generally old age determined of the ground water in the area indicates a
relatively long flow path from the recharge area to the well. Note that the Na-HCOs-type ground
water is much older than the Ca-HCOs-type water. | |

3. Tritium

Tritium analyses performed on the same water samples (figs. 34 and 37) as those with 14C
analyses showed zero tritium concentration and if_\dicate that the water is older than 40 yf. This is
expected due to the old age determined from the 14C analyées. The absence of tritium also indicates
that no water has recharged relatively quickly‘by leakage along fractures or artificial penetrations

and mixed with old ground water. -
Conclusions on Confinement

Thé Camp Swift well field is considered highly confined. The main indications are the absence of
aﬁy tritium, the old 1‘"‘C ages, and the highly confined response from aquifer pump testing. Although
the general ground-water chémistry at the well fixeld is characterized by Ca-HC03-type water,‘
typical for recharge water, the tritium and 14C data’ indicafe that it is, -nev’ertheless, ground water
that was recharged a long time ago. Pumping-test data from wells 503, 504, and 505, repre;enting the
shallower zone, exhibit highly confined conditions. Pumping-test data from the deeper confined zone in
well 516 indicate some leakage. The observed leakage in the deeper confined zone most likely
originates from the shallower confined strata that were not screened rather than from shallow water-

table aquifers.
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Wellhead Protection Area. Delineation

A wellhead protectlon area is delmeated for the two main wells of the Camp Sw1ft well fneld
well 516 in the main, deeper producmg zone and well 515 in the shallower zone. Although pumpmg-test 'v
data from well 515 were not avallable, this partxcular well is located between wells 502 and 503 (fig.
34). Pumpmg tests were performed in well 502 usmg wells 503 504, and 505 as momtormg wells (fig. 35) !
Screens in well 515 are assumed to be atsmular intervals as 502; it is therefore reasonable to assume |
that hydraulic propert‘iesde_ternuned from a pump test'ih 502, and measured monitoring wells 503, 504,

and 505, are representative for well 515. .
- Cone of Depression Approach

, The lateral extent of the cone of d_epression for the shallower and deeper production zones has
been estimated with two rhethods- (D analytical methods that either calculate or measure drawdowh
versus distance and (2) numencal modelmg to calculate the extent of the cone of depressxon The
analytical methods assume. that the regional hydraullc gradlent is zero. Only for the numerical

modeling method is the regional gradient considered..

Analytical Solutions and Simple COrrxputer Models Method Well 516——The radius of the cone of
-depressmn is estlmated from the 36-hr pumpmg test (flg 36) at well 516 usmg a sermlog plot Of,
drawdown versus hme The correspondmg sermlog plot of drawdown versus dnstance can be constructed i
by multlplymg the slope of the tlme-drawdown curve by (-2) and plottmg the curveona semilog plot of

dlstance versus drawdown. The latter curve passes through a pomt representmg measured drawdown at

" . the pumping well (distance equals zero) orata momtormg well (at known distance from pumpmg well);

“when the curve 1s extrapolated to 0 ft drawdown, the lateral extent of the cone of depressmn was

- determined to be approximately 3,500 ft. ‘
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Some uncertainty exists ‘becau_se the distance-drawdown curve is based on the measured drawdown
at the pumping well and not at an observatioﬁ well. DfaWdOWn at the well may be affected by well loss
and could be greater than actual water levels in thevarmation ‘adjace‘nt to the well. The distance-

’drawdown curve may therefore overestimate the extent of the cone of depressioh. Water-level
measurements in observation wells would yield better infonnetion on the cone of depression, as they are
not affected by well loss.

Analytical solutions for equilibrium (Thiem equation) and nonequilibrium conditions (Theis
equation) can also be used to estimate the extent of the cone of depression. Calculating the extent of the
- cone of depression requires: estimates of &ansmissivity (a value of 34,500 gal/day/ft is obtained from
the 36-hr pumping test in well 516 [fig. 36)), the pumpage rate (1,200 gpm), the well radius (0.5 ft), and
a drawdo‘wﬁ value at the well (84 ft). Assuming equilibrium conditions (Thiem equation), the radius of
influence e.Xtends to 18,600 ft. For ,noﬁequilibrium, fully confined conditions (Theié equation) the radius
of the 1-ft drewdown contour extends to 8,300 ft after 36-hr pﬁmpage. A‘lthoughﬂ.‘soxme leakage could be
- inferred from the pumping-testvdata (fig. 36), the leakage rate was small and did not decrease the
extent of the cone of depressioﬁ when usiﬁg either the Theis curve or £he leaky type curves.

‘Well 515—The lateral extent of the cone of depfession for ihe shéllower aquifer (for example,
-well 515) was also vcalculated. Measured drawdown in monitorihg wells 503, 504, and 505 (figs. 30 and
35) during the puﬁping test in well 502 were used to estimate the extent of‘ the cone of depreésion. For
eech monftoring well, the measured drawdown'at a given time efter pumpihg starfed was plotted

against the distance of the monitoring well from the pumping well ‘The intercept with the zero

drawdown line gives the extent of the cone of depression. The drawdown measurements from the three

monitoring wells after 8-hr pumpage indicate a smular lateral extent of the cone of depressnon of about
3,500 ft. After 55 hr of pumpage, the cone extends to about 10,000 ft
Assummg equilibrium condmons, the zone of influence around well 515 ranges between 5,750 and ,

6,750 ft, based on a pumpage rate of 810 gpm, an average transmlsslvxty of 27,770 gal/day/ft, and a well
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radius of 0.5 ft. By using the Theis equation, the radius of the 1-ft drawdown contour extendé to ébout
8,790 ft after pumping for 60 hr.

‘Well 515—The cone of depression was simulated for the production zone of well 515.
Transmissivities calculated from the pumping-test data can be used in a numerical model to check the
analytical approach and to incorporate complexities, such as heterogeneous transmissivity and
regional hydraulic gradients. For the Camp Swift well field, a numerical model was constructed that
incorporates the aquifer as a single layer with initially uniform transmissivity. In addition, a uniform
hydraulic gradient of 0.002 was assumed across the model in a west-east direction representing the
regional hydraulic gradient in the Wilcox aquifer. The lateral dimensions of the model were
10,000 x 10,000 ft; the area was discretized by a 40 x 40 finite-difference grid. The model was
implemented with the program MODFLOW, a USGS finite-difference ground-water flow model
(McDonald and Harbaugh, 1980). »

Using a uniform transmissivity value of 27,700 gal/day/ft based on the pumping test results at
well 502 (pumping test in the shallow unit), the model coul& not reproduce the observed yvater-le_vel
declines in well 503, 504, and 505 (fig. 35). However, by reducing transmissivity by a factor of 4 in the
west-east direction, perpendicular to the north;sough orientation of the wells in the well field (fig. 30),
simulated drawdown compared reasonably well with observed values (fig. 35). The simulated cone of
depression is an ‘ellipse with the long axis in the direction of the well configuration and the short axis
perpendicular to a line through the wells. The short axis is approximately parallel to the dip
direction of the hydrostratigraphic units. The drawdowﬁ ellipse along the axis extends approxirnétely
5,000 ft (1-ft drawdown contour) along the short axis for a 60-hr pump test, whereas the ellipse along
the long axis extends as far as 9,000 ft. Due to the reduced transmissivity in the general direction of the
regional hydraulic gradient, the downdip extent of the cone of depression is only 500 ft shorter than the
updip extent of the cof\é. The regional hydraulic gradient may not significantly alter the shape of the
cone of depfession for well 515. In this case geologic variabilify may be a more important control on the

shape of the cone of depression than the regional potentiometric gradient.
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Well 516—Water-leve1 declmes from the 36-hr pumpmg test in well 516 (deeper productxon zone)
were also simulated usmg the MODFLOW model. A reasonable drawdown in the pumping well could be
simulated assuming either isotropic or anisotropic conditions. For anisotropic conditions, transmissivity
values of 34,500 gal/day/ft in the direction of the Camp Swift wells and 8,625 gal/ day/ ft
perpendicular to the well alignment were used. The drawdown ellipse for the 36-hr pumping test in
well 516 extends 4,500 ft along the short axis, and 8,000 ft along tf\e long axis (along the line through
the wells in the well field). MODFLOW bnly calculates the cone of depression and does not calculate

flow paths.
Time of Travel Approach

Time of travel calculations were used to estimate the wellhead protection area for the shallower
and deeper production zones. Calculations of times of travel for the two wells were done independently

because the two main producing wells are not in hydraulic communication.

| Cylinder Method. The cylinder method used by the U.S. Environmenfal Protection Agency (1987),
described in an earlier section, uses a volumetric-flow eciuation_ that determines the radius of a cylinder
from which all the water would be pumped out after a defihed period of time. Using the 40-year time of
travel, a radius of about 5,060 ft is calculated for well 516 (fig. 38), based on a pumpage rate of
1,200 gpm, a screened interval of 175 ft, a:hd a porosity of 0.25. In comparison, the cylinder radius for
well 515 is only 3,400 ft, based on a pumpage rate of 810 gpm, screened interval of 250 ft, and porosity of

0.25.

Cone of Depression/Time of Travel Method. An analytical estimate (cone of depression/time of
travel method) of the position of the 40-yr time of travel contour can be obtained from the slope of the
drawdown curve (fig. 36) for the 36-hr pumping test for well 516. The calculated radius is 4,000 ft,

which is slightly greater than the inferred radius of the cone of depression using the semilog plot.
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WHPA APPROACHES
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Figure 38. Radial distance for wellhead protection‘_areas for well no. 516, Bastrop, Texas. Those
distances on right side of figure used cone of depression approaches. Radial distance on left side of
figure used time of travel and cone of depression/time of travel approaches. '
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‘Drawdown measurements from well 515 were not avallable, and the cone of depressron/ time of travel

approach could not be apphed to thxs well

Semian_alytical Method ( WHPA Model). Calculation‘ of 40-yr time of travel toward the pumping '.
well was done using the wellhead protection area sol’tware package (Blan‘ford and Huyakorn 1990l
which was developed for Envu'onmental Protection Agency’ s wellhead protectlon program WHPA is
~ an integrated semlanalytrcal model for the delineation of wellhead protectlon areas. v

- Figure 38 shows capture zones for the 5- 10, '20— 30-, and 40-yr time of travel for well 516. The
'conflguratlon is completely symmetrlc assuming rsotroplc transmlsswlty and no reglonal hydraullc
gradxent Usmg an 1sotrop1c transrmsswrty of 34,500 gal/ day/ ftand a pumpage rate of 1,000 gpm, the
40-yr capture zone extends about 5 000t from the pumpmg'well. Assummg a regional hydraulic
gradient from left to nght (west to east) of 0.002, the capture zones for the dlfferent time penodsv

become asyrnmetnc (f1g 39). The 40-yr capture zone. extends 7,000 ft in the upgradrent dxrectxon

whereas the downgradlent extent is 3,300 ft. The lateralextent perpendrcular to the regional gradient

remains constant. |

'l‘he WHPA program (Blanford"and Huyakorn, ‘:'199(:)) does not lncorporate the anisotropic
transmxssnvmes which were mferred from the numerlcal model sxmulatlons of water-level declines
assocxated with the pumpmg test in well 502 However, when calculatmg capture zones that correspond
to reduced transmissivity (lower by a factor of 4), the asymmetry of the capture zones is 31gn__1f1cantly
reduced. With this lower transnussiyity in the WHI"A“program,‘ the resulting difference in distance :
between the upgradlent and downgradlent extent is less than 500 ft. | ~ |

A similar flow pattern and capture zone was obtamed for well 515 in the shallower production ’
: zone, based on a pumpage rate of 810 gpm, an lSOtl'OplC transmlss1v1ty of 27_,700 gal/ day/ ft, and a
regional hydraulic gradient of 0.002. For this iwell, the v‘upstre‘am extent of the 40-yr capturé' zone is

4,700 ft, whereas the downstream boundary extends to 2,400 ft.
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Figure 39. Capture zones for well 516 for the 5-, 10-, 20-, 30-, and 40-yr time of travel assuming a
regional hydraulic gradient of 0.002. The 40-yr time of travel contour for the no-gradient scenario is
included for comparison.
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Recommended Wellhead Protection Area

Because of the higher pumpage rate, the 40-yr capture zone of well 516 includes nearly the entire
capture zone of well 515, which is about 1,800 ft from well- 516. Drawdown in the two wells is assumed
not to interfere‘, based on tf\e different hydrologic responses and the fact that screened intervals in well
516 are deeper than those in the other wells (fig. 34). It is therefore assumed that the capture zones for
the two wells overlap, but do not interfere with each other.

Figure 38 shows the cone ’of depression calculation for well 516, using different methods.
Analytical solutions of the Thiem equation for equilibrium conditions and the Theis equation for
nonequilibrium conditions result in very large wellhead protection areas, which exceed the 40-yr time
of travel contour, as computed by the WHPA program. The cone of depression/time of travel method
using a 40-yr threshold, the cylinder method, and the WHPA program are recommended. Calculated
radii of protection zones range from 4,000 to 5,000 ft, éssunﬁng isotropic conditions and no regional
hydraulic gradient. Using the observed regional hydraulic gradient of 0.002, capture zones computed by
the WHPA program become asyfnmetric, that ‘is, the 40-yr éapture zone extends 7,000 ft in the
upgradient direction and 3,300 ft in the downgrédient direction (fig. 39). The WHPA prdgram does not
incorporate effects of anisotropy. Anisotropy of transmissivity was inferred from the numerical model
calibration of pumping-test results, with reduced transmissivity in the direction of the regional -
hydraulic gradient. Incorporating effects of anisotropy reduces the effect of the regional hydraulic
gradient, resulting in a more circular wellhead protection area with a shorter upstream distance but
increased downstream distance. Therefore circular wellhead protection areas were chosen (fig. 30).

As discussed earlier, the aquifer at the Camp Swift well field is considered to be highly
confined, that is, it has a low probability of contamination. The main pathways for contamination are
localized, such as improperly sealed, abandoned wells and boreholes. Figure 30 shows the
recommended wellhead protection area, which includes an ovérlay of the 40-yr éaptufe zone for the

two producing wells and local protection zones in the vicinity of any existing well, representing higher-
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priority protection zones. In case the exact locations of abandoned wells are not‘known; the local, high-
priority protection zone is enlarged to be certain that repbrted wells are included (noted by dashed

circles).
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" Wharton, Texas

Example from the Downdip Section of a Confined Aquifer

The second example of delineation of a wellhead protection area in a confined aquifer is for a
well in the well field of the City of Wharton, Wharton County, located in the Gulf Coastal Plain of
southeastern Texas (fig. 29). The City of Wharton is about 60 mi west of Houston and about 50 mi north
of the coést of the Gulf of Mexico. The city water wells are located on empty lots throughout the city
(fig. 31). A wellhead protection area is designed for City of Wharton well 3 (also called 402), which is

screened from 600 to 900 ft in the Wiilis Sand of the Chicot aquifer.
Hydrogeologic Setting

The area is humid, subtropical, and annual rainfall averages 41 inches per year, which is less
than average annual potential evaporation (Loskot and othérs, 1982). The topography is relatively
flat, characteristic of coastal plains of low relief. In Wharton‘ County, the main hydrogeologic units
consist of Pleistocene and Pliocene sequences of gravel, sand, silt, and clay. All formations crop out in
belté that are nearly parallel to the shoreline and dip towards the Gulf of Mexico. The stratigraphic
sequencé can be divided into three hydrogeologic ‘units (Loskot and others, 1982): (1) the Chicot aquifer,
that includes the Willis Sand, Bentley Formation, Montgomery Formatioh, the Beaumont Clay of
Pleistocene age, and Holocene Alluvium; (2) the underlying Evangeiine aquifer, that includes the
Pliocene Coliad Sand; and (3) the Burkeville confining layer that consists of the Upper Miocene
Fleming Formation and underlies the Evéngeline aquifer. The shallow Beaumont Clay consists of a
thick sequence of mostly clays with only local sands and is considered a major confining unit for the
Chicot and underlying Evangeline aquiferé. Locally, the Beaumont Clay can produce some ground water
from interbedded sand bodies. The Chicot aquifer réaches- a depth of about 600 ft below sea level in the

vicinity of Wharton. The Willis Sand is the major waterbearing unit of the Chicot aquifer. Its updip
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outcrop, the main area of recharge from Wharton County, is in Colorado County, which is

approximately 30 mi northwest of the City of Wharton.
Deterrnining. Conﬁnernent

The degree of confinement of the well field has been evaluated using geologic, hydrologic, and 'v

- hydrochemical criteria..
Geologic Approach

-1 Geologlc Map and Cross Section

The wells of the Crty of Wharton are located on alluvrum of the Colorado River. Beneath the
alluvium, the Beaumont Formatlon consxsts of thrck clay wrth mterbedded sand and acts as a confmmg
unit for the underlymg erhs Sand. The potentlal for confmement is not apparent from the outcrop map
‘ but from the subsurface data. A | |
| The subsurface dlstnbutron of sand and shale is depxcted in ﬁgure 40 showmg dnller’ s logs and
geophysical logs of the municipal wells of the C1ty of Wharton. T.he entire geologic sectlon contains
interlayered sands and shales 1nd1cat1ng the presence of confxnmg layers, with thxcker sands of the

Wl]llS Sand occumng at greater depth Except for wells 1 and 3, which are about 70 ft apart, the sands

- of the different wells cannot be correlated to assess the lateral continuity of the clay layers (fig. 40)

2 Vanous Mappmg Methods ‘,

Envrronmental geology maps by McGowen and others (1976) show clayey sands and srlts as the
- "dominant surfncral deposrts 'I'he deposrts are charactenzed by moderate permeabrhty, dramage, and g
water-holdmg capacrty in the Wharton area. The general sonl map of Wharton County pubhshed by
the U.S. Soil Conservatlon Serv1ce (1979) shows the predommant soil in the Clty of Wharton to be of

the Miller-Norwood association. This soil type is  characterized by moderately well-dramed ‘
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calcareous soils oﬁ flood plains: that are underlain by Recent loamy and clayey Alluvium. "I"he '
" variability of surficial deposits does not give a gl_éar indication of the potential for confinement.

- Potential locations of a'rtifbici‘al penetrations of the confining unit were obtained from maps
available from the‘Texvas Railroad Corhmission, which regﬁlafes the oil and gas industry in the State.
The Commission’s records indicate se§eral, oil wells at the outskirts of the Cify of Wharton, some of -
which are within a mile of the city water wells (fig. 31), but no drilling has been conducted in the c1ty
If they are abandoned and‘ inappropriately sealéd, tﬁé cﬁl wells may fepresent potential pathways for
contamination. The well records, however, may not be cOmblete, and additional inf@rmation on the
potential locations of értificial penetrationé ﬁay be obtainedvfrom laﬁd-use.maps and air photos that

indicate industrial developments m the area.
Hydrologic Approach

1. Water-Level E‘levationsi in Wells.

Water levels for the differeni wells in Wharton are shown on ﬁguré 40. A potentiometric surface
of the Chicot aquifer in Wharton Coqnt&, howéver, was not constructed because of é wide range in
measured Water levels vertically, vlaterally, and over time within the aquifer. Ground water in the
aquifer is used ex‘tensivelyiin the county‘ for agricultural‘ and municipal ﬁses which has resulted in
water-level declines as muchv as 50 ft over the last 20 yr. A regional hydrolégic cross section (Dutton énd
Richter, 1990) indiéates a i'elatively small lateral gfa&ient but a significant downward hydraulic
gradient (fig. 41).vThe regidnal lateral ﬁydraulié glfadient is leés than 0.0005. The vertical hydraulic
gradient indicates a pbtential for shallow ground water to leak into the deeper aquifer units.

2. Puinping—Test‘DaQ | o |

(a) Extent of cone of depression

A pumping test conducted at v;'ell 40 (fig. 42) did not produce drawdown in well 402, which is =

located about 70 ft away from the pumping well. Note, however, that the screened intervals are at
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Figure 41. Regional hydrologic cross section through Wharton and adjacent counties showing vertical
distribution of hydraulic heads (from Dutton and Richter, 1990).
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Figure 42. Log-log plot of drawdown versus time in the pumping well 406, indicating the drawdown
stabilized after about 4 min. ’

‘136



dlfferent elevations in the two wells (ﬁg 40) and may be in poor hydraulic connection; thus, the cone of
depressxon of well 406 may extend more than 70 ft. ’ .

(b) Transmissivity |

Attemptsv to calculate transmissivity from a pumping test at well 406 on May 25, 1989, were
limited due to measurement problems. Drawdown in the purnping well was determinedfrom pressure '
‘ .changes i'n'an air line. Leakage of the air line was notic'ed, and the drawdown curve may be somewhat
affected by this leakage | | | |

Usmg the stralght-lme segment of the second part of the drawdown curve (fig. 43) a
transrmssthy value of about 40,000 gal/ day/ ft is calculated. This value is relatlvely high for typlcal
transmissivity for other wells in the Ch_i,clot aquifer. Matching- the log-log plot of drawdown versus
time (fig. 42) with leaky type curves gives an estimate of about‘3’,870 gal/day/ft.

A transrnissivity of 14,000 gal/ day/ft was estimated from model calibration yvith available
~ data from the area. The 14 ,000 value is con51dered a better estlmate of transmissivity. |

(c) Storat1v1ty -

Storat1v1ty was not obtained from the pumpmg test in well 406 Reported storativities for the
Chicot aquxfer in the vicinity of the c1ty of Wharton are in the order of 102 (Dutton and Rlchter, 1990).
Although the value is higher than the typlcal value of 10‘4 for a confmed aqulfer, abundant clay
layers within the aquifer (fxg 40) probably account for the hxgher storatwnty in the aqulfer |

(d Leakage |

The log-log plot of drawdown versus time for a pump test on well 406 follows a very typlcal leaky |
type curve where the rate of drawdown became sxgmﬁcantly reduced about 4 min after pumping started »
(fig. 42). However w1thout water-level measurements-ma nearby monitoring well, leakage cannot be
quantitatively estlmated Leakage from sand layers above and below the producmg zone may occur
~(fig. 40), because not all of the sand mtervals are screened and some of the shale layers ad;acent to the |

- screened sand intervals are relatively thm. ‘
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Figure 43. Semilog plot of negative drawdown versus time based on a 3-hr pumping test in well 406.
Based on the slope of the straight line sect:on, a dlstance-drawdown curve can be inferred, but is
considered to be unrealistic.
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Numerical Model. Due to the uncertainty in estimated transmissivities from the pumping test in
-well 406, a numerical model was used to test the sensitivify of drawdown to transmissivity. The results :

of the numerical model are discussed later in the wellhead protection area delineation section.
Hydrochemical Approach

1. General Water Chemistry

The distribution of hydrochemical facies along a vertical cross section in the direction of the
regional dip of the hydrostratigraphic units is shown in figure 44. Most of the grouﬁd water in Wharton
County in the Chicot and Evangeline‘ aquifers is of a Ca-HCOj3 typé. |

"The ground waters in the overlying Beaumont Formation are Na-HCOs- and Na-Cl-type waters.
This supports the hydraulic data indicating that the shallow Beaumont Formation is hydraﬁllically
separated from the deeper aquifer units. Although an overall downward hydraulic gradient is
observed (fig. 41), shalleV ground water has not reached the deeper aquifers because of the relatively
low vertical permeability of the Beaumont Formation.

Records of watér—chemistry data from the Wharton City wells do not shoyv any changes through
tirﬁe, which indicates that the source of ground water has remained constant and has not been changed
by extensive pumpage during the last several decades. |

2. Carbon-14 Age Determination

Absolute ground-water ages based on 14C analyses at two wells 406 af\d 402, were 15,000 and 24,000
yr (fig. 44), corresponding to the deeper 'Ca-HCOg-fype and shallower Na-HCO;3-type ground water,
respectively. Both waters show very great ages. The Ca-HCOg-type water in the deeper, but more
transmissive, Chicot aquifer is younger than the Na-HCOjs-type water from the shallower, less
transmissive Beaumont Formation. Ground water recharged to the Chicot from the west where the

Beaumont is absent appears to have flowed beneath the overlying Beaumont Formation.
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Figure 44. Distribution of hydrochemical facies along a vertical cross section in the downdip direction

(from Dutton and Richter, 1990).
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3. Triﬁum

Tritium analyses of water samples collected in wells 406 and 402 both indicated tritium
concentrations below detection lrimit. This is consistent with the relatively great age based on 14C
analysis. The absence of any tritium also indicates‘ that no rapid recharge occurs through localized

features such as faults and fractures allowing mixing with younger ground water. -
Conclusions on Confinement

- The C and tritium conceﬁtrafioné in well 406 indicate very old ground water. The producing zoné

of well 406, therefore, is considered highly confined. The hydraulic héad distribution indipates an

- overall downward gradient; however, the difference in water cherrﬁstry and ground-water ages
- between the shallow and deep sections indicates a lack of significant downward ground-water
movement. Although pﬁmping-test dat; indicate a leaky behavior, leakage is interpreted to come from

vertically adjacent sand units, which are not screened.
Wellhead Protection Area Delineation

A wellhead proteétion area was delineated for well 406 (Wharton city well 3; fig. 31), using the

cone of depression and time of travel approaches.
Cone of Depression Approach

Analytical Solutions énd Simpie Comﬁuter Models Method. Thg serﬁilog plot of negativ‘e
drawdown versus time (ﬁg;v43) shows twd straight-line sections, (1) from 0.2 to 3 min and (2) from 3 to
200 min. The first section is affected by well-bore storage and does not represent aquifer conditions. The
second section is affected by leakage. Usingr the reiationship bétween the slope of the time-drawdown

curve and the distance-drawdown curve, the extent of the cone of depression is estimated at about
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100, 000 ft (fig 43) This value, however, is consndered a gross overestimatlon due to the observed

k ‘leakage into the aquifer Leakage reduces the rate of drawdown, and thereby decreases the slope of the -

R .dlstance-drawdown curve. Calculatmg the lateral extent of a cone of depressron w1th drawdown versus

t1me data may not be appropriate if the aquifer is semiconfmed and characterized by sngmflcant -
~ leakage.
- Analytical solutions describing well discharge for'equilibrium conditions (Thiern. equation) and

non"equi'librium' Conditions (Theis equation) arealso used‘for estimating the'radius of the ‘cone of‘f

‘ depressron Usmg a transmnssrwty of 14, 000 gal/day/ft based on the model calibration (discussed . "

below), a pumpmg rate of 940 gpm, and a storat1v1ty of 0. 01 the calculated radius of the 1-ft drawdown
v 'contour extends to 342 ft after 3 hr of pumpage | o | | |
For equilibrium conditlons (Thiem equation) the extent of the cone of depressron is calculated at
243 ft based onT= 14 /000 gal/ day/ ft (fig. 45). | | | |
 Because of the uncertainty in transmnssthies estirnated from the bpumpmg test in well 406 a
numerical model was used to test the sensxtlwty of transrnisswity and storage on drawdown Although o
v the hydrostratigraphy shows a hlghly heterogeneous aquifer (fig 40) the s:mulations were performed
- using a one-layer representation of the aquifer The reglonal hydraulic gradlent in the v1c1n1ty of |
‘Wharton is very small (less than 0. 001) and was assumed to be negllgible A semianalytical ‘Software
package (Walton 1987) was used to srmulate drawdown ina smgle well under a vanety of condltions
In this case Walton s program is well sulted for wellhead protection delineation, as 1t computes not‘ '
only drawdown ina pumpmg well but also calculates the distance-drawdown relatlonslup
Ina senes of srmulatlons where transmlsswity, storatrvxty, and leakage were vaned the best fit
'w1th the observed data was obtamed when usmg a transrmssmty of 14 000 gal/ day/ ft, a storatrvrty of
0. 01 and an aquitard permeability that is only one order of magmtude lower than aquiferv |
: permeabihty Both hlgh storat1v1ty in and high leakage to the aquifer can be expected consrdermg _‘
the overall hydrostratigraphy (fig 40) Based on these callbrated hydrologrc properties, the

"‘calculated 1-ft drawdown contour extends to about 350 ft from the pumpmg well after 3 hr of pumpage v
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Figure 45. Radial distance for wellhead protection areas for well no. 406 for Wharton, Texas. The
distances on right side of figure used cone of depression approach. Radial distance on left sxde of ﬁgure
used time of travel approach and cone of depression/time of travel approacha

143



Time of Travel Approach

Cylinder Method. Using the cylinder method, a radius of about 4',1)00 ft (fig. 45) was calculated
for a 40-yr time period for well 406, based on a pumpage rate of 940 gpm, a screened interval of 200 ft,

and a porosity of 0.25. This approaéh assumes no vertical leakage:

Cone of Depression/Time of Travel Method. Using the cone of depression/ time of ,travel method
with a 40-yr threshold, and a hydraulic gradient based on the lateral extent of the cone of depression
of 350 ft and 90 ft drawdown at the pumping well, the wellhead protection radius is approximately
1,000 ft (ﬁg 45). In this case the 40-yr tlme of travel contour is larger than the lateral extent of the cone

of depressnon

'Semianalytical Method (WHPA Médel_).‘ The 40-yr tirr\e of travel for the pumping well was
calculated using the WHPA computer program (Blanferd and Huyakorn, 1990). As mentioned‘ be’fdre,
the version of the WHPA prograrh that was used did not include the effects ot leakage and thereby
assumed a dlstance-drawdown curve typical for highly confined aquers Using a transmissivity value
of 14,000 gal/ day/ ft, the 40-yr time of travel contour computed by the WHPA program extends to about
4, 000 ft from the pumpmg well (fig. 45). With the regxonal hydraulic gradlent assumed to be less than

0.0005 (fig. 41), all wellhead protection areas were circular in shape.

Recommended Wellhead Protection Area

A comparison of the results of the different methods is shown in figure 45. The time of travel
calculations generally yreld greater capture zones than the cone of depresswn calculations. The 350-ft
radius for the cone of depressxon was based on a simulated 3-hr pump test. The actual size of the cone of

depression could not be determmed. A wellhead protection radius of 1,000 ft is considered a reasonable
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approximétion for this leaky aquifer based on the cone of depreésién/ tirr‘e of trével method with a 40{
yr threshbld. The 4,000-ft fadius from the 40-yr time of travel method usingb theivdlumetric-ﬂow
equation (cylinder method) or the WHPA computer programrwas kcalculated without consideration of
the effects of leakage; thus, 4,000 ft overestimates the létera‘l extent of the cone of depréssion where
the cone of depression is based’ on a 3-hr pump tesi. The WHPA program and the cyiinder method givea |
conservative‘ éétimaté of the wellhead protectioﬁ area énd are apiaropriate wheﬁ information about
aquifer properties, for example,vtransmissviyity, léakage, andr stofaﬁ?ity, is not available. Localf
protectior{zones in the vicinity of existing wells shpﬁld ‘b‘e established to ﬁrovide higher priority

protection zones.
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’ ’I‘ntroduction

Major and sign_ificant nlinor"confineo aquifers (he‘reafter referred to only as “confined aci_uifers”)
occur throughout the United States, the Corrlmonyvealth ot 'PuertobRico, andb the Pacific and Caribbean
Territories (Back and 'others, 1988). | o ‘ B

- The rnap of confined aquifers of the United States (fig 46) primarily is based or\ u. S. GeologiCal 5
Survey (USGS) mformatlon contamed in Moody and Chase (1985) Other 51gn1f1cant mformatlon comes "
from Heath (1984), Sun (1987, 1988) Weeks and Sun (1987) and Moody and others (1988). Flgure 46 also
' mcorporates information from Gertach, 1970, Davies and others, 1984,'and from telephone interviews
- with scientists at USGS district offic’es. Fenneman’s 194‘6‘map“was used as a guicie for confined-aquifer
boundaries. - | |

Only aquifers of drinking-, bivrrigat.ion- oF s'tockQWater quality are depicted on fi:g'ure'v46.fWhere
researchers in ad]ommg States do not beheve that strata servmg as a sngmﬁcant aquxfer in one State
constitute a sxgmﬁcant aquxfer in the ad]ommg State, lt was necessary to approxrmate the posxtlon of
the boundary separatmg the presence and absence of a confined aquifer, to be near the States common

border. Dashed lines are used in figure 46 to represent sucha bounda_ry.
| ‘Acknowledg‘ments
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Land, Gerald Lindholm, Robert MacNish, Joe Moreland, William Oakley, Glenn Patterson, Kathy
Peter, Michael Planert, Stanley Robson, Michael Shulters, Dennis Stewart, Arturo Torres, Donald
Vaupél, John Vecchioli, John Wi]liams, and Thomas Winterstein.

The EPA scientist is John Malleck.
General Description of Confined Aquifers

For ease of discussion, aquifers of the continental United States are grouped into four general
physiographic,regions (fig. 47) (after Fenneman, 1946): (1) the Atlantic Coastal and Gulf of Mexico
Coastal Plains from New York to Mexico; (25 the Appalachian Highlands from Maine to central

- Alabama, and the geologically similar Laurentian Uplands of Minnesota and Wisconsin; (3) the
Midcontinent section, consisting of the Interior Plains and Interior Highlands, with mature basins and
dissected plains;b and (4) the western portion of the United States, consisting of the Rocky and Pacific

Mountain Systems and the Intermontane Plateaus and Basins.
‘Physiographic Region 1

The Atlantic Plain and the Gulf of Mexico Plain contain confined aquifers. The unconfined areas v
within the general Physiographic Region include such aquifers as the Floridan, which is unconfined in
the outcrop area but confined where buried deeply (Sinnott and Cushing, 1978; Burchett, 1986; and

Moody and Chase, 1985).
Physiographic Region 2

All the New England States contained fractured, crystalline bedrock aquifers overlain by glacial
deposits. In New Hampshire, Vermont, Massachusetts, and Connecticut, the bedrock a_quifers are

confined by overlying glacial till, and in some places by glacial-lake sediments. Rhode Island is not
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' 'depictedas containing confined aqnifers ‘_(fig._ 46) because the till that overlies bedrock is not considered
to becOnfining in this State. Maine's aquifers of till, of glaciofluvial outwash, and of ice-contact
deposits are generally unconfined' and are‘foun‘d in most of the State.'Carbonate a.quifers in extreme
northeastern Maine are confined (Sinnottﬂand ’Cnshing, 1978). Primarily nnconfined crystalline adnifers
that are pervasive throughout most of Maine may be locally confined in ’areas too s_rnall to depict in |
 figure 46. ‘ |

| New York contains significant minor aquifers. These are: primarily unconflned carbonates;
primarily unconfined stratified drift; and inv small areas, confined sandstone aquifers and confined
valley-l’ill deposits (Waller and Finch, 1982). South of New York, most of the northwestern half of the
Appalachian Hig’hlands essentially ‘is van area of confined aquifers. Thesoutheastem half consists of -
the Blue Rndge Mountams and Piedmont which contam crystallme aquifers that are primarily
unconfined in Vlrglma, South Carolina, and Georgxa In eastern Tennessee, northern Alabama, and
northern Georgia, the crystallme rocks are pnmanly unconfmed (Zurawskx, 1978). In North Carolma,
similar crystalline rocks have been defmed as confmed low-yleld aquifers by the USGS For purposes
of this report, however, these aquifers are ot considered sxgmflcant because the sustained water ylelds '
come from the oyerlying, saturated regolith -

The Laurentian Upland is a recently glacrated surface on unconflned crystallme rocks (Weist,
1978) In Wisconsin the aqurfers are unconfined, and in the northeastern part of anesota the aquifers
are a generally confined combination of Crystalline, sandstone, and volcanic rocks. The southern extent .
of the Laurentxan Upland in Wlsconsm approxxmates the boundary between the northern unconfmed
aqurfers and the more southem (Physxographxc Reglon 3) Sandstone aquifer, that is conflned in the east

by the Maquoketa Shale and is locally confmed elsewhere (Moody and Chase, 1985). '
Physiographic Region 3

The Mldcontment portion of the Umted States consrsts of the Interior Plains and the Interior

Highlands (Bloyd 1974) A very large confmed-aqulfer area contammg several extensrve aquxfers
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. extends from Wlsconsm to westem Montana One of the confmed aqulfers is the Fort Umon Coal which
covers large parts of Montana, Wyoming, and the Dakotas The coal is confined except for a narrow area
around its perimeter where it either crops out or is shallow In Wyorrung, the Fort Union Coal is
underlain by carbonate and sandstone aquxfers that are also confmed (Reeder 1978)

| The remainder of the Region, mcludmg the extenswe ngh Plams aqulfer area, is predommantly
unconfmed Glacxal-drift aquifers of northem Missoun are confmed in buried valleys where overlam by
‘ relatively thick deposrts of low-permeablhty outwash (Taylor, 1978; Moody and Chase, 1985) These

minor aquifers are indxscermble at the scale of flgure 46.
- Physiographic Region 4 -

The We5tern United States is the Region of Intermontane Plateaus and Basins and the Rocky and
vPaeific Mountain Systems,_ This Region includes the extensive Columbia River Plateau, Wthh :
, .encompasses southeastern Washington, eastern ‘and'_central Oregon, the Snake River Plain of southern

Idaho, and the northern portions of California and Nevada (FoxWorthy,’ 1979; Whitehead, 1986). The
confined‘ aquifers ‘within ‘the area ‘of the plateau are the Columbia River Basalt aquifers of o
Washington and Oregon and the western Snake aner aquifer ‘The volcanic and sedimentary aquifers of
| the rest of the Columbia River Plateau are unconfmed but may be locally confmed in areas too small to
be shown in figure 46 | | |
| The aquifers in most of the rest of the Region are unconfmed except for the carbonate aquifers of -
the Great Basin’s eastern half located' mostly in eastern Nevada and western Utah (Dettinger, 1989).
Sedlments of the Central Valley in Caleomia constitute one of the Reglon ] most extensive aquifer
systems; the southern half of the valley 1s confmed (flg 46) (Thomas and Phoenix, 1976; Moody and

Chase, 1985).
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Alaska, the Hawaiian Islands, and the Pacific and Caribbeah Islands

Alaska has a varied and relatively complex geology. Tb date only one area has been determined
to contain confined aquiférs. This area is on thé soutﬂ coast néér Cook Inlet, where bésins and vafley’s
surrounciing a south-central embayment are filled with glécial till and fine-grained, glaciolacustrine -
~ materials that are interbedded With more’perm‘ea\‘ble water-worked deposits of sand and grével. "‘l'he
glacial outwash alluvium ‘is confined by glacial, lacustﬁne, and estuarine deposits (Zenone and
Anderson, 1978). | | |

The Hawaiian 1slands are composed of complex ‘volc‘anics that are, for' the most part, unconfined‘.
Some basal ground-wateri (that is, water that floats on, or is in hydrodynamic equilibrium with, salt
water) areas of the Iélénd of Oahu have been described as being locally confined Q‘here cap rock is
present. | |

In the Virgin Islands, ground water is prir'ﬁarily under water-fable cOndition5 except on bthe Island
of St. Thomas. On thaf island, sand and grasiel beds are locally confined by overlying alluvium.
Information is not available to delineate these éreas (Cosner énd Bogart, 1972; Jordan ‘and Cosner, 1973;
and Jordan, 1975). | |

.‘ Most of the water in Guam is produced from limestone aquifers that are primarily unconfined
(Ward and others, 1965). | |

| Puerto Rico has a confined-aquifer area along the western and central poftions of the north coast
of the main islanq. In this aréa, the Cibaq qumaﬁdn and‘vthe Lares Limestone are unconfined at

* outcrops but are confined at depth (Torres, 1985; 1986).
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APPENDIX 3



Glossary

The purpose of this Glossary is to provide a list of terms used in this document and comn*lonly used

by hydrogeologists, as well as some spec1f1c terms used in ground-water contamination’ assessments and
wellhead protectlon The definitions provided in this glossary are not necessarlly endorsed by the
Environmental Protection Agency nor are they to be viewed as suggested language for regulatory

purposes. Many of these definitions are from the U.S. Environmental Protection Agency (1987). -

Advection. The process by which solutes are transported by the bulk motion of the flowing ground

water.

Ahalytlcal model. A model that provides approximate or exact solutions to sii‘nplified mathematical
forms of the differential equations for water movement and solute transport. Analytical models can

generally be solved using calculators or computers.

Anisotropy. The condition of having differentqproperti’es in different directions. The condition under

which oueror’more of the hydraulic properties of an aquifer vary according to the direction of _ﬂow..

Anthropogenic. Involving the impact of man on namre; induced or altered by the presence and activities

of man.

Aquifer. A formation, group of formations, or ‘part of a formation that contains sufficient saturated

permeable material to yield sufficient, economical quantitie's of water to wells and springs.

Aquifer test. A test to defernline hyd_rologie properties of an acjuifer, involVing the withdrawal of

measured quantities of water from, or addition of water to, a well and the measurement of resulting
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changes in head in the aquifer both during and after the period of discharge or addition. Same as pump

test.

Area of influence. Area surrounding a pumping or recharging well within which the water table or

potentiometric surface has been changed 1ue to the well’s pumping or recharge.

Attenuation. The process of diminishing contaminant concentrations in ground water, due to filtration,

biodegradation, dilution, sorption, volatilization, and other processes.

Carbon-14 (14C). A radioisotbpe of carbon with a half life of 5,730 years. Carbon-14 concentration can be
used to estimate the age of a ground water (that is, the time since a ground water was recharged at land

surface and flowed to the point of collection).

Cone of depression (COD). A depression in the ground-water table or potentidmetric surface that has
the shape of an inverted cone and develops around a well from which water is being withdrawn. Its
trace (perimeter) on the land surface defines the zone of influence of a well. Also called pdniping cone

and cone of drawdown.

- Contaminant. An undesirable substance not normally present, or an unusually high concentration of a

naturally occurring substance, in water, soil, or other environmental medium.
Contamination. The degradation of natural water quality as a result of man’s activities.

Dispersion. The spreading and mixing of chemical constituents in ground water caused by diffusion and

mixing due to microscopic variations in velocities within and between pores.
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Drawdown. The vertical distance ground-‘watér elevation is lo;vered, or the arﬁdunt head is reduced, ‘
due to the removal of ground water. Also the decline in potentiometric surface caused by the
withdrawal of water-r from a hyd‘rogeoldgic, un_if. The distance between the static water level and the
surfabe of the Eon‘e of dépression. A lowering of the water table of an unconfined aquifer or the‘

‘potentiometric surface of a confined aquifer caused by pumping of ground water from wells.
Fissure. A fracture or crack in a rock along which there is a distinct separation.

Flow line. The general path 'that‘.a particle of water follows under laminar flow conditions. Line
indicating the direction followed by ground water toward points of discharge. Flow lines generally are |

considered perpendicular to equipoténtial lines.

Flow model. A computer model that célculates a hydraulic head field for the study area using
numerical methods to arrive at an apljroximate solution to the differential equation of ground-water

flow.

V ’ quw path. The patf\ a watef mélecule or so‘lut;‘e‘follows jn fhé subsurface.

frachre. A general tefni .for‘an‘y bfeak ina rock, whi‘ch’v»includes: cragks, jo?nts, and faults.
Grdund-watek' ban_’ief. Roé:k or artificiai rhaterial w1th a reléti?ely low perméability that occurs (or is
placed) beloﬂv ground surface, whére it impedeé the 'mbvemént of ground watevrv and thus may cause a

pronounced difference in the heads on opposite sides of the barrier. '

Ground-water basin. General term used to define a ground-water flow system that has defined

boundaries and may include more than one aQuifér; The basin includes both the surface area and the
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permeable materials beneath it. A rathef vague designation pertaining to a ground-water reservoir
that is more or less separate from neighboring ground-water reservoirs. A ground-water basin could be

separated from adjacent basins by geologic boundaries or by hydrdlogic boundaries.
Ground-water divide. Ridge in the water table, or potentiometric surface, from which ground water
moves away at righit angles in both directions. Line of highest hydraulic head in the water table or

potentiometric surface.

Ground-water mound. Raised area in a water table or other potentiometric surface, created by ground-

water recharge.

Head, total. Height of the column of water at a given point in a ground-water system above a datum
plane such as mean sea level. The sum of the élevation head (distance of a point above datum), the
pressure head (the height of a column of liquid that can be supported by static pressure at the point),
and the velocity head (the height to which the liquid can be raised by its kinetic energy).

Heterogeneity. Characteristic of a medium in which material properties vary from point to point.

Highly confined aquifer. A confined aquifer that receives only minor leakage through overlying

confining strata.
Homogeneity. Characteristic of a medium in which material properties are identical throughout.

Hydraulic conductivity (K). A coefficient of proportionality describing the rate at which water can

move through a permeable medium.
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Hydraulic gradient (. Slo.peof a watef table or potentiometnc surface. More specifically, changevin :
head per unit of distance in a glven directxon, generally the directlon of the maximum rate of decrease
~in head The rate of change in total head per unit of distance of flow in a given dlrection The change in ’
Vtotal head with a change in distance in a given dlrection. The du'ectlon is that whic_h _,ylelds a

o maatimurn rate of decfease: in head. The difference in h&dranlic hea_d.s (hy - hzl, divided ‘byvthe distance

i along the flowpath.

Hvydroge'olog‘ic» uni}t.bAny soil or rock unit or zone that because of its hydraulic properties has a distinct

influence on the storage or movement of ground water.

Impermeable. Characteristic of geologic materials that limit their ability to transmit significant

quantities of water under the head differences normally found in the subsurface environrnent.'

Interference. The fesult of two or more oumping wells, the drawdown cones of which intercept. vA‘t a.
glVen location.,. the total well interference is the sum of the drawdowns due to each individual well.
The condition occumng ‘when the area of mfluence of a water well comes into contact with or overlaps N
that of a nexghbormg well as when two wells are pumpmg from the same aquifer or are located near

each other.

Isochrone. Plotted line graphically connectmg all pomts having the same time of travel for water or

contaminants to move through the saturated zone and reach a well.

Isotropy. The condition in which the propertles of mterest (generally hydrauhc propertxes of the o

aqunfer) are the same in all dlrections '
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Leakage. The vertical flow of ground water; commonly used in the context of vertical ground-water flow

through confining strata.

Maximum contaminant level (MCL). Maximum permissible level of a contaminant in water that is
delivered to the users of a publié water system. Maximum containment level is defined more explicitly

in Safe Drinking Water Act (SDWA) regulations (40 CFR Section 141.2).‘ »

Observation well. A well drilled in a selected location for the pli'rpose of observing parameters such as

water levels or water chemistry changes.

Piezometric surface. See potentiometric surface.
Point source. Any discernible, confined, or discrete conveyance from which pollutants are or may be
discharged, including, but not limited to, pipes, ditches, channels, tunnels, conduits, wells, containers,

- rolling stock, concentrated animal feeding operations, or vessels.

Porosity. The ratio of the volume of void spaées in a rock or sediment to the total volume of the rock or

sediment.

Potable water. Suitable for human consumption as drinkihg water.

Potentiometric surface. A surface that represents the level to which water will rise in tightly cased
wells. If the head varies significantly with depth in the aquifer, then there may be more than one

potentiometric surface. The water table is a particular pdtentiometric surface for an unconfined aquifer.

Radial flow. The flow of water in an aquifer toward a well.
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Recharge area. Area in which water reaches the ground-Watér_‘ reservoir by surface infiltration. An

area in which there is a downward component of hydraulic head in the équifet.

* Semiconfined aquifer. A confined aquifer whose confining bed may vertically conduct significant

quantities of water.
Stagnation point. A place in a ground-water flow field at which the ground water is not moving.

Time of travel (TOT). The time required for a contaminant to move in the saturated zone from a specific

point to a well.

Tritium (H). The radioactive isotope of hydrogen with a half-life of 12.3 years. The presence or
absence of tritium in ground water provides a method for estimating when the water was recharged at
land surface.

Unconfined aquifer. An aquifer over which thére is no confining strata.

Well field. An area containing two or more wells supplying a public water supply system.

Wellhead. The physical structure, facility, or device at the land surface from or through which ground

water flows or is pumped from subsurface, water-bearing formations.
Wellhead protection area (WHPA). The surface and subsurface area surrounding a water well or well

field, supplying a public water system, through which contaminants are reasohably']ikely to move

~toward and reach such water well or well field.
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Zone of contribution (ZOC). The area surrounding a pumping well that encompasses all areas and

features that supply ground-water recharge to the well.

Zone of influence (ZOI). The area surrounding a pumping well within which the water table or

potentiometric surfaces have been changed due to ground-water withdrawal.

Zone of transport (ZOT). The area surrounding a pumping well, bounded by an isochrone and/or

isoconcentration contour, through which a contaminant may travel and reach the well.
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