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 DELINEATION.OF WELLHEAD PROTECTION AREAS IN FRACTURED ROCKS. -

| ABSTl?LACT

. In 1987 the U.S. Envxmnmental Protection Agency (EPA) published gutdehnes for
_dehneanon of wellhead protection. areas (WHPA) to meet the requuements of the 1986
Amendments of the Safe Drinking Water Act of 1974. In the document. EPA concentrated on
 WHPA delineation in common types of aquers--granular, porous aquifers ander unconfined
conditions. In 1989 the Wisconsin Geological and Natural History Survey prepared this report,
‘under an agreement with EPA to evaluate methods for WHPA delineation in unconﬁned o
fractured-rock aqutfers ‘

Two fractured-rock settmgs were selected for the study Pxecambnan crystalhne rocks in - L

" _central Wisconsin and.Silurian dolomite in northeastern Wisconsin. In both situations, densely
fractured rocks behaved as uniform, porous media at the scale of field tests. Potential methods

for WHPA delineation were tested using a full range of hydrogeologxc investigations, including -

water-table mapping, coliection and analysis of water samples, geophysxcal loggmg, momtormg, :
- .and numencal modelmg : .

The methods tested ranged from sxmple "coolne-cutter approaches 0 'Acomp‘lex conipiitet
" models, including the fixed radius methods, flow-system and. vulnerability mapping methods,
residence-time methods, and numerical flow/transport models. The evaluation of these methods

- indicated that flow-system mapping (combined either with time of travel criterion or, calculations

~ using the uniform flow equation) and numerical modeling are the two most viable approaches
to wellhead protectlon in fractured rocks that act as porous media at the WHPA scale..
~ Flow-system mapping is especially useful when a ground-water divide is relattvely close to the
protected well, and it offers reasonable accuracy at the least cost. Numerical modeling (the most
. expensive. method) provides increased precxston and a better three-dxmensxonal plcturc, wluch-
may Jusufy the mcreased costs, especxally in comphcated settmgs . : e

Four WHPA delmeatxon approaches are suggested for unconfined fractured-rock aqutfers that '

E “do not behave as porous media. Vulnerability mapping combined with the arbitrary fixed radius

- method or the simplified variable shape method produces a WHPA that inchides most, of the
areas near the well that are susceptible to ground-water contamination. Hydrogeologtc mapping
- can be used to determine ground-water basin. boundaries and in some ‘cases, the ground-water

basin may function as the ZOC for a- given well. The geochemical approach may be used to. -

. provide information on relative ground-water ages and source areas.  Numerical ground- -water
flow/transport models, used carefully, may be able to simulate flow in discrete fractures or
fracture zones. Even' though 'the models are based upon porous-media assumpuons. careful .
- discretization can allow one to mcorporate a few htgh-permeabthty fractures or fractm'e zones

© into the model desxgn ‘ , _
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 EXECUTIVE SUMMARY
3 Bacl_igfouh‘d |

The 1986 Amendments to the Safe Drinking Water Act (SDWA).of 1974 established a _

" nationwide program to prevent contamination of ground-water sources tapped by public water

supply- wells--the Wellhead Protection Program. The U.S. Environmental Protection Agency

(EPA) was required to provide technical ‘guidance to help state, tribal, and local agencies
. implement the hydrogeologic aspects of the program. In 1987 EPA published "Guidelines for
 Delineation of Wellhead Protection: Areas” to meet this requirement. The guidelines provided:
'a summary of criteria and methods for delineating wellhead protection areas (WHPAS). - The
~ document concentrated on WHPA delineation in one common fype of aquifer--the porous, = . -

* granular aquifer existing under unconfined conditions. Given the lack of attention by the states |
- at that point to delineating specific WHPAS in confined aquifers and less common fractured-rock

aquifers, the guidance provided limited information on such settings.

This iépbn, ;'Delinéation of Wcllhcadr Protection Areas in Fractured Rbcks,“ was prepared

by the Wisconsin Geological and Natural History Survey (WGNHS), under an agreement with
" the EPA Office of Ground-Water Protection, to evaluate approaches to delincating WHPAs in -

anconfined fractured-rock’ aquifers that would be applicable to fractured-rock settings in .
Wisconsin and in similar sertings elsewhere in the United States. C S

Hydrogeologic Setting

~ Two fractﬁred-ibck sétﬁngs were selected for the snidy: Pmcambnan Cryéiallinc rocks in’

‘central Wisconsin and Silurian dolomite in northeastern Wisconsin. The first test site is typical

of terrains where crystalline rocks are at or near the land surface and covered only by residual -

- soil or a thin layer of unlithified deposits, and where fractured crystalline rocks are the sole

i

source of community water. supplies. The second test site is- typical of fractured sedimentary

" . carbonate-rock aquifers cither exposed at the land surface or covered by thin soils, where .~

potential for ground-water contamination is. very high. Due to abundant fractures, the fractured
rocks at both sites behaved as porous media at the. scale of field tests. The porous-media

assumption implies that the hydraulic properties,of the individual fractures are not important and o

th'at the aquifer can be treated as a continuum-when the problem scale is large enough.

Appro'achsl:Usea o ]

" Methods to delincate WHPAs were tested using a full ra;ige of hydrogeologic ihvestigaﬁbns, : |

vincluding water-table mapping;. collection and analysis of water samples, geophysical logging,
aquifer testing, and numerical modeling. Four approaches to WHPA delineation were tested at

xi-




the two test sites. The overall goal of each approach was 1o delineate the zone of influence
(ZOI) or the zone of contribution (ZOC) of a well in an unconfined fractured-rock aquifer.”

Four main approaches were used for testing WHPA delineation methods. ‘The first approach |
included calculating the ZOI of a well by standard well and ground-water hydraulics equations. -
These equations are based on the assumption that a large body of fractured rock with closely
spaced fractures acts hydraulically similar to a porous, granular medium. The second approach
involved mapping hydrologic and geologic boundaries, as well as identifying arcas of the . _
landscape particularly vulnerable to ground-water contamination. The third approach utilized = |
geochemical and isotopic indicators to estimate the age and source of water produced by a well.
The isotopic results can be used to verify the validity of the ZOC estimates based on hydraulic:
considerations alone. . The fourth, and meost. sophisticated approach, was the construction and = -
calibration of a detailed, three-dimensional numerical ground-water flow/transport model of each
study area. = S o o ’ S

* WHPA Delineation Criteria -

WHPA delineation is based upon the analysis of criteria, thresholds, and delineation . |~
methods. The criteria and thresholds incorporate the general technical basis of the WHPA. The
WHPA delineation methods are techniques by which criteria and thresholds are translated into |
on-the-ground or on-the-map WHPA boundaries. v L A

Criteria used for the WHPA delineation at the two test sites in Wisconsin were adopted from "+

the 1987 EPA guidelines and included I o ; i
1) distance from the well, , : R i : o
2) drawdown around the well, . : -
3) time of travel (TOT) to the well, and ' -

4) -ground-water flow system boundaries. .

Some combinations of these criteria will work better than others in establishing a wellhead
protection program in fractured rocks. For éxample, the distance criterion would not work well -
by itself because it does not account for any site-specific hydrogeologic characteristics. The
drawdown criterion leads to the delineation of a ZOI only, which is not a good basis for a-
WHPA in fractured rocks for two reasons. First, the dimensions of the drawdown cone may be
too small for the porous-media assumption to be valid. Second, unless the water table is nearly
horizontal, the zone of influence will seriously underestimate the true ZO(Z. A more protective
WHPA is probably based on the flow-system boundary criterion. Delincation of ground-water
divides and flow lines is done at a large enough scale that the assumption that fracured rock .
behaves as a uniform porous medium is likely to be valid. Even if the porous-media assumption  *
is not completely valid, flow-system mapping may delineate zones of conduit fracture flow,
which can often be simulated numerically. : ' ' - P
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"arbitrary fixed radius method or the simplified variable shapes method.

WHPA Deliﬁgétion ‘Methods

Following selection of WHPA delineation criteria, six methods were tested for WHPA
" delineation at the two test sites in Wisconsin. The methods, in order of incrcasing[complcx»ity‘v

include - .
1) arbitrary fixed radius,
'2) .calculated fixed radius,
3) ‘vulnerability mapping,
4) flow-system mapping, .
~ - with TOT calculations, -
- with analytical equations,
5) residence-time approach, and
- 6) numerical flow/transport modeling.

' The first two methods are not recommended for WHPA delinc;;’tion in fractured rocks. The
arbitrary fixed radius method does not incorporate any hydrogeologic considerations, and the
estimates of the radius are more difficult to make'in complex fractured-rock conditions than in

' porous media. The calculated fixed radius method resulted in unrealistic radii around the

- protected well, probably because the errors associated with aquifer parameter estimates and with. -
_estimates of the time required for the aquifer to reach steady state are larger in fractured rocks

than in porous media.

~ Vulnerability ix\xappiiig éan“be' applied to any type of hydrogeologic semng This method

"~ does not delineate a ZOC for a well; rather, it identifies areas - particularly- vulnerable to

ground-water contamination. A WHPA that includes most of the arcas near the well that are -
susceptible to contamination can be delineated by combining vulnerability mapping with the -

S

B The ﬂdW-syStcm mapping method utilizes ﬂow-.‘sys'tcm boundaries, and it is a very efficient

' method for delineating ZOCs in fractured-rock settings, especially where the flow-system

boundaries are close to the well. A water-table map can be compiled with a minimum of field
work if enough water-level data are available from ag.:cies’ water-well files and if water-level

" fluctuations in the area are relatively small. In general, flow-system mapping requires ‘the

assumption that the fractured rock behaves as a porous medium at the scale of the problem.
However, in cases where the aquifer does not behave as a porous medium, the flow-system .

. mapping technique may be usefu! for delineating fracture conduits or zones of high hydraulic -
conductivity. The WHPA for the well should then take such zones into account. o

- Combining the flow-system mapping method with calculations of the time of travel or with

calculations using the uniform flow ‘equation may lead to a2 more accurate ZOC for relatively -~

litle additional cost. These combination methods offer ‘reasonably accurate and cfficient
protection for wells in many fractured-rock settings, but they may not be adequate if the fractured '

‘rock doesnot act as a porous medium. o
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The residence-time approach utilizes water chemistry and isotopes to identify ground-water '
flow paths and to provide informaton on relative ground-water ages and source areas. This
approach does not assume that the fractured rock behaves as a uniform porous medium. The
residence-time approach does not delineate a ZOC and is therefore only useful when used in
combination with other WHPA delineation methods, especially with the flow-system mapping
and numerical models. The method can identify those: hydrogeologic settings where recent
recharge indicates vulnerability to potential contamination. : . o

Numerical models use mathematical approximations of ground-water flow and/or
contaminant transport equations that can take into account a variety of ‘hydrogeologic and
contamination conditions and do not necessarily require that aquifers behave as- porous media. -
The flexibility of computer models allows for handling features such as conductive fracture zones
in some relatively simple settings. These models possibly offer the most accurate ZOC
delineation, but at considerable cost, which may be justified in complex settings or when great
accuracy is required. T o :

The study of two fractured-rock settings in Wisconsin demonstrated. that standard |
ground-water flow equations and field techniques developed for porous media can be used for
the delineation of WHPAs protection areas in fractured rocks. Even s0, both sites were complex
enough that methods less sophisticated than flow-system mapping did not encompass enough of
the site characteristics to result in an adequate WHPA. - The aquifers at hoth sites were
heterogeneous and anisotropic, and numerical modeling was the only method able to take the
heterogeneity and anisotropy into account. Both sites were located near ground-water divides,
which limited the size of the ZOCs for each site. Due to the presence of these ground-water
divides, the numerical models produced ZOCs that were not much different from ZOCs produced
by flow-system mapping. However, at both sites the TOT estimates produced by modeling were
more accurate than TOT estimates from other methods. At sites far from hydrogeologic
boundaries, numerical modeling will probably be the only method that can delineate an accurate
WHPA of reasonable size. ’ ' - . - -

For a fractured-rock aquifer that does not act as a porous medium, WHPA. delincation can
be accomplished by a combination of vulnerability mapping, hydrogeologic mapping, the
residence-time approach, tracer tests, and numerical modeling. Flow in such aquifers can occur
mainly through discrete fracture conduits. It is particularly important to identify possible areas
where such conduits intersect either the land surface or the well to-be protectzd because such
conduits can offer direct and rapid pathways for contamination to travel from the. land surface
to the well. ' : . " : '

‘WHPA Implementation
The WHPA delineation methods tesied in Wisconsin can be applied to similar settings'
clsewhere in the United States. Unconfined crystalline-rock and carbonate-rock aquifers are
common throughout much of the eastern United States and western mountain ra;ngcs‘and‘ip many
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"places in the midcontincntalv section. Even though similar aquifers are quite common, there are.

" some limitations to the transferability of the resuits. The recommended methods were tested only
" in one type of the fractured-rock environment--aquifers with closely spaced fractures, which were

the geological conditions found at both Wisconsin test sites. Under these conditions fractured

- rocks behave as uniform, porous media at the scale of field tests. Fortunately, we.can expect that
“the size of WHPAs in other parts of the United States would be large -enough that the

porous-media approach to WHPA delineation will be adequate for many, if not most, densely
fractured rocks. In any case, vulnerability mapping, - hydrogeologic mapping, and the
residence-time approach do not require the porous-media assumption and flow-system ‘mapping

" and numerical modeling could work well or moderately well even when the porous-media -

assumption is not completely justified.
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Clh'aptei- I
" INTRODUCTION
Pro,|ect Bac_l}iground; A

' The 1986 Amendments to the Safé Drinking Water Act (SDWA) of 1074 established a

nationwide  program to protect ground-water resources tapped by public supply wells from a

wide range of potential threats. A major provision of the Amendments was the establishment

of the Wellhead Protection Program. This program differs from previous federal -
ground-water protection efforts in that it approaches the assessment and management of
ground-water quality from a more comprehensive perspective. Rather that focusing on -
individual contamination sources, the program focuses on preventing contamination of the
actual resource--ground water. - R s = o S

The Wellhead Protcéﬁon Program se¢ks to accomplish this goal by the establishmén‘t of .
wellhead protection areas (WHPAs), within which potential contamination sources arc . '

differentially managed. A WHPA is defined in the 1986 Amendments as “the surface or_

subsurface area surrounding a water well or wellficld, supplying a public water system, an .

area through which contaminants are reasonably likely to move toward and reach such water .- :

- well or wellfield.” The land surface within a WHPA or adjoining a WHPA may be managed

using a more protective, focused approach. Thus, WHPAS are created as a means to reduce

~ the potential for contamination of public water supplies. .

“The Wellhead Protection Program reqmrcs the participation of all levels of government. -

Individual states must develop and implement wellhead protection programs to meet.the

requirements of ‘the SDWA Amendments. - The federal government is responsible for

" approving state wellhead protection programs and for providing technical support to state and -
- "/local governments. Because of this, the U._S.;Environmcntal Protection Agency (EPA) was .
“required to provide technical guidance to help state and local agencies implement the
* hydrogeologic aspects of the wellhead protection program. In 1987, EPA published

"Guidelines for Delineation of Wellhead Protection Areas" as part.of this requirement U.S.

_EPA, 1987). The guidelines provided a summary of criteria and methods for delineating
* WHPAs. The document, however, concentrated on WHPA delineation in one common type

of aquifer--the porous, granular aquifer existing under unconfined cmditions-}witl; more v
limited attention to delincating WHPASs in confined aquifers and less common fractured-rock

aquifcrs. :

Staff of the Wisconsin Geological and Natural History Sﬁwcy 5(WGNHS) prepared this

‘report under Federal Assistance Agreement No. CX-815386-01-0 with the U.S. EPA Office of '

Ground-Water Protection, Washington, D.C., with Marilyn Ginsberg as EPA Projcct Officer
- and Alexander Zaporozec as Project Manager. Parts of the report were contributed by Bruce -




Brown and Ronald Hennings of WGNHS, and by leham McCabc of EFA. The pro_]ct:t
period was October 1, 1988 - December 31, 1989.

 Purpose and Scope

The purpose of the project was to investigate methods for dchncanmh ; WHPAs that would ,

be applicable to fractured-rock settings in Wisconsin and to similar settings elsewhere in the
United States. This document was pmpared to assist planners, managers, and administrasors
of state, county, or municipal governments in the task of protecnng their watcr supphcs
against contamination. ‘ .
The:main ob_]cctwes ‘of the projcbct ‘were® - ‘
1) to study the patterns of groumd-watcr flow in fractured crystalhm'- mck in
central Wisconsin'and in fractured dolomite in northeastern Wisconsin;

2) to develop methods for estirnating hydraulic properties and mne lDf travel (TO'I) in :

these two rock types;

3) to identify, on the basis of t!ne results of the studies, criteria and the range of
methods that can be used for delineating WHPA in fractured-rock aquifers;

4) to examine implementation limitations that may influence’ the applicability and
usefulness of the recommended methods;

5) to evaluate the applicability and. transferability of the recommenclled mcthods to
similar hydrogeologxc settings clsewherc in the Umted States. .

The scope of the project included investigation of several methods tlnought by the
investigators to be applicable to solving the technical problems of delincating WHPAs in
fractured rocks. These methods range from sunpie “"cookie-cutter” approiches to complcx
computer models; they include the fixed radius methods, flow-system and vulnerability
mapping methods, analytical methods, rcsxdcnce-tunc methods, and nutme|ncal ﬂow/tran'spon
modeling. _ ‘

The mvesuganon of the study arcas was camed out in two steps. I‘fluﬁ first étep mvdivéd

the collection of background data about the geology and hydrogeology of each site. The
second step included testing WHPA methods using .different approaches. The background
investigations led to the assumption that the fractured rock at both sites contained enough
closely spaced fractures to function hydraulically similar to a porous, grauular medium. Our
ficld investigations confirmed this assumption.

Four main approaches were used for tcsnng'WHPA dchneanon methods. "I‘he f'usi ,
approach included calculating the zone of influence (ZOI) of a well by standard well and
ground-water hydraulics equations. The second approach involved mapping hydrologlc and
geologic boundaries, as well as identifying areas of the landscape particularly vulnerable to

ground-water contamination. The third approach utilized geochemical and isotopic indicators

to estimate the age and source of water produced by a well. 'I'hxs approa« h can be used 1o




¥

verify the validity of the zone of contribution (ZOC) estiates made on the basis of hydraulic

considerations alone. The fourth, most sophisticated approach, was the construction-and

_calibration of a detailed, three-dimensional numerical ground-water flow/transport model of
each study area. o - - : o

" The study also included the evaluation of citeria used to establish the extent of a WHPA
-and a comparison of each method in terms of advantages, disadvantages, skill requirements,
~and costs. The last chapter of the report analyzes limitations of methods and their ~ .
" applicability to other parts of the United States and suggests potential tools for managing
WHPAs. The implementation possibilities were discussed at meetings with local elected
officials in the study areas. P Co e -

' Description of Study Areas
o Two different &aéhucd—m_ck settings were ‘seléc_:wd‘ for the pro;ect one in central
Wisconsin (at the Village of Junction City) in a complex of Precambrian crystalline rock and
~one in the Door Peninsula of northeastern Wisconsin (in the Town of Sevastopol), where. the
aquifer is composed of fractured Silurian dolomite. B : ‘ .

~ Junction City Study Area

This site was selected to represent areas where small communities rely on ground water -
. produced by one or more wells in fractured crystalline rocks. The site is located at the o

- western edge of the Village of Junction City (fig. 1), a small community (population 525) 12
- miles northwest of Stevens Point, Portage County. The village is supplied with water from a

drilled well, 321 ft deep, developed in Precambrian metavolcanic rock. Average daily -

* pumpage is about 40,000 gallons. ' - R
" Junction City is located at the southern, exposed edge of the Precambrian shield--a

geologically stable region, consisting of metamorphic and igneous rocks more than 600

million years old (fig. 2). The crystalline rocks are covered by a thin layer of Pleistocene

~ deposits, and locally by outliers of Cambrian sandstone. The Precambrian rocks were '

'subjected to intense deformation during a long and complex history. A detailed description of

~'the geological setting is included in Appendix A. : g ‘

" The Precambrian rock is the main source of water supply in this otherwise water-poor
~‘area (Zaporozec and Cotter, 1985). -Most domestic wells produce less than 10 gallons per
‘minute (gpm); some municipal wells may yield between 50 and-100 gpm. Yields depend on
the dezree and depth of weathering and:on the size and interconnection of fractures. Bell and
Sherrill (1974) note that the degree and depth of weathering of the crystalline rock vary . ‘
considerably; generally, weathering is greater in valleys than on hillsides and ridges.
Fractures are numerous and well developed in the upper portion of the aquifer and they

T
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decrease in size and number with depth. Recent uivesugémons indxcate t‘h,a't the surficial |
materials are hydraulically connected to the bedrock system (Hutasoit and Da\ndson, 1089)

Junction City is located in the part of Wxsconsm that was glaciated prior to the late
Wisconsin glacial period. Surficial materials in the arca consist of highly weathered, older - - :
glacial deposits mixed with younger clayey, silty sand derived from weathering of the bedrock .
and reworked by hillslope processes. Occasional erratic boulders mixed with the bedrock
residuum are the only evidence of pre-Wisconsin glaciation (Clayton, 1986). The surficial - ‘
materials are thin and discontinuous and are generally inadequate for d(mnesnc and S
community water supplies (Zaporozec and Cotter, 1985) S ‘ : ' B

T d

The general area of the test site is a mlanvely smooth upland plam 'mth gently slopmg
: topography- “The-land. surface:ranges between 1140 .and-1180 ft above mean sea level. The
area receives about 31.5 in. of precipitation annually-and is drained by small mtcrmmcnt :
tributaries of Mill Creek (fig. 1), a tributary of the Wisconsin River.

The village well is situated 100 ft from U.S. nghway 10, a major thoroughfaxe, and 250
ft from a railroad, which pose potential contamination threats to the well _The well was used
as a pumping well for tests conducted during the study. Ten piezometers ‘were installed at
seven sites upgradient and one 6-in. observation well was mstalled downgradient of thc “
village well (for locations, see Appenchx A) S

Sevas‘tépol Sthdy Ai'ea

The study focus in thxs area was on wellhead protection in rural semngs undcrlam by
fractured dolomite either exposed at the land surface or covered by thin soils, where potential
for ground-water contamination is great. -The test site is located about 9 miles north of
Sturgeon Bay, Door County (fig. 3). The site contains a cluster of 17 piczometers installed in
seven wells within a 100-ft radius of each other on farm land near a small patch of woods.
Seven additional piezometers are located at a barnyard about 1 mile northeast of thc test site
(for locations, see Appendix B). : :

The Door Peninsula is a narrow (7 to 20 ‘miles wxdc) pemnsula that rises more than 200
ft above Green Bay and Lake Michigan (fig. 4). Bedrock is dolomite of Silurian age
(approximately 400 million years old), a thick (400 to 600 ft), resistant formation, which .
forms the prominent Niagara escarpment in eastern Wisconsin (Shemll 1975). The
west-facing escarpment descends abruptly to Green Bay. The site lies on the back slope ‘of
the escarpment (fig. 4), which dips.southeastward under Lake Michigan into the Michigan
basin. The dolomite is a major aquifer in eastern Wisconsin and extends from the northern
tip of Door County south into Illinois. Well yields range from 10 to 500 gpm (Zaporozec and
Cotter, 1985). Pleistocene deposits are thin or absent in t... area, and do not ferm'a .
productive aqucr The Silurian dolomite is exposed at the land surface or covered by a thin. ’
layer of soil. It is densely fracturcd horizontal fracmrcs occur on the ordcr of evcry 1 o 10
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" ft, and vertical fractures form a morc or less krégular pattern (ﬁg. B2, Appcndix B) clearly )
visible in cropped fields and pastures. during: the growing season. A d;tailed description. of
the geological setting is included m Appcndlx B‘.r,‘. e : R S

 The test site is located on a local topographic divide between Donlans and Lilly Bay A
" Creeks, which drain southeast to Lake Michigan. Topography is of very moderate relief and -
slopes very gently in all directions from the site. The land surface is between 790 and 810 ft
above mean sea level (msl). Average annual precipitation is 30 in. Land use at the site,
" typical of central Door County, consists of pasture, com and hay crops, and maple syrup -

- production. . ' ’ S S o

- Prévidusfst’udis,., e

] “The concept of wellhead protection zones is relatively new in the United States.
Attempts at establishing WHPAs in the U.S. have been scattered and not as advanced as in
Europe, especially-in West Germany, where the concept originated (Headworth, 1986).
Generally, WHPAs have been delineated only for porous, granular media; the authors’
literature search did not locate any publications on delineating WHPAs in fractured rocks.
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| ’C‘h'apter o -

HYDROGEOLOGY OF FRACTURED ROCKS
© Basic Characteristics of Fractured Rocks .

' ",Deﬁn‘iﬁ'ons and Tefriiinology L ¥

' Fractures can occur‘inal'most all geologic materials, from unlithified surﬁci,almat'éﬁals -
16 deeply buried rocks. The term “fracture” can have many definitions. In this report, a-
 fracture is defined as follows: e - T o -

_ Fracture: A general term for any break in a rock, whether or not it causes displac’éfn;nt,i
" due to mechanical failure by stress. .Fractures include cracks, joints, and faults (Bates - -
and Jackson, 1980). : — e

A crack is a partial or incomplete fracture; a joint is a parting in a rock along which no -
movernent occurred; a fault is, a fracture or a fracture zone along which movement occurred.

~ Although the last two ‘categories of fractures form in very different ways, their effect on
~ ground-water flow is similar.. ' L - _

" Fracture zones consist of closely spaced and highly connected discv'r'ete.'_frécturcrs,(GaJc',v
'1982). Related terms often used in discussions of fractures include bedding = ’
planes--discontinuities in the depositional form of sedimentary rocks; fracture . . . '

traces--small-scale' (hundreds of feet) linear features visible on the land surface above ‘buried
. fractures; and lincaments--large-scale (miles) linear features related to major fractures

. extending to great depths and visible on -aerial photographs. No discussion of fractures is

- ‘complete without mentioning karst, a carbonate-rock terrain where fractures in soluble rocks - -
have been enlarged by chemical solution or physical erosion. S co

L

’ Oﬁgin a'ixd Examples of Fractures o

Although the origin of fractures is not always clear, fracturing is usually attributed. to one
-~ or more of the following geologic processes: . : SR '

- tectonic forces, geologic uplift, mechanical folding;

- magma movement; - .. o

- thermal processes, stress relief associated with heating or cooling; :

- glacial or erosional loading or unloading;s - .

- earth tides. . SR :

Rock types most susceptible to fracturing include -

- crystalline plutonic rocks (granite, gabbro, diorite, etc.); B

A

1l1' :




- other igneous and mctavolcamc rocks (basalt, rhyohtc)

- metamorphic rocks (schist, gneiss, quartzite);

- carbonate sedimentary rocks (limestone, dolomite). - ‘ .
Such rocks generally are not ductile, and thus are subject to failure and fmcture formauon \
under applied stress. However, these are not the only rock types in which fractures occur.
Some sandstones, especially when well cemented, are also highly fractured. Stephenson and
others (1988) discuss the formation and importance of fractures in unlithified clayey till units
in central North America. Fractures are also important in shales and other low-permeability

argillaceous rocks, but little research has been done on fractures in these materials (Gale,

1982).

General Characteristics of""Fr‘a"c"tixfe"d'-Rdck Atjuifenrs :

Although fractures can be 1mportant to ground-water movement thmugh almost any
geologic material, this report is concerned with the hydrogeologic properties of aquifers in
which water moves primarily through fractures. Fractured-rock aguifers differ from porous,
granular aquifers in several 1mponam ways, summanzed in table l

Table 1. Differences between porous-media and fractured-media aquifers..

Aquifer

Characteristics -

Porous Media

Fractured Media

Porosity

Flow

Isowropy

Homogeneity

Flow
predictions

Mostly
primary

Slow, laminar
More
isotropic

More
homogcncous

Darcy s law
applies

Mostly -
seconda.ry

Possxbly fast
and turbulent

~

Less
isotropic

Less
homogenecous

Darcy’s law
may not apply

12




" Porosity refers to the ratio between the volume of voids and volume of solids in a given
" volume of rock mass, and it is related to the storage and transmission characteristics of an .
aquifer.. Type of porosity is probably the single most important difference between .
fractured-rock and granular aquifers. Primary porosity is the volume of original pores
betwsen rock or mineral grains and is usually a'function of the packing of the grains.
Secondary porosity refers to the pore voiume related to spaces created within a rock after its
deposition or emplacement, through fracturing or diagenetic processes such as dolomitization
and dissolution of primary cements. Primary porosity is relatively predictable and easy to
measure; secondary porosity can be unpredictable and difficult to measure. =

. Anisotropy refers to the variability of hydraulic conductivity or transmissivity with
~ direction. Fractured-rock aquifers can be highly anisotropic in three dimensions (Snow,
. 1969); hydraulic'conductivity and ground-water velocity can' vary by several orders of
~ magnitude depending on the direction of ground-water movement. Figure SA shows the '
effects of fracture anisotropy on regional ground-water' movement.. Ground water in ,
- anisotropic media may not move perpendicularly to the hydraulic. gradient, but at some angle
Cotoitt - . | S B \ I

Fractured rocks tend to be less homogeneous (more heterogeneous) than porous, granular
~ ‘rocks. Heterogeneity, the variation of hydrogeologic properties (hydraulic conductivity, o
- porosity) from place to place within the aquifer, is frequently large in fractured-rock -settings
due 1o the discrete and linear nature of many fracture systems. Figure 5B shows how
near-vertical fracture zones can short-circuit a regional ground-water flow system in
crystalline rock. ' - SRR i [ R

The equations of flow in porous media, generally based on.Darcy’s law, usually require =~ =
~ that ground-water flow be laminar and of low velocity. - In some fractured systems,
~ particularly in areas where fractures become enlarged by solution, ground-water flow may
become turbulent and fast, and the classic ground-water flow equations may no longer apply ‘
(Freeze and Cherry, 1979, p. 73-74)." Although turbulent flow can be modeled, the complex '
equations and enormous amounts of data required make analysis of turbulent ground-water
" flow impractical for most wellhead protection studies. ' ST -

[y

- Hydrogeologic Characteﬁzatjt)n of Fractured-Rock Aqﬁil‘ers o

Discrete versus Continuum Approaches -

s g Hydrogeologic investigations in fractured-rock terranes usually fall some’iyhérc between
~© +  two very different approaches to fracture characterization. The discrete approach considers -
.. each fracture individually. Careful measurement of such fracture propertics as length,
o ‘orientation, width, aperture, wall roughness, and connectivity provide the parameters
‘ necessary for detailed study of ground-water movement in each fracwre. The discrete

13
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approach can pdiént‘ially ;;f‘o‘vid'ev great c_lctéil on g:round-\}vatcrr mbilqmént. However, the data
and computational requirements of this approach are so great as to make the: approach
impractical for all but relatively small volumes of rock in the most simplc,_ﬁcld situations. -

“ At the opposite end of the spéctrum, the éontixiuuin ‘approach assumes’ that the fractured

) : amcdiu,m approximates a porous medium at some working scale. In this approach, the =~
©  properties of individual fractures are not as important as the properties of large regions or

‘volumes of fractured material. The continuum approach offers the advantage of requiring
“manageable amounts of data, but cannot resolve as much detail about the flow system as is
"possible with the discrete approach. ' e ; v

- Most field-scale hydrogeologic investigations of fractured-rock aquifers, and therefore, =
most wellhead protection studies in fractured rock, fall somewhere between these two '
approaches. Although detailed examination of all fractures present in the field is usually
~ impossible, some details, such as the orientation and length of major fractures or fracture

zones, can be incorporated into analyses based on the continuum approach and porous-media
~ assumption. ’ , " : D

The Proizlem of Scale and the Porous-Media Assumpiio}i

~ The use of standard ground-water flow equations, such as Darcy’s law, in fractured-rock
 settings requires the assumption that the fractured rocks behave as porous media at the scale
' of the problem. Knowledge of the problem scale therefore becomes critical in field studies of
“ wellhead protection because "major” fractures at the scale of a few inches or feet can become
_ “minor” fractures in the area at the scale of thousands of feet or miles. "Major" fractures in .
an otherwise uniform flow system can short-circuit the system, causing ground water to' move
in unexpected directions (fig. SB). The size of observable fractures usually depends on the
-observation technique. For example, aerial photographs might identify large bedrock . .

- fractures, observations in vertical boreholes might identify smaller fractures, and microscope .
studies of laboratory samples might idcntify even smaller fractures. e

. The porous‘-mediava'ssumptionA implies that the ciassiqal eQUéﬁons of g!buhd;water )
movement hold at the problem scale, that knowledge of the hydraulic properties of individual

fractures is not important, and that the fractured-rock mass can be ‘characterized by field and
laboratory techniques developed for porous media. ‘Long and others (1982) provide

* theoretical criteria for determining when fractured systems behave as porous media. They
suggest that "fracture systems behave more like porous media when (1) fracture density is

increased, (2) apertures are constant rather than distributed, (3) orientations are distributed

" . ‘rather than constant, and (4) larger sample sizes are tested” (Long and others, 1982, p. 645).

However, rigorous testing of these criteria for field situations' is difficult and expensive. - For
. ‘'most wellhead protection studies investigators could use a combination of subjective criteria,
 to determine whether the fractured-rock aquifer can be treated as a porous medium. The

criteria listed below are subjective because fractured-rock aquifers_fall on a continuum_

15




between true porous-media and conduit systems,-and the decision whether to use the o |
porous-media model will always require professional judgment and experience. Treating the
aquifer as a porous medium at the wellhead protection scale should never imply that the ‘ ‘
porous-media assumption is valid at smaller scales or for site-specific problems. -

- Although the porous-media assumption may often be justified, critical errors can result if
the assumption is incorrectly applied in situations where it does not hold. The porous-media
assumption is usually not justified in conduit karst environments, where ground water can
move under turbulent flow through networks of cave systems. Ground-waier investigations in |
such arcas can require detailed analyses of cave systems, including cave mapping and tracer o
studies (Quinlan and Ewers, 1985). : o : B

Determining Whether Fractured-Rock Aquifers Behave as Ppui)us Media

Subjective-criteria for determining whether fractured rock can be treated as a porous .
medium for the purposes of wellhead protection include pumping test responses, configuration
of the water-table surface, the ratio of fracture scale to problem scale, distibution of -
hydraulic conductivity, and variations in water chemistry and water quality.

Pumping test responses.--There are three main criteria for determining whether a

fractured-rock aquifer approximates a porous medium using an aquifer purnping test.

1) The drawdown in observation wells should increase linearly with increases in the
discharge rate of the pumped well. Hickey (1984) suggests conducting a series of
1-hour pumping tests with incrementally increased discharge rates. A plot of -
drawdown at 1 hour versus pumping rate fqr the series of tests should approximate a
straight line in porous-media-equivalent settings (fig. 6A). o

2) Time-drawdown curves for observation wells located in two or moi'c different |

directions from the pumped well should be similar in shape and should not show
sharp inflections, which could indicate hydraulic boundaries (fig. 6B). e

. . - .

3) A plotted drawdown cone from a pumping test using multiple observation wells
should be either circular or elliptical. Linear or very irregular cones can indicate a
failure of the porous-media assumption (fig. 6C).

Water-table surface configuration.--For porous-media-equivalent fractured aquifers a '
water-table map should show a smooth and continuous water-table surface without areas of =
rapidly changing or anomalous water levels. In particular, the water table should not have the .
“stair-step” appearance that-can occur in sparsely fractured rocks with large contrasts in. = -
hydraulic conductivity between blocks and fractures. Although a "stair-step” water table
clearly indicates a failure of the porous-media assumption, a smooth water-table map does not
prove a porous-media-equivalent seting. Detection of irregularities in the water table may
require more closely spaced monitoring wells than are available for most wellhead protection .
studies. ‘ ' L ‘
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Ratio of fracture scale to problem scale.--For porous-media-equivalent aquifers, the
observed vertical and horizontal fractures should be numerous and the scale of fracturing
should be much smaller than the scale of the wellhead protection problem. As a rule of . .
thumb, the minimum dimension of the WHPA should be at'least 100 times the average
fracture spacing. For example, at the Junction City and the Sevastopol test sites, bedrock
fractures are numerous and occur on a scale of a few feet or tens of feet, but the potential
WHPAs at both sites cover several square miles. S :

Hydraulic conductivity distribution.--In porous-media-equivalent settings the distibution
of hydraulic conductivity, as estimated from piezometer slug tests or from specific capacity
analyses (Bradbury and Rothschild, 1985), should be approximately log-normal:. In aquifers
where the hydraulic conductivity. distribution.is strongly bimodal, the porous-media
assumption is probably not valid. T . ‘ ‘ SR

Variations in water chemistry.--Overall variations in ground-water chemistry have been
shown to be useful in determining whether fractured aquifers behave as diffuse-flow
(porous-media) systems or as conduit (discrete-fracture) systems. In conduit systems,
variations in ground-water chemistry can be significant from place to place and through time.
Water moving through conduits usually has less contact time with mineral surfaces and so can
be lower in total dissolved solids and have lower mineral saturation indicss than water
moving through a diffuse-flow aquifer having similar mineralogy. Ground water in.
diffuse-flow fractured aquifers will usually have relatively uniform chemical composition-
through time and from place to place within the aquifer. For example, Shuster and White
(1971) examined water chemistry and temperature of several springs in Pennsylvania and
showed that water chemistry in conduit-flow springs varied greatly with time, but ‘the water
chemistry of diffuse-flow springs did not (fig. 7). Municipal wells are sampled on a regular
basis for such parameters as temperature, pH, hardness, turbidity, and bacteria. The variation
in these parameters can help determine whether a fractured-rock aquifer behaves as a porous
medium. For.example, ground water high in turbidity and bacteria is more often a result of
conduit flow rather than diffuse flow. If a‘production well never has a turbidity or bacteria
problem, it is probably not connected to significant conduits intersecting the land surface.

Evaluation of Fractured-Rock Aquifgrs for Welliaeaq Protection Studies

~ Wellhead protection studies in fractured rocks usually require an evaluation of the.
hydrogeologic setting and properties of the potential WHPA. Essential data for wellhead
protection studies in fractured rocks can include : . o '
1) characterization of fracture patterns and locations, !
2?) dstermination of hydraulic head distribution, and
3) determination of aquifer characteristics.

‘The amount of effort required to characterize ﬁ'acmmd-rock"aquifersv varies with the
complexity of the aquifer and the scope of the wellhead protection study. For exampie, use

b
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of the arbitrary fixed radius method requires little or no aquifer _charaméximﬁon; numerical
models require extensive data sets. The following discussion is intended as a guide to some
of the techniques that could be used in wellhead protection studies in fractured rocks. ' '

Characterization of Fracture Patterns andLocalimus' Lo T Ty

The first step in characterizing fractured-rock aquifers usually involves determining the -
spacing, orientation, depth, and length of fractures present in the field, which is important for. .
determining whether the porous-media approximation is applicable or not. The methods v
employed to gain this information depend on the surface or outcrop expression of fractures,
type of material, depth of unlithified material over the aquifer, and fracture orientation
(vertical and horizontal). : , : [

In areas where unlithified surficial materials are thin or absent, bedrock fracture patterns
can be mapped from aerial photographs or from detailed measurements on the ground. Figure .
B2 (Appendix B) shows surface expression of fractures in dolomite bencath thin soil in Door -
County, Wisconsin. Although such mapping methods provide good detzil on fracture strike
and density, they give little information about the distribution of fractures at depth and =~
provide only a two-dimensional measure of a three-dimensional system. Description of
fractures and measurement of fracture dip and strike in vertical outcrops can help provide an’
understanding of the three-dimensional fracture system. Surface and borehole geophysical ‘
methods can help characterize subsurface fractures in areas where there is little visual fracture
expression. Although most surface geophysical methods have the advantage of relatively .
rapid data acquisition over large areas, the acquired data generally provide a depth-averaged |
measure of some geophysical property over a large volume of subsurface material. Surface ‘
methods can provide good delineation of zones of fractured rock, but detailed data on
individual fractures are difficult to obtain. Borehole geophysical methods provide detailed
information about rock properties along borehole walls and are particularly valuable for
investigations of fractured-rock aquifers.. - S L -

Drilling is usually the most accurate way to locate fractures in the subsurface, and is also
required prior to the use of borehole geophysical methods. Core drilling and recovery is the
preferred method for obtaining a good record of subsurface fractures. Figure A4 (Appendix
A) shows the log, with interpretations of fractures and fracture zones, of a core obtained in
fractured crystalline rock at Junction City. Because vertical borcholes provide little a2
information about vertical fractures, angle drilling is sometimes used to characterize vertical
and near-vertical fracture systems. ' : | . '

Determination of Hydraulic Head Distribution.

In any wellhead protection study, determination of the three-dimensional distribution of |
hydraulic head in the subsurface provides critical information for the prediction of




h

special considerations, outlined below. -

ground-water flow paths and rates. In fractured systems, where hydrauhc conductivity can
vary significantly in space, 2 detailed three-dimensional analysis of the head distribution is .
particularly important. -~ - oo ' T

- Fmdugntiy, in fractured-rock aquifers, total hydraulic head varies significantly with .
depth. Such variations are particularly important in wellhead protection studies because . . -

knowledge of vertical hydraulic gradients is required for vertical flow calculations.

" Measurement of the vertical distribution of hydraulic head generally requires "nests” of

closely spaced piezometers screened at several different depths. - Existing domestic wells with
long open intervals are usually inappropriate for measurement of vertical hydraulic gradients.

Figure BS (Appendix B) shows how hydmuliC'hcdd varies with depth at the chastopol test

oosite.

~ Hydraulic heads in ﬁaémred-i'ock _:séttings can vmy signiﬁcanﬂylin response 0

| 'precipi‘tation, snowmelt, nearby pumping, surface-water fluctuations, and other phenomena. =
_“An understanding of such variations is important to some wellhead protection studies because

extreme hydraulic head variations can lead to variations in ground-water flow rates and

directions at various times of the year. Determination of water-level fluctuations requires

periodic measurement of water levels in monitoring wells. Modern measuring and recording, e

‘equipment, such as pressure transducers and digital data loggers, has greatly simplified the
. acquisition and processing of such data. Such elaborate data collection would be necessary
~ only for more complete WHPA delineation methods. . c '

o Deten)iination of Aquifer Chdfacteﬁstics S

" Knowledge of aquifer parameters, including aquifer thickness, porosity, hydraulic -
“ conductivity, and specific yield, is essential for the analyses of ground-water flow to wells
‘required in more complex WHPA delineation methods. In most cases, the standard testing -
_ methods developed for porous, granular aquifers can be applied to fractured-rock aquifers

with litle modification. However, use of these methods in fractured rock requires some

. Aquifer thickness is an important paramicter in most standard equations of ground-water

“flow to wells. - In porous-media settings, where aquifers are bounded by confining beds, the
aquifer thickness is usually obvious and easy to measure.: In fractured-rock settings, however,

aquifer thickness can be problematic. An example is the crystalline rock aquifer at Junction

_City, Wisconsin (Appendix A). This aquifer is formed in the upper part of the Precambrian
basement rocks of central Wisconsin, the lower stratigraphic boundary of which is unknown." -
In fact, as in many non-plutonic basement rocks, the original depositional (bedding) planes

are now vertical or steeply dipping. For the purpose of this report, the aquifer boundary was.

_ defined as the depth at which significant fractures, as measured by borehole logging and .
observed in a core sample, disappear. o ‘ ‘ : S
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Porosity is an important value in wellhead pfotection studies becau..ev it has a l‘(argcl , 1
influence on time of travel calculations. Porosities of fractured rocks are gcnerally less than‘ o
porosities of non- ~fractured rocks, as shown in table 2. . - : ‘

Table 2. Range of values of porosity |
(frpm Freeze and Cherry, 1979).

i

Material : ' - n(%)
Unconsolidated dcposns v S
Gravel . t 25-40
~Sand = . ' 25-50
Silt u : 35-50 :
Clay ' . - 40-70
Rocks ‘ o . -
Fractured basalt 5-50 -
Karst limestone. o . 35-50
- Sandstone o ... 530
- Limestone, ‘dolomite 0-20 o :
. Shale . .~ 0-10 ‘ oo
Fractured crystallinerock = 010 - =~ . o

Dense crystalline rock 0-5

)

In general porosities of unconﬁncd fractured aquers can be esumalcd from the spccxﬁc,
yield values obtained during aquifer pumping tests. More accurate porosity measurements are.
sometimes obtained using field tracer experiments, but such ﬂcld tests are often complcx and
beyond the scope of most wellhead protection studies. : L

Methods for detcrrmmng basnc aquxfcr paramctcrs for wcllhca.d pnotc| tion studies include .
- use of "textbook" values, N
- use of specific capacity data,

- pieczometer slug tests,

- single-well pumping tests,

- multiple-well pumpmg tests, and
- packer tests.

Many widely available. hydmgeology texts (Davxs and Dchcst 1966; Freezc and
Cherry, 1979) list typical values of hydraulic conducnvny and storagc coe ffic1cnt for a vanctv
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~ examples of slug-test data at the test sitcs in Wisconsin.

- of fractured-rock settings, and such values can be used as a starting point in wellhead
 protection studies. However, location-specific data would be required for more complex
" wellhead protection studies. T R

The specific capacity of a well refers to the drawdown occurring for a given pumping: -

" rate at a pseudo-steady state. Well constructors commonly report specific capacity ‘data to

" ‘government agencies upon the completion of many domestic and industrial wells. Appendices

A and B provide examples of the use of specific-capacity data to estimate transmissivity and
hydraulic conductivity in fractured-rock settings. For site-specific studies, the piezometer

rate-of-rise or "slug” test (Freeze and Cherry, 1979) provides an estimate of the hydraulic
conductivity around the piezometer tip. Tables"A2 and B2 (Appendices A and B) give .

¥

. Full-scale pumping tests involving several monitoring wells probably provide the most -+

‘reliable measure of aquifer parameters for wellhead protection studies.  Such tests can provide

data averaged over a large fractured-rock mass and can be used to measure the vertical and -

~ horizontal anisotropy. of the fractured-rock mass (Hsich and others, 1985; Papadopoulos,

. 1965). Hickey (1984) used a pumping test to test the Darcian flow assumption for fractured
limestone in Florida. Although often a preferred method of data acquisition, pumping tests in -

* . fractured-rock systems can be expensive to conduct and complex to analyze. Appendices A

.. and B discuss the results of pumping tests in fractured rock at two test sites in Wisconsin.

* Packer testls‘,; in which inflatable packers are used to isolate sp'eéiﬁc parté of a borehole,:

 are a variation of the standard pumping test. Packer tests have particular application to.
fractured-rock aquifers. By isolating particular fractures or fracture zones, the specific

t

properties of these zones can be tested. For example, Shapiro and Nicholas (1989) used- - .

' packer testing and analyses in fractured dolomite in northern Hllinois to estimate fracture
properties. ‘ . v : : . : . L
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Chapter III ’

, WELLHEAD PROTECTION AREA DELINEATION

Zanes Uaed for WHPA Deiineaiion B

The purpose of wcllhcad protecnon area (WHPA) delmcauon is to approxxmatc the area .
through which water flows to a well so that management decisions regarding the control of

- contamination sources in that area can be implemented. The area through ‘which water
recharges a well is the zone of contribution, or ZOC (fig. 8). In contrast, the zone of

influence, or ZO], is the area affected by a pumping well, and coincides with the areal extent ,
of the cone of depression.~ The ZOI extends outward from'the pumping well to the point of

~negligible drawdown (fig. 8). Field measurements of drawdown rcsulnng from wcll pumpagc -

give the most accurate detcrmmanon of thc ZOl.

In a homogeneous, 1sotrop1c aqucr with-a horizontal water table, the ZOl is a cuclc and -
- only water within that circle flows to the pumping well.  In such an aquifer, the ZOI is

equivalent to a ZOC.. In the more common case of a sloping water table, however, the ZOI
and the ZOC can be qmtc different (fig. 8). Water upgradient of a well will flow toward the-

well even if it is outside the well’s cone of depression. Likewise, some areas might be within -~ -

the ZOI and yct not be drawn down enough to reverse the natural hydrauhc gradlcnt Water

: ,wnhm such areas will flow away from thc wcll

Thxs chapter describes the criteria commonly uscd in the WHPA dclmcauon process and
examines various methods for determination of the ZOC in fractured rocks. _Example -

| applications of the various methods are given for two test sites in different geologlc setungs.

The aquifer at the Junction City site is developed in highly fractured metamorphic rock Thc_

- aquifer at the Sevastopol site is- dcvcloped in fractured dolomite.

Although fracturcs are abundant at both sites, the chaxactensncs of the fmcmres and the
sites are quite different, as described in Appendices A and B. At the Junction City site, the

: aqulfcr is covered by up to 55 ft of silt and clay. Fractures in the igneous and metamorphic
_rocks are most abundant near the bedrock surface, and decrease in size and frequency with
‘depth. They have narrow apertures (typically less than 0.01 in.), frequently contain fillings of :

calcite or other’ minerals, and probably- are short (typically less than 30 ft). Fracture spacings
are irregular, ranging from a few tenths of an inch to several feet. Fractures are frcqucmly

~ vertical, especially between 130 and 160 ft below the land surface.

In Contrast. at the chastopol site, the dolomnc is either cxposcd at the land surfacc oris -
covered by soil less than 5 ft thick. Fracture apertures range from a fraction of an inch'to
several inches. Some fractures have been widened by solution, and minor karst features occur |

.in the area. However, these karst features are infrequent and isolated. Fractures in the
dolomite tcnd to be regularly spaced and can be traced across thc landscape for hund:cds or

i
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" thousands of feet. Although fractures occur throughout the dolomne aquifer, horizontal zoncs
of mtcrconnccted fracturcs with high hydrauhc conducnvny occur at ‘several dxffcrcnt depths

Common Delmeatlon Cntena

, ~ Five common criteria consxdercd in dclmcanng a WHPA are: 1) distance: from the. wcll
.2) drawdown around the well, 3) time of travel (TOT) to the well, 4) physical boundaries to
the ground-water system, and 5) capacity of the subsurface environment to assimilate

contamination (U.S. EPA, 1987). This rcport assesses vanous combmauons of thcse criteria -

. ‘7 mdelmcanng WHPAS in fractured rocks. . . o o !

o Dzstance ‘

‘ The most basxc criterion for WHPA delmcanon is dlstance from the wcll without regard
" for the ground-water flow direction. The ‘distance criterion delineates a WHPA by placing a |
- circle of fixed radius around the well. The radius can be arbitrarily chosen or calculated

~.using an analytical equation usually involving a specific travel-time threshold.

DrdwdoWn |
The drawdown cntenon dcﬁncs the areal extent of the cone of dcprcssxon (ZOI) of a
well. In areas where the water table is essentially flat, the ZOI coincides with the well’s zone
of contribution; however, such cases are rare in practice. Delineation of a WHPA based on

drawdown requires estimations of transmissivity and storativity, and selection of a drawdown. .

limit (for example, O 0S ft), beyond whxch the drawdown is consniered ncghglblc

| R szeofTravel(TOT)

. The TOT criterion, bascs WHPA delineation on the amount of time it takcs ground water
" to travel from a recharge pomt at the land surface 10 a well, and theoretically incorporates all |
' the processes involved in contaminant transport. Practically, however, the TOT criterion -
usually incorporates advection only. Incorporation of contaminant dispersion, defusxon or .

" retardation is difficult given the available information on these processes for a given
compound.’ In addition, it would render the TOT delineations too compound-spemﬁc "The
use of TOT/dxstance calculations based on the average linear velocity of the ground water is a
particularly feasible: approach for a generalized wellhead protection program. Limiting the

- contaminant transport, processes to advection only is ‘most valid where ground-water flow '
vclocmcs are relauvely hlgh as often occurs in fracturcd rocks
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A TOT limit (for example, 10 or 20 years) can be chosen in vanous ways One method
based on chemical degradation rates, sets the limit at the point where contaminant residues
are no longer considered a threat to water quality. Alternatively, the TOT limit can be based
on the time required to contain contamination of an aquifer. The TOT limit chosen can vary
considerably depending on the nature of the main contamination risk. Delineating a WHPA
with a TOT criterion implies that the TOT is translated into a distance from the well through
determination of ground-water velocity. Delineating WHPA s based on the TOT criterion
therefore requires more technical input than either the distance or the drawdown criterion.
Required information includes an estimate of aquifer. hydraulic conductivity, an estimate of ,
aquifer porosity, and dctemnanon of the magnitude and dmrecnon of the hydrauhc gmdhcnt

- FIbw-System Boundanes -

'I'hc ﬂow-boundary criterion uses gmund—watcr dmdcs, surfacc-watter bodles, or othcr -
hydrologic/physical features to delineate a WHPA. For a localized flow system, the WHPA
often corresponds to a ZOC, and water entering the ground-water system inside the ZOC is
assumed to eventually reach the well. - The flow-system-boundary criterion therefore provides
the maximum protection for a given well, but implementation of a WHPA based on = '
hydrogeologic boundaries may be 1mpracnca1 if the defined area is too large. The :
flow-boundary criterion is most useful for aquifer systems where the boundaries are easily
defined and the distances from the boundaries to the well are relatively short.

Assimilativé ‘Capaciry 4

The assimilative-capacity criterion is used in combmanon with thc 'IOT criterion wuh
the assumption that contaminant attenuation will take place within the unsaturated and/or
saturated flow system. Non-toxic concentration levels and the time it takes to reach those
levels must be determined to delineate a WHPA on the basis of this criterion. Such a
designation is compound-specific and the processes involvéd in- attenuation are ofter: not well
understood and not easily quantified; and this is pamcularly true in fractured rocks. .This '
criterion was not used in WHPA dclmeanon at thc two test sites in Wlscumsm

Evaluation of Cﬁten‘d‘

Some combinations of the above criteria. will work better than othcm in estabhshmg a
wellhead protection program in fractured rocks. The choice of criteria depends on the
availability of existing hydrogeologic mformanon, the personnel and financial resources . - .
available, and the complexity of the fractured-rock setting. Some generalizations regarding = .|
these criteria can be made. The distance criterion alone gives a very pocr measure of the -
ZOC because it does not account for any hydrogeologic site characteristics. Drawdown is a
useful criterion if the pre-pumping water table is: relatively flat and if there is-information

~
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- regarding the well pumpage and accurate aqucr paramctcr estimates. The TOT criterion is
useful for establishing pracncal WHPA boundaries in situations where ground-water flow is
mostly horizontal and existing hydrogeologic boundaries are far from the protected well. ‘
However, the TOT criterion can be misleading and difficult to establish in sparsely fracmured

~ rock where highly conductive fracture-conduits occur and where significant vertical flow

occurs. The assimilative-capacity criterion is useful, but it is difficult to implement. due to the
lack of information regarding the fate of contaminants in the saturated zone. This criterion -
‘cannot stand alone because TOT considerations are necessary to translate a time of concern
. into a distance on a map. The best criterion probably is the flow-system-boundary criterion.
’ A WHPA based on this criterion might also be less sensitive to the porous-media assumption
in the fractured-rock environment than WHPAs based on other criteria. Delineation of :
- ground-water divides and general flow directions is carried out over a large enough area that
- the assumpnon that fractured  rock- bchaves as'a umform porous medmm is hkely to be vahd

. WHPA Delmeatlon Methods for Fractured Rocks

Many mcthods havc been recommended for the delmcauon of WHPA:s. Tlus study

tested six methods for delmcatmg WHPAs using various combinations of the crm:na hstcd RN o

~above.. The methods tested, in order of increasing complcxlty, were -
B 3 arbltrary fixed radius, ‘

2) calculated fixed radius,
- 3) vulnerability mapping,

4) flow-system mapping,

- with TOT criterion,
.- with analytical equations, .
5) residence-time approach, and
6) numcncal ﬂow/transport models.

- . The ﬁrst two methods are not panmularly suxtablc for the accurate dehncanon of
'WHPAs in fractured rocks. ‘The arbitrary fixed radius method does not incorporate any

- hydrogeologic or contammant transport consxdcrauons, and can best be used as a first-step

approach. When the radius is large enough, the true ZOC will be included within the WHPA
* delineated by methods 1 and 2 and will be protected. However, large areas outside the ZOC
" will also be protectcd The application of analytical flow equations to calculate a fixed radius
- brings an improvement over the arbitrary fixed radius method, but may not give acceptable -

. results in unconfined fractured-rock settings becausc it fails to account for hetemgcncxry. o

" anisotropy, ground-water recharge, and vertical. components. of flow, all of which can occur 1n

" fractured-rock settings. For example, at the two Wisconsin test sites, the Theis

nonequilibrium-equation (Theis, 1935) gives unrealistic radii around the protected well. 'n;e

circles calculated by this method are too large and encompass so much area that S

implementation of an appropriate WHPA would be difficult. Or.. problem with the Theis

~ nonequilibrium cquanon approach stems from the estimation of the time to reach steady state.

The ﬁna] radms is hlghly sensitive to this paramctcr that is difficult to esumatc Unlcss the

¥
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time can be somewhat accurately determined, this approach will have signi;ﬁ'c.a'm limitations
for fractured-rock aquifer analyses. , g ‘ T

Vulnerability mapping uses geologic maps, soils maps, water-table maps, aerial
photographs, and mapping of surficial features to identify areas of the landscape particularly .
vulnerable to ground-water contamination. Vulnerability mapping ddes not produce a ZOC -
for a given well; however, it does identify significant fractures near the well that may S
contribute to ground-water contamination. Vulnerability mapping combined with the arbitrary
fixed radius method or the simplified variable shapes method (U.S. EPA, 1987) can be used .
to delineate a WHPA in fractured rocks that do not approximate porous m!zdia. : : e

. The remaining three methods--flow-system mapping and flow-system mapping combined
with TOT criterion-or with. analytical equations,.the.residence-time approach, and numerical
modeling--were found suitable for ZOC delineation in unconfined fractured rocks that behave
as porous media at.the WHPA scale. The following sections describe each of these methods
in detail. o :

Four WHPA delineation approaches are suggested for unconfined fractured:rock aquifers
that do not behave as porous media. These methods include vulnerability mapping combined
with the arbitrary fixed radius method or the simplified variable shapes method; - : o
hydrogeologic mapping; the residence-time approach; and numerical grourd-water

flow/transport modeling. These methods are discussed in more detail in the following

sections. ' , : ' I

Vulnerability Mapping ‘

Description.--Vulnerability mapping uses geologic maps, soils maps, water-table maps,
aerial photographs, and mapping of surface features to identify areas particularly vulnerable to
ground-water contamination. Such areas include shallow or exposed bedrock, permeabie’ '
soils, open surface fractures, and sinkholes. This method is excellent for assessing the overall
susceptibility of an area to ground-water contamination from surface sources in any o
hydrogeologic setting, whether it be porous-media or fractured-rock aquifers.

Vulnerability mapping does not produce a ZOC for a given well; however, it does’
identify significant fractures neat the well that may contribute to ground-water contamination,
and it can be used in combination with some methods recommended in EPA guidelines (U.S.
EPA, 1987). Once the recharge areas and/or vulnerable surface areas are delincated, a WHPA .
can be defined either by choosing the arbitrary fixed radius method or the simplified variable
shapes method (U.S. EPA, 1987) that would include the surface areas from which recharge
could enter the subsurface through fracture conduits as well as the majority of the arcas most
susceptible to contamination. Tracer tests are often useful for proving a connection between ;
fractures exposed at the land surface and water discharged to a well or spring. Mapping of = - .| .

I
|

|
o
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. areas particularly susceptible to ground-water contamination could be conducted as part of the .
 data collection for other methods. ~ ~ S S - ‘

' Advantages of vulnerability mapping are . . :
1) the assumption of a uniform porous medium is not necessary; -
 2) the method does not require detailed measurements of aquifer parameters; |
" 3). the method uses a variety of data, ranging from office-available maps to .
field-measured surface features. - o . R .
Disadvantages of vulnerability mapping are T T N
1) the inethod does not delineate a ZOC for the well, .~ "

2) the results are somewhat subjective.

- wia'ri + Example from the Sevastopol site.--Schuster. and-others (1989) constructed a map of |
" exposed bedrock and shallow soils for northern Door County, Wisconsin, including the area -
around the Sevastopol test site. This map considered fracture traces, areas of exposed =

‘bedrock, solution features, closed topographic depressions, and soil attenuation potential. - -

Areas of the landscape containing these features and having low soil attenuation potential -

. have the highest potential for ground-water contamination. As shown. on figure 9, the areas
~ susceptible to contamination are irregular and not centered on the well to be protecied. A

' WHPA for the well might be circular, using an arbitrary fixed radius of 4000 ft, or could be

. delineated using a simplified variable shape (U.S. EPA, 1987) oriented around the well |
- according to the regional ground-water flow direction. ‘ o N

Flow-System Mapping

" Description.--Hydrogeologic mapping (U.S. EPA, 1987) identifics the physical-and
. hydrologic features that control ground-water flow. Physical boundaries to ground-water flow .
' can include the geologic contacts that form the limits of the aquifer, structural features such
‘as fault-block walls or zones of fracturing, and topographic features that may function as

ground-water divides. Hydrologic features, including rivers, canals, and lakes, can function as

flow-system boundaries. The flow-system. mapping method, a subset of the hydrogeologic
_ mapping method, uses ground-water divides and flow-systemn boundaries derived froma. .
‘water-table map to delineate the ZOC for a given well. . ' S

o . Flow-system mapping assumes that hydrogeologic boundaries, particularly potentiometric
boundaries, are stationary through time. In aquifers where water levels fluctuate seasonally or
where well drawdowns approach potentiometric divides, caution must be used when '

~ delineating boundaries for ZOC analysis. | S N L

Flow-system mapping requires detailed mapping of the configuration of the water table.

"Ideally, investigators should use field measurements in properly constructed monitoring wells

and nested piezometers for construction. of such maps. In practice, funding and dme '

L
i
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Figure 9. WHPAs based on vulnerability mapping at the Sevastopol site.
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consxderattons ‘can rule out such dctmled field work In some situations, avatlablc ofﬁce data,
in the form of water levels on well constructors’ reports, previous hydrogeologic studies, and .
_surface-water features on topographic maps, can produce acceptable water-table maps- '
- (Blanchard and Bradbury 1987). Field measurements of water levels in existing domestic |
and industrial wells‘can supplement these data. Appendices Aand B (figs. A8 and B4) '
" provide cxamplcs of watcr-table maps in fracturcd-rc"k scttmgs from thc two study areas in
" ‘Wtsconsm : -

v Oncc a watcr-table map is constructed ﬂow lmes are drawn pcrpcndtcular to the ,
. watcr-table elevation lines. These flow lines begin at the well and extend upgradient to the

- ground-water divide. Using a water-table map to determine ground-water flow lines assumcs

~ an isotropic aquifer, which is not always the case in fractured-rock settings. In s1mple .
hydrogeologic settings-(without-majorfaults,- facies changes; etc.), the ZOC delineated by the -
flow-system mapping method takes into account the ground-water. ﬂow system geometry. It .
. neither includes downgradient areas that do not contribute water to the well nor excludes ‘
upgrad.tent areas that do contribute water to the well. This method tcnds to be conscrvatwc in -
thc sense that it usually overestimates thc true ZOC for a gtven well. ‘ : :

- Advamages of the flow- systcm mapping method are :
1) the method is simple and requires only limited training in hydrogeology, :
'2) . the method cén be used with vanous typcs of data rangmg from office data to ‘
- detailed field data;
" 3) the mcthod uses mappable hydrogcologtc boundancs

Dzsadvantages of. the ﬂow-system mapping method are - B
1)  the method assumes a uniform, two-dtmcnsxonal aqucr that approxxmates a umform
- porous. medium;
2) the method can produce unacceptably large ZOC estimates if the protected wcll is
~ located far from a ground-water divide; ,
"~ 3) 'crrors in thc water-table map can cause largc errors in ZOC dclmcatton

‘ chsults of the apphcatton of the ﬂow-system mapping method at the Junctton City and-

“Sevastopol sites are discussed below together with the rcsults of the ﬂow systemfl' OT '

= method and shown in ﬁgures 10, 11 and 12.- : ‘
Flow-System Mappzng wzth sze of Travel CaIculauons

‘ A watcr-table map -can be used to estimate the honzontal hydrauhc gradtent Usmg the

. gradient in combination with estimates of hydraulic conductivity:and aqutfcr porosity,

ground -water velocxty can be- calculated accordmg to:

"v=Kl/n 2

| 33 ‘,




whereV is the average lincar vclocuy of the ground water, K is the horizontal hydrauhc
conductivity, i is the horizontal hydmuhc gradient, and 7 is the porosity. The velocity, in
combination with a specified time of travel, can be used to limit the WHPA to that poruon of
the ZOC that will contribute water to the well within a specxfied amount of time. ,
Determination of the posmon of the TOT line incorporates the assumption that contaminants
in ground water will move in the same dxrecuon and at the same velocnty as the ground '
water. .

Calculation of the TOT boundary is based on: |
d=v:+ @

where d is the upgradient distance fmm the well to the TOT lmc, V is thc average linear
velocity across the ZOC (calculated using Eq 1 above), and ¢ is the desired time of travel.
Note that the hydraulic gradient, i, in Eq. 1, is calculated as the total change in water-table
~ elevation from the upgradient ZOC boundary to the well divided by the horizontal distance
from the upgradient ZOC boundary to the well. This is clearly a sxmphﬁc. ation of reality
because, in most cases, i will not be uniform over the basm However, m most cases, the -
error in the location of the TOT line will be small. :
Advaniages of combining flow-system mappmg w1th the TOT criterion are .
1) the TOT criterion provides a way to limit the WHPA in areas where the ZOC
delineated from flow-system boundaries is unacceptably large;
2) adding the TOT criterion requncs httle addmonal work once the ﬂow-systcm mcthod
has been completed; : ) ,
3) the method. requnrcs only elementary mat.hcmaucs.

Disadvantages of combining flow-system mapping with the TOT cnu:non are o

1) errors in estimates of porosxty or hydraulic conductivity can cause large errors in the :
TOT calculation and thus in WHPA delineation;

2) the method assumes a umfoxm, two—dxmcnsxonal aquxfcr that approxxmatcs a umform
porous medium;

3) the presence of a highly conductive fracture zone could cause vctry largc crrors in the
TOT calculation and in the n:sultmg WHPA.

Apphcauon of the flow-system/TOT method is shown' w1th examplm from thc Jum.uon ,
City and Sevastopol sites.. The cexamples use only the most accurate aquifer parameter -
estimates derived from pumping tests. The use of the flow-system mapping method at both -
sites required the assumption that the fractured rock bchavcs as a umform porous mcdmm at
the WHPA scale o . :

Example 1: Juncnan City site.--Detailed site mvcsngaunn conductul at thc Juncnon Cny
well field provided a water-table map that clearly ‘indicated a cone of deprcssxon around the
village well (hatchured contours, fig. 10) The cone creates ground-water divides bctwccn
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Figure 10. ZOC delineation in crystalliné’ rocks using a ﬁeld#mcasurc'cl‘ waterfi'ablc map. A
" B, and C are points where hydraulic gradients and ground-water velocities were calculated.
- Velocities were calculated using the hydraulic conductivity determined from the pumping test.
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flow lines reaching the village well and flow lines bypassing u Outlining these g'round—‘wa‘tefﬂ.
divides and extending the divides upgradient to the regional water-table divide produces the
ZOCshowninfigurclO.' o S - . S

Once the ZOC has been delineated, Eq. 1 can be used to estimate ground-water flow |
velocities needed to delineate that portion of the ZOC within a specific TOT threshold. The .~
horizontal hydraulic gradient (i in Eq. 1) represents the decrease in total hydraulic head over a .
horizontal distance. The hydraulic gradients at points A, B, and C on figure 10 are, L

.respectively, 0.0063, 0.013, and 0.05. Hydraulic conductivity estimated from a pumping test -
of the village well (Appendix A) was 8.3x10° ft/sec (about an order of magnitude higher than
that estimated from slug tests and specific capacity data). Using Eg. 1, with a fractured-rock
porosity of 0.10 (Freeze and Cherry, 1979), calculated ground-water velocities at points A, B,
and C are about. 165,.340, and.1300 . ft/yr. . Note- that- ground-water velocities increase ‘
significantly near the village well as the ground-water flow paths converge to enter the well.
Because of the variability of ground-water velocities over the study arca, TOT lines based on
this analysis are only approximate. Figure 10 shows approximate TOT distances for 1 year, 4
years, and 13 years. : - . o

Example 2: Sevastopol site.--The Sevastopol site example demonsirates use of the
flow-system mapping method at a site where the production well is not yet in use and no
mappable cone of depression yet exists. In addition, water-level measurements at multilevel
piezometer nests revealed that the ground-water system at the Sevastopol site was more v
complex than that at Junction City and required a three-dimensional analysis. The system can
be best characterized by two separate flow systems, one shallow and one deep, which co
correspond to zones of intense fracturing, separated by zones of less-fractured dolomite. The
water-table map for the shallow system and the potentiometric-surface map for the desp
system and their respective ZOCs are shown in figures 11 and 12, respectively. Because no
cone of depression exists around test well MW 1, the downgradient boundaries of the ZOCs
were squared off and flow lines were started arbitrarily 500 ft on either side of the well for
the shallow system (fig. 11) and 1000 ft on either side of the well for the deep system (fig.
12). The flow lines were then drawn upgradient to the ground-water divide. -

From the perspective of implementation, there is a significant problém with a narrow
WHPA, as shown by the shaded zone in figure 12. In such areas, the delineation of the ZOC
depends on the position of the potentiometric contours, and a relatively small error in the
potentiometric map can result in a major shift in the ZOC. ‘This problem is most critical”
when the ZOC is long and narrow. I T

One method to help insure that the WHPA covers the actual ZOC in such areasist0
delincate a buffer zone around the mapped ZOC (U.S: EPA, 1987). In figure 12, the buffer .
zone was extended outward from the mapped ZOC boundary by 250 ft for every 1000 ft of }
distance upgradient from the well. | o R :
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: Fhiguvr‘e‘ 11. ZOC delineation in a shallow grph,ﬁd-watcr system invdolomit"c using a -
water-table map. I L e ;
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Figure 12.. ZOC dclmeauon in a deep gmund-watcr systcm in dolormt«- usmg a

potcnuometnc-surfacc map.
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In the area of the test well, the hydraulic gradient of the shallow system is about 0.0060
- (derived from the water-table map). Using this gradient, a hydraulic conductivity of 1.4x10* .

ft/sec, and a porosity value of 0.2, the ground-water velocity is about 4.2x10™ fisec (130
ft/yr), and the TOT from the ground-water divide to the well (a distance of about 650 ft) is

- about 5 years. For the deep system, the average gradient from the well to the ground-water -

divide is about 0:0046. Using the same conductivity and porosity, the average ground-water
velocity of the deep system is 3,2x10°® f/sec (100 ft/yr). Based on this velocity, TOT lines
* have been drawn on figure 12. o L R

- 'Delim:ating an adequité ZOoC at the ScVastOpol sité téquired combining thé shallow and * * *
‘deep system ZOCs into one overall ZOC. A conservative assumption for the purpose of
:combining the ZOCs is that vertical leakage from the shallow system to the deep system can -

. _occur anywhere. Therefore, not only does the land surface directly above the shallow and

~ deep ZOCs have to be protected, but so does the land surface above that part of the shallow
_system that might contribute flow to the deep system ZOC. Figure 13 illustrates the ‘
" combined ZOC. o T -

" The combined ZOC was drawn by first overlaying the individual ZOCs from the shallow
- and deep systems, and then adding an additional area where water from the shallow system

" could move. and to enter the ZOC of the deep system. Points A and B on figure 13 illustrate

_ 'the directions of ground-water movement in this combined ZOC. Point A lies in the ZOC for .
- the deep system. Water entering the deep system at point A will follow the indicated path to

'the well. Point B does not lie in the ZOC for the deep. system, but it does lie in that part of -

the shallow system that could contribute to the deep system ZOC. Water entering the shallow -~ L

: ‘system at point B could move southeast thtough the shallow system, downward to the deep .
system, then southwest through the’ deep system to the well. ' S o
- Flow-System quﬁing with Uniform Flow Equation’

» Descr. iption.--The construction of a water-table map allows the application of thc uniform
‘flow equation (Todd, 1980) to define the ZOC to a purnping well in a sloping water table

(fig. 14). The input requirements are the same-as for combining flow-system mapping with - -

~ the TOT criterion. The uniform flow equation assumes a uniform porous medium and can be
" expressed as: S SR . \ : R

| ¥X = wn2nKbiYlQ) . O
where Y-is the distance from the Wcllvpéral_lé] to the prc-pu'mpiri’g eq_uipotcmial vllin'cs. Xisthe
* distance from ‘the well perpendicular to the pre-pumping equipotential lines, K is the hydraulic

’ ‘conducti_vity, b is the saturated thickness Qf an aquifer, i is the p’re-p'nmpin’g hydraulic . '

-~ A : .
RN
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gradient, and Q is the well pumping rate. Thls equanon leads to two equanons that delineate
the ZOC of a well:

-’ ‘XL=-Q/(2nKb‘i) L e
’ Y, = +O/(2Kbi) e

where X, is the distance from the well to the pm-pumpmg downgmdlcm null or stagnatxon
point, and Y, is the distance to the transverse boundary hmns from the upgradient boundary
center (fig. 14). ‘ .

Advantages of this method are o ,
1) the method accounts for some of the effects of pumping on the ZOC without detailed .
mapping of a cone of depressxon, which reduces the amount of required field work;

2) the method is simple and requires only limited training in hydrogeology;
3) the method uses data denved from a watcr-table map.

Disadvantages of this mcthod are -

1) the method assumes a umform, two-dimensional aquifer that applroxxmates a umfonn
porous medium;

2) the method ignores the effects of hydrologic boundaries (except : | undowatcr
divides), aquifer heterogeneities, and non-uniform rcchargc, o :

3) the method can produce unacceptably large ZOC esnmatcs if the protected well is
located far from the ground-water divide; ,

4) errors in the water-table map or in estimates of porosxty or hydsramhc conducnvm
can cause large errors in ZOC delineation. - o . S

Example 1: Junction City site. --Using the water wable map and the hydrauhc v
conducuvxty estimate based on the pumping test, the followmg values were assigned to the
variables in the uniform flow equation: : ’

: K =8.3x10° fi/sec,

b =160 ft, .

i = 0.0047, o ﬂ

Q = 0.072 fr/sec. B P

o

These values resulted in a downgradlcnt null point (X,) of - 180 ft and a transvcrsc null
point (YL) of +580 ft (fig. 15). The ZOC extending to the ground-water divide in this -
example is narrower than the ZOC delineated from the water-table map (fig. 10), because the
mapped cone of depression is larger than would bc prcdlcted by usmg thcn uniform flow -
equation. ,
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Example 2: Sevastopol site.--On the basis of aquifer evaluation, geophysical logging,
and the potentiometric-surface map of the deep system (see Appendix B), the following
parameters were assigned to the deep aquifer system: . : v :
‘ ' K = 1.4x10* ft/sec, ‘ :
. b=410ft, N e
- i=0.0046, - - N ®
" Q = 100 gpm (0.22 ft¥/sec). S ST
The calculated X, and Y, are -130 ft and +420 ft for the hypothetical municipal well. -
The ZOC drawn with these limits is shown in figure 16. Note that the ZOC has been curved
to follow the regional direction of ground-water flow. : . T

Residence-Time Approach :

Description.--The residence-time approach utilizes water chemistry and isotopes to
identify ground-water travel paths and flow rates. Geochemical parameters (for example,
mineral concentrations and saturation indices) can help indicate the source area of ground
water. Environmental isotopes (tritium, oxygen-18) in ground water can be used to estimate a
minimum age of water produced by a well. Such analyses are relevant to .ZOC and TOT
analyses in three ways. First, relative age determinations can provide a check on travel-time
estimates obtained by the hydraulic approaches described above. Second, in areas where the °
water produced by a well can be shown to be hundreds or thousands of years old, the '
potential ZOC of a well might be so large that local wellhead protection might not be
appropriate or effective. Third, in areas where the geochemical and isotopic signatures of
ground water vary radically from place to place, these variations can be uszd to differennate
.zones of rapid recharge from zones of less rapid recharge. For example, a well located near a
river that produces water having geochemical and isotopic contents similar to the river-water
might be directly connected to the river through' the fracture network; a well adjacent to a
river that produces water with a different geochemical and isotopic content might not be
directly connected to the river. - : ' o

Tritium (H) is a radioactive isotope of hydrogen that is naturally present at low levels in
the earth’s atmosphere, but tritium in the atmosphere increased dramatically following
atmospheric atomic weapons testing from 1952 to the mid-1960s. During this time, all

recharging ground water was enriched with tritium, and ground water that has entered aquifers '
since 1952 generally contains elevated tritium levels. The half-life of triium (123 years)1s
relatively short, making it an excellent indicator of recent ground-water recharge and relanve
ground-water age (Egboka and others, 1983; Knott and Olimpio, 1986), where age is defined’ .
as the time since the water was in contact with the atmosphere. Hendry (1988) summanzed o
the general qualitative interpretations of ground-water age on the basis of fritium in .
ground-water (table 3). Tritium analyses are reported in tritium units--a ratio of tritium atoms
CH) to the much more common 'H atoms. One tritium unit, or TU, represents one tritium -
atom per 10'® hydrogen atoms. : - S 7 ~
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Table 3. Qualitative interpretations of tritium concentrations in ground water
(from Hendry, 1988). ‘ T

Concentration (TU) o o hwmmmﬁén :
> 100 ,. | Aver’aéc @md'&awr likely récharé&ad dﬁg ' "
thermonuclear testing between 196.0 and 1»)965”
10-100 o | Avemge ground water less than 35 years old. '
2-10 . | Average ground water at least éO y’cziifs’ old.
<20 ~ Average ground Wa@r older than 30 ye'érs.ﬂ o
< 0.2 | Ave:rige gfound water older than 50 yea’rs‘.' | -

ra g j . . . . . : e A col

Oxygen-18 (*O) is a naturally occurring isotope of oxygen present at Jow concentrations
in air and water. The ratio of ™O to the more common 'O is a function of climate, season,
latitude, and weather patterns. In general, the **0/*O ratio becomes lower in more northerly
latitudes and colder climates, and so the '*O content of ground water has been used as an -
indicator of the climate at the time the water recharged. Bradbury (1985) and Desaulniers
and others (1981) have used the *O content of ground water in clayey fractured tills in
Wisconsin and Ontario, respectively, to suggest that the ground water recheirged in a colder
climate than present, possibly as much as 10,000 years ago. In addition, the **O/'°O ratio in
precipitation varies seasonally, and variations in the ratio are often used to distinguish ground
water originating from different recharge areas. As with tritium, *O values are reported as a -
ratio deviation from a standard. For 'O the standard is known as Standard Mean Ocean =
Water (SMOW); results are reported as per mil deviations from this standard. )

The residence-time approach requires the collection of high-quality ground-water sarnples
from pumping wells, monitoring wells, and discharge points such as springs and streams.
These samples are tested for a full range of inorganic cations and anions as well as such field
parameters as pH, conductivity, dissolved oxygen, and temperature. In addition, the water
should be analyzed for °H and 0. This method also requires information about the '
mineralogy and geochemistry of rocks supplying water to the well. e

Advantages of the residence-time a‘pprba‘ch‘ are ,
1) the assumption of a uniform porous medium is not necessary; - o
2) the method can give information about relative ground-water age, which can be
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] . useful in dctermmmg the appropriiateness‘ of WHPA \delinea‘ﬁdn; o
'3) the method helps confirm TOT estimates made by other techniques;

" 4) the method does not require detailed measurements of aquifer parameters, aJﬂi,ough |

‘knowledge of such parameters increases the method’s usefulness.

Disadvaniages of the residence-time approach are I ,
1) ' the method requires skill and experience in geochemical and isotopic interpretation; - - -
2) . the miethod is not applicable to all settings, and results are sometimes ambiguous;
" 3) geochemical and isotopic analyses can be expensive; - . ‘
-4) the method may not produce a mappable ZOC, but it can help confirm a ZOC and
TOTs delineated by some other method. - ' S C

Example 1: Juncrion‘ City site.--Ground-water ‘s‘amples wérc:coileCted from 14 weﬁs and

piezometers in and around the Junction City well ficld between October 1988 and June 1989

(fig. 17). The samples were analyzed for all major cations and anions and for *H and "o, - -
Analytical results are presented in Appendix A (tables A4 and'AS). _ E -

Using »thé qualitatiﬁc tritium intérpmtatidns in table '3', g}ound- watcrcurre'ntly produccd ,

© by the village well contains about 21 TU and is therefore less than 35 years old. This is .

relatively young ground water, which indicates that ground-water flow paths from the

recharge area to the village well are relatively short.

Most other bedrock wells and piezometers near the. village well also produced water less.

_ than 35 years old, with three exceptions. Shallow piczometer JC5, bedrock well JC12, and "’

deep piczometer JC23A contain, respectively, 5.4, 3.4, and 7.7 TU (see inset map fig. 17;

" 1able AS, Appendix A), and ground water at these locations is older than in the other wells..

Piezometer JCS is finished in the thickest section (greater than 50 ft) of unlithified silty clay

' present in the well field. Ground water at JC5 has taken at least 20 vears to-move less than -

50 ft downward, implying that the bedrock aquifer probably receives very little recharge in

" the vicinity of JC5. Well JC12 is several thousand feet west of the village well and is outside

the cone of depression. The tritium data confirm that JC12 is outside the ZOC.of the village -
well (fig. 17). Finally, piezometer JC23A is finished deep in the poorly fractured section of -
the bedrock aquifer. Even though the village well (JC9) extends to an equal depth as JC23A.

(fig. 17), the discrepancy in tritium values between JC9 and JC23A indicates that the deep,

poorly fractured part of the acuifer probably contributes little or no water to the village well.
This finding implies that the ZOC for the well may be small, and that the well receives little:
or no water from a regional flow system. ..~ R e —

" The *O values for the Junction City arca range from -9.6 to -11.6 per mil (table AS, i
'Appendix A), which is about the range of variation expected for O in recent precipitation in.
 central Wisconsin. The oxygen data are thus consistent with the tritium data (ground water .

_less than 35 years old), and the small variatons between wells in the study area are probably

not significant. : : : : _— ,
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A Results of chemical analyses (table A4, Appendix A) lead to these conclusions about

. ground-water flow to the village well.- . C S -

1) Because the chemistry of the village well (JC9, 325 ft deep) is very similar to the :
.. chemistry of surrounding test wells JC10, JC11, and JC24, about 100 ft deep) and is -

" not similar to the chemistry of piezometer JC23A (300 ft deep), it seems likely that -
most of the water produced by the village well moves into the well from the upper,
highly fractured bedrock. The lower part of the bedrock supplies little water to the

-village well. o L .

2) The village well chemistry is different from the chemistry of -2 surface-water sample
‘- collected from the swale west of the village well (SWO01). This suggests that there is
o direct conduit carrying surface water to the village well through the fracure =~ .
- 3) The village well chemistry is clearly different from water chemistry in the vicinity of -
' piezometer JC5, screened at the base of a thick layer of unlithified materials. '
" Apparently, little recharge enters the aquifer from areas of thick, clayey surficial
. materials. | : T :
4) Water quality in the upper, fractured bedrock is relatively uniform, supporting the
- concept of a diffuse-flow system (porous medium) rather than conduit-flow system -~
- for this aquifer. ’ o v L : : - -

Taken together, the isotope and chemical data suggest that water produced by the village
well is well-mixed, flows mainly through the upper fractured zone, and has a residence time
of less than 35 years. These results suggest that wellhead protection measures based on the
porous-media assumption will be effective at Junction City. o '

- Example 2: Sevastopol._site.--Gfouhd-wéter samples were cdliected frbm‘ 16 wells and .
- piezometers during November 1988, and analyzed for major ions and for *H and '*O.
‘Analytical results are presented in Appendix B (tables B4 and B5). -

As with the Junction City example, the residence time of .ground water in the fractured
‘dolomite of the Sevastopol site is generally léss than 35 years based on qualitative tritium
interpretations. The 'O data are consistent with this age interpretation (table B5, Appendix

B). Isotopically "young" water is expected in Door ‘County because of the high degree of ‘
fracturing of the dolomite and the thin soil cover, which allow rapid recharge.. The similarity .
of isotope results from all piezometers is consistent with the assumption of porous-media

N

- behavior for the dolomite aquifer.

' Major-ion ground-water chemistry is uniform with depth and position at the Sevastopol .
site. The homogeneity of bedrock at the Sevastopol site probably masks any subtle chemical

- changes associated with varying source arcas. The lack of major variations in major-ion
concentrations, electrical conductivity, mineral-saturation indices, and other parameters = - .
supports the assumption that the dolomite aquifer behaves «> a porous medium (diffuse-flow
system) at the WHPA scale. IR ST o
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Numerical Flow/Transport Models

Description.—~A WHPA can be delineated using computer models that approximate
ground-water and/or solute transport equations numerically. Such delineation is usually-a =
two-step process: simulating a flow system followed by calculation of contaminant flow e
paths within that system. Where the hydrogeologic setting is complex, randels can be ' '
particularly useful because they allow simulation of a wide variety of conditions and ,
ground-water flow boundarics. Modeling of a flow system involves discr:tization of either a
two- or three-dimensional problem domain into nodes. Such discretization can accoun: for
spatial variability of aquifer parameters, thus enabling the inclusion of aquifer heterogeneity -
and anisotropy in the model simulation. Most ground-water flow models also allow for
temporal variation.of. many parameters. .The. flexibility of computer-models allows for
variation of recharge rates, pumping rates, thickness of aquifer layers, storativity, and
hydraulic conductivity. Models such as the widely-used U.S. Geological Survey (USGS)
Modular Three-Dimensional Finite-Difference Ground-Water Flow Model (McDonald and
Harbaugh, 1988) are able to simulate pumping wells, rivers, drains, recharge, and |
evapotranspiration. L o '

Most numerical models in the public domain at the present time (1989) simulate
ground-water flow using the governing equations of porous-media flow. Such models are
adequate for wellhead protection studies in fractured-rock aquifers if the aquifer behaves as'a
porous medium at the scale of the study. Although models that can simulate flow through -
fracture networks using the governing equations. for fracture flow exist, fow, if any, ‘such
models are currently in the public domain. In addition, the enormous data requirements for :
such models limit their use to very sophisticated studies. o ’ R

Once a flow-system model is calibrated so that-the simulated head distribution.
approximates the field heads, transport computer programs can simulate the probable flow
paths that contaminants may follow and the TOTs of these contaminants. A ZOC can be
delineated by starting these paths at various locations within the flow sysiem and noting :
which flow paths terminate at the pumping well. Model-produced TOTs along these travel
paths can further refine the ZOC using the TOT criterion. S '

Model simulations are only as reliable as their input parameter values. The cost and \
technical expertise needed for adequate data collection can be quite high and such collecion - !
can require substantial field investigations. Input parameters requiring some degree of field _:
measurement can include aquifer transmissivity, porosity, and the thickness of various layers.
Characterization of these layers requires a high degree of geological background and skill.
Building, running, and calibrating the model are also complex tasks requiring skilled
personnel and a large time investment. In general, if the modeled system is an accurate
portrayal of the real system, the resulting ZOC represents the most accurute delineation
* possible. Changes in the ZOC delineation resulting from natural or man-made effects can
also be predicted. The accuracy and adaptability of the model to so many types of

hydrogeologic settings make this method desirable, but it is usually the most costly method to

e
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'~ implement in ‘wn:hs of time, money, and personnel. Numerical modeling is probably best

applicable to those situations where the accuracy required or the flow system complexities -
warrant such a costly approach. R S ‘ : s ‘

' Ad‘vaixtage; of numerical simulation are

. " 1) commonly available numerical models can simulate aquifers in three dimensions and

- can include most of the inhomogeneity, anisotropy, and transient behavior observed
2) if properly discretized, numerical models can simulate discrete fracture zones;

"3) because numerical models give an integrated solution over the model domain,:

ground-water flow paths and travel imes can be determined with much greater.
precision than with other methods; . - . : o
4) adequate numerical codes are widely available.

 Disadvantages of numerical simulation are

1) most practical models require a porous-medium assumption at so;meﬂscalc;
2) models require significant amounts of data for proper calibration, verification, and .

prediction;

 3) modeling is often very expensive and tiﬂn-consuniing b¢cause it r'e’qui‘n;s;subsxta’ntial

amounts of data and expertise.

imation consisted of borehole drilling and logging, piezometer installation,

and characterizing bedrock exposures for lithology and fracture-trace orientaﬁon (Appendix

layers, assigned hydrologic boundaries, spatially discretized, and assigned appropxiaté”aquifei'
' parameter yalucs. Details of the modeling are given in Appepdix A. T

~ Once the head distribution was adpquitély simulated, PATH3D, a three-dimensional

particle-tracking program (Zheng and others, in press), was used to delincate a ZOC for the -
-village well.. PATH3D uses the model-produced head distribution to predict the path of ' -
hypothetical particles of water within a flow system; it deals only with the process of

. advection and ignores the effects of contaminant dispersion and diffusion. By using the -
" steady-state model simulation, particles can be tracked backward from any specified point to

~ the particle origin in the ground-water system. The easiest way to delincate a ZOCis
place the particles in a small circle surrounding the pumping well and track their paths

 find the downgradient extent of the ZOC. Trial-and-error placement of particles at the water

" table near the village well was used to establish the downgradient null point (the divide

between the water escaping the well’s influence and the water moving backward toward the
~ well). Model results indicated that particles beginning 310 or more feet downgradient ‘

(pre-pumping) of the village well continued to move away from the well. - Particles beginning

Sy

st

N

" Example 1: Junction City site.--Modeling of the Junction City area was performed using.

 the USGS modular model (McDonald and Harbaugh, 1988). Field work performed for model
- parameter es '
piezometer and deep well slug tests, a pumping test, surveying, water-level measurements,

~ VA). Using the information from the field investigations, the flow system was divided into * '

N

-~ “backwards to either the water table or a ground-water flow divide. PATH3D was also used 10 . |




less than 305 ft downgradient of the village well were wnlun the ZOC of the well. Thc ﬁnal
ZOC and approximate TOTs predicted by numerical modehng are shown in ﬁgurc 18.

Exdmple 2: Sevastopol site.--Numerical modeling of the S;vastopol, site was performed :
similarly to the Junction City modeling, requiring a similar mtcnsny of field work (Appendix
B). The modeling and calibration of the Sevastopol site was more complex, however, due to
the existence of the shallow and deep flow systems, greater aquifer anisotropy and
heterogeneity, and greater head fluctuations associated with scasonal or re; harge events.

PATH3D was again used to delineate a ZOC. Hypothencal parucles were placed around
the pumnping well and their paths were tracked backward until they emcr;g«ad at the water .
table. The particle paths delineate a thin.elliptical. ZOC.for the well shown in figure 19.
Calculated TOTs are also shown. The model predicts small TOTs relative: to estimates from
other methods due to the incorporation in the model of a thin but highly conductive fracture
zone about 180 ft below the land surface. The ability of the model to simulate such a ‘
fracture zone makes it superior to prcvxouslv dlscussed melhods that assurne a homogcm,ous
aquifer.

WHPA Delineation Methods for Fractured Rocks
- That Do Not Behave As Porous Medla

Fractumd—rock aqulfers that do not behave as porous-nr.dxa aquers ,|gonerally fall mto
two categories. The first category includes aquifers with numerous interconnected fractures.
. These aquifers contain discrete zones or regions of intense fracturing, large fracture apertures,
or fractures widened by solution that are significantly more permeable than the surrounding
fractured rock. The second category of fractured-rock aquifers that do not behave as
porous-media includes rocks with very sparse and poorly connected fracturesina =
, low-permeabxhty matrix. Such situations are probably most common in ‘structurally , :
homogeneous igneous and metamorphic rocks such as granite and quartzite. In such aquifers,
obtaining adequate yield for producnon wells can be difficult and usually involves completing
the well to intersect one or two major water-bearing fractures that act as condum and storage .
reservoirs for ground water. :

In bot.h cases, ZOCs based on well hydrauhcs or the uniform ﬂow equation mn be
incorrect because they ignore the system heterogeneity. However, porous-media-based
numerical models may be able to simulate some of these systems by treating the permeable
fractured zones as permeable model layers or a series of nodes in a less-permeable matrix.
The model at the Sevastopol test site (Appendix B) demonstrated this method by simulating a-
high permeability horizontal fracture zone in the dolomite aquifer. The model showed that
the presence of this zone had a profound effect on ground-water flow paltl'xs and travel times
in the WHPA.
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 Vulnerability mapping and hydrogeologic mapping are also possible methods for . = *
fractured-rock aguifers that do not behave as porous media. Vulnerability mapping may be
used to identify areas particularly vulnerable to ground-water contamination, and these areas
could form the basis for the delineation of a WHPA using the arbitrary fixed radius method

or the simplified variable shapes method (U.S. EPA, 1987). Hydrogeologic mapping (U.S.

- EPA, 1987) uses geologic contacts, structural features, and water-table maps to determine

ground-water basin boundaries. In some cases, the ground-water basin may function as the
ZOC for a given well; in cases where the basin is small enough, the entire basin could be
delineated as the WHPA. : ‘ IR S . : L o

~ The rbsidence-ﬁme approach is useful in settings where the porous-media assumption
does not hold. This approach can be used to establish the age and geochemical origin of -

water produced by the well o be protected... The residence-time-approach alone.cannot be -
used to determine a WHPA and it should be used in combination with the hydmgedlogice~A A

. mapping method or the vulnerability mapping method.

B \WHPA Comparative Analysis,:

" Cost Analysis -

 'Exact prediction of the costs inhércnt i‘n_cach‘ of the methods is difficult bécause the

" amount of field work required for each method depends on how ‘much information is ‘already

| " available, the complexity of the problem area, and the degree of accuracy dcvsired by the

wellhead protection program. For example, the work required for aquifer parameter .~ .

estimation can range from the least costly and least accurate method of simply citing the

- average values of parameters (such as hydraulic conductivity or porosity) found in literature
-to the most costly and most accurate method of performing a pumping test. The latter '

* requires extensive field work and many hours of technical data analysis. The parameters

necessary for each ZOC delineation method are included in table 4. Table 5 summarizes

some of the work, time, skill, and approximate cost requirements of performing the individual

wasks for each of the methods. . - - ' v : o

. The cost estimates are primarily based on an hourly rate that represents the actual salary-
“to an individual at a particular skill level. It does not include general overhead, benefits, -
~ taxes, profit, or the amortization of equipment. If a consultant were employed to perform the
same tasks, s/he would usually charge three times the hourly costs that are listed in table 5.
Six ground-water consultants or consulting firms in Wisconsin were contacted regarding
 typical costs for this type of work. They would charge $40 to $100/hr for tasks with skill , -
‘levels IV, V, and VI. The cost of the flow-system mapping method with calculations (but
without drilling or monitoring-well installation) probably would be between $10,000 and
. $20,000. ' A : T : '




l "

Table 4. Data requirements for WHPA delineation methods for fractured crystalline and
dolomitic rocks. - ‘ : -

-

Method - o Data Reguirements
| = S Hydrologic  Aquifer
K V. Qn i b S R Boundaries _.Geometries

Vaulnerability " Geologic, soils, and water-table maps N

Mapping * Field mapping of surficial features. -
Flow-Systern Mapping ‘ - - X [ X

Flow-Systern Mapping : ' L o
with TOT X X X N S X X

Flow-Systern Mapping : R
with Uniform Flow ‘ ‘ I

Equation X X X X X X X
' . : ) . i | -
. ' ' i
Residence Time Water sampling and analyses - . . ‘
Numerical | |
Flow/Transport , o 0 -
Model X X X x X X X - X B X
Explanation: : S I : |
K - hydraulic conductivity C i - hydraulic gradient
V - vertical leakance ’ b - aquifer thickness .
Q - well pumping rate : S -storativity
n - porosity R - recharge rate.

¢

Assessment, Comparison, and Selection of Methodsi

In deciding which of the ZOC delineation methods is most appropriate for a given .- .
wellhead protection program, many factors need to be considered. These include relative - .
accuracy, level of technical expertise needed, and costs: Although the best method might .

differ from one setting to another, a comparison of the results from the Junction City and - -
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'~ Table 5. Estimated work, time, skill, and cost requirements for selected WHPA déﬁngat;on methods.

Method. - - Work Requirements _— Approx Tunc 'Skill - -Approx. .-
S CTT e R Requuemcnt‘ "~ Level Costs s
" Vulnerabiliy =~ Field ~ PR . o .
. ‘Mapping © . l.octuon of messursble wells ; 2 days . ! 300
. ‘ o .- Depth o ground water : S
B S measurements . > several days S \ - 600
' -locanmofbe&ock ' o o s :
omcmps o ‘several days M IV - 1500
"~ Interprezation of soxl ‘ o _ R soils - ‘
* surveys . severaldays . .. .~ expert. 500
- Constructing depthlo ' = ‘ Talne o :
S : ground water msp . 5 " 2days m © 400
LT o '-Cmstmcungdepthto , : ]
S .7 bedrock map B oo . 2days. . B 1 L 400
. " . Map compilation’ : © 2days ’ . In 400
) . . : 4100
Flow-System . Field ‘ . g , . ,
Mapping * . Location of measurable wells’  ~ ° 2 days - R | 100
S - Surveying well elevatons C . 3ddys v - 400
* -'Piczometer installations : 3days v - 2000 -
. Water-level messurements . lday A v _120
Office e : . o R :-
* -« Collection and plotting S . ‘ ; : ’ . IR .
" of well logs T 23days - m © 240 S
- Hand contouring of maps - - - 2 days . m . 160
- Computer contouring =~ . - ’ 2 days v "800
- ZOC delineaton St 4 hrs ~ IV - - 60 -
L o ' s 12
_ Flow-System - ’ All work listed under o
Mapping with . ‘flow-system’ mnppmg method . 3880
TOT calculations . plus: - '
Field . - : _ - .
Aquer parameer estimation 23days - - - Ivm - . 1000
Office
- Interpretation of : ' - o - ,
. hydraulic gradients S o o o020




Method Work R.eqdirémcnts - ' Approx. Tnnc‘ Skil - Approx

Requucmcnt . Level Costs (S)3
- Hydemulic conductivity - , .
* estimates (from '
literanwre, specific
.- ity estimates, o Co ‘
. analysis of field data) 23 days Y | S 15000 A
' - Applicesion of ground- ‘ E ; NN
water velocity equation ‘ 3
touublish'l‘OTsf‘ 5 hrs o IV, I
P B ST 2R 2N WU A T e
Flow-Systzm All work listed undcr
Mapping with flow-sysiem mapping mexhod
Uniform Flow plus:
Equation - -
Field e ‘ . ‘ .
- Aquer parameter estimation © 23 days ; N L /11 "1000
Office
-lmerp'euuonof , ' : R Cote " . .
hydraulic gradients . 1wk S i 20
- Hyduulxc conducuvn} o ! . _ .
estimates’ : 2-3 days - : Y o 1500 -
- Application of uniform ' . ‘ , IR
flow equations =~ - 4 hr : ' n R ']
: | 1580
- 6460
Residence-Time Field : . : o ' ' o
Approach - Water sampling ¢ . 2days ‘ LIV c 3w
. Laboratory - v . o
- Sample analyses - " chemlab 3000
Office . _ : ‘ g :
- Data interpretation . 2 days, : I 4 . 1200 -
- . : . T ' o . 4500
Numerical Field :
Modeling “Might include: ) ; -
- Location of measurable wells . 2days: I 100 -
- Surveying well elevations ~ 3days- R 4 400
- Water level measurements , several days - IV © 500
- Piezometer installation 3 days ' Rt 2000
. -Borehole drilling and- Y ‘
logging 1 week v Iv. I 15000
- Geophysical logging ‘ ‘ several days IV, I 5000 -
. - Video logging 1 day v 1000
- Slug tests  1-2 weeks : v - 1500
- Aquifer pumping test ' 2 days S A % 11 2000
- Location of bedrock outcrops o 2days v, o _500
v 28000

58




Method = =~ Work Requirements / ‘ Approx. Time - Skill " Approx.
' ‘ : ‘ - ' " ‘Requirement’ Level® . . Costs (8)°
: - Water-table mapping ' 1 week m - 500 -
_ - Bedrock surface Lo . , o
*- . elevationmapping - - T 2days m 200
- Analysis of field data: : " 2-3 weeks ‘ 5000
-Shig tests - : Co Vi -
-Geophysical logs m
-Pumping test v -
Borehole drilling .. . - .. . .- ) o H
-lmmlmodelconstmcum C . 3 weeks VI "9000
-Parameter selection . S - C
-Boundaries o
- -Spatial discretization \
(horizontal and vertical)
- -Dats msnagément . D ' o
- Mode} calibration . - 7 2 weeks . VI . 6000
- Transient simulstions o -1 week " VI ' 3000 -
- Application of particle o co :
tracking program to . ‘ N S
delineaste ZOC . 2weeks -V ‘ 6000
- Prepartion of graphic - S , _ o
output . = - : ‘1 week , A 2000
: : o : - o ST 31700
X S -859700.
! Time requirements depend on the scale and complexity of the problem. _
. ) ) ' Hourly'
* Skill Level: - T L L : " Rae(S)
I - Linle or no technical expertise required o . S s
I - Some knowledge of hydrogeology helpful. =~ - : . ‘ ‘ 7.50
- I - Training in hydrogeology. and/or mapping required - L . 1.
+ IV - Training in hydrogeologic field methods required - B : 15
.V - Computer expertise required - L 50 -
VI - Reqmres comtnnmon of computer md hydrogeologlc experuse ‘ " L ’ 15
? Costs do not mclude overhead, equxpmem. wavel expense and other adxmmstnnve chuges
‘ : - 59 ’




Sevastopol sites is illustrative of some of the advantages and disadvantages of each method
and of which methods are’ the most likely candidates for wellhead protection programs in .
fractured-rock settings. - ' o o o

The various WHPA delineation methods applied in this study resulted in areas of greatly '
varying size and shape and in TOTs of greatly varying lengths. For the purpose of o R
comparison, it is assumed that the ZOCs delineated by numerical modeling, as shown in R
figures 18 and 19, are the most accurate because they incorporated the greatzst amount of v .
site-specific field data. The ZOCs delincated with the flow-system mapping, the flow-system e
mapping with the uniform flow equation, and the numerical modeling methods at the Junction -
City and Sevastopol sites are compared in figures 20 and 21, respectively. v f

With the exceptions-of vulnerability ‘mapping-and-the residence-time approach, the’
WHPA delineation methods tested require the assumption that the fractured-rock -aquifer |
behaves similarly to a porous medium at the scale of the wellhead protection effort.
However, numerical models, when carefully discretized, may be able to sirnulate some
high-hydraulic conductivity fracture zones. Although the porous-media assumption can
introduce some error, it will be reasonable in many, if not most, fractured-rock settings.

Assuming that porous-media models can accurately simulate fractured-rock aquifers in,
WHPA studies, wellhead protection analyses in fractured rocks differ from analyses in porous "
media in several important respects. First, fractured-rock aquifers tend to be highly S
anisotropic. Second, fractured-rock aquifers tend to be heterogeneous in three dimensions.
Third, production wells in fractured-rock aquifers are often constructed with long-open-hole
intervals. Pumping of such wells draws water from long vertical sections of the aquifer and
tends to result in larger ZOCs. For all three reasons, WHPA determinations in fractured-rock
aquifers usually require a more sophisticated analysis than in norous medi2. Numerical
modeling is currently the only practical means of carrying out this type of sophisticated
analysis, incorporating anisotropy, heterogeneity, and three-dimensional flow.. More
sophisticated methods of analysis, such as discrete fracture models, fractal analysis, and
stochastic models, offer promise but are currently in the research stage and are not viable -

options for community wellhead protection projects at this time.

Vulnerability mapping.--Vulnerability mapping can help delineate land surface areas most
susceptible to contamination including open fractures, exposed or shallow bedrock, and
permeable soils. In addition, if fracture conduits can be identified in the subsurface (for
example, by using geophysical logs), well casing should be placed so that it isolates the well.
from major conduits. The results of vulnerability mapping can be used for WHPA delineation
using either the arbitrary fixed radius method or simplified variable shapes methods (fig. 9).
In areas where the aquifer does not behave as a porous medium, vulnerability mapping offers
a relatively cost-effective basis for delineating a WHPA. If geologic, soils, and water-table -
maps are available for the site in question; the only field work necessary is field mapping of . ‘
surficial fractures. " , T L
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F Iéw—system mapping and flow-system mappving:_‘éombine\d with TOT érizérioii;--A; both .

" sites, flow-system mapping produced the largest ZOC estimates and included the majority =

ofthe ZOC area delineated by numerical modeling. General similarity between the
flow-system mapping and the computer-modeled ZOCs is expected because the ‘
hydraulic-head distributions generated by the computer simulations are calibrated against the
water-table maps. Differences between the ZOCs occur in part due to the consideration of
heterogeneity and anisotropy by the modeling method but also due to less than perfect model

" calibration. ' Flow-system mapping therefore might offer the most protection for the least cost. -
In general, the amount of field work involved in flow-system mapping depends on how many.

‘" water-table measuring points exist in the well vicinity. If no additional wells are needed, the

__only field work required is measuring water levels in existing wells and surveying the h
" elevations of those wells. Using data from existing well logs saves: substantial'amOun;s,of o
. time and should ‘sufﬁcc.,.Outs'ide the area immediately surrounding the production’ well. .

- -~ . The flow-system mapping approach is especially useful .when the ground-water flow
boundaries are close to the well. In the case of the Junction City well, the ground-water

. divide is only about 1 mile away. -At the Sevastopol site, the shallow system ground-water

divide is only about 1000 ft from the well; the deep system ground-water divide is about 1.5

miles from the well. In cases where ground-water flow boundaries are farther from- the well,.

 the resulting ZOC can be extremely large and the TOT criterion can be used to limit the '
'WHPA to that portion of the ZOC that will contribute water to the well within a specified .
length of time. = = o L '

Using various estimates of hydraulic conductivity at the Junction City site resulted in -
different TOT estimates. The most accurate. method for measuring hydraulic conductivity (the
pumping test) resulted in the shortest TOT estimates (fig. 10). These TOT estimates suggest i
that the whole ZOC be used as the WHPA unless dealing with contaminants that degrade to

non-toxic levels in less than 5 years. - It should be noted, however, that the ZOC and TOT . -

estimates from this estimate differ from those calculated by the numerical modeling.. The
. computer-delineated ZOC was smaller and extended farther east than the water-table map .
ZOC (fig. 20). The difference in TOTs occurred in part because the computer model
- -simulates flow paths in three dimensions and accounts for flow paths through deeper zones of .
. varying hydraulic conductivity. . o " R - B
© At the Sevastopol site, the flow-system mapping approach was more complicated due to
the existence of shallow and deep ground-water systems, but the results were more compatible
‘with the results of numerical modeling than at the Junction City site.” At the Sevastopol site,
. the flow-system mapping ZOC is slightly larger than the computer-delineated ZOC (fig. 21)
~ 'and only a small area of the computer-delineated ZOC is not included in the flow-$§ystem
- mapping ZOC. The TOT estimates based on the potentiometric-surface map (fig. 12) were .
much longer (100 years compared to 1 year) than those predicted by numerical modeling (fig.
19). Tre modeling TOTs were short because the model accounted for a very thin but very .
conductive zone about 180 ft below the land surface. . . e B

¢ .
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Disadvantages of using the flow-systemn mapping method in fractured-rock settings are
that the method does not account for three-dimensional flow and for the heterogeneity and
anisotropy inherent in many fractured-aquifer systems. At the Juncton City site, the \
hydraulic conductivity decreases dramatically with depth as the number of watey-transmitting
fractures diminishes. At the Sevastopol site, a highly fractured conductive zone dramatically
reduces travel times. - v e ‘ . oy

Flow-system mapping with analytical equations.--Applying the uniform flow equations
after a water-table map is constructed requires little additional time or cost and providesa . ..
good analytical basis for ZOC delineation. It is recommended that the uniforra flow S
equations be added to any ZOC delineation made from flow-system mapping. The two
methods used in tandem can serve as checks on one another’s accuracy. The uniform flow
equation ZOCs, calculated..(with“ﬂxelhydraulicgconductivities.zmcasuredvdurir;gnthe’pumping .
tests, were the smallest of the three ZOCs compared in figures 20 and 21. At the Junction -
City site, the size of the cone of depression of the village well (fig. 10) indicates that the - ,
uniform flow equation ZOC (fig. 20) is probably too small to adequately protect the village -
water supply. At the Sevastopol site, the ZOC delineated with the uniform flow equation
corresponds closely with the flow-system mapping and the numerical modeling ZOCs, butit -
is still the smallest (fig. 21). ‘ ‘ o o v -

Residence-time approach.~The residence-time approach by itself does not delineate a
ZOC and is therefore only useful when used in combination with one of the other approaches.
It serves as a useful check on the TOTs estimated by the other methods because TOTs based
on the residence-time approach do not depend on measurements of aquifer parameters.
Because it requires no assumptions about the aquifer, it is useful in providing TOTs for the
flow-system mapping method and can be used in conjunction with this method for WHPA -
delineation. It is also useful in verifying modeling results and in model calibration.

The residence-time approach will be helpful in settings where the fractured-rock aquifer.
does not behave as a porous medium. In some areas, the pattern of fracture conduits is so
complex that delineation of individual conduits will not be possible, and ground-water flow "
paths will be unpredictable. In such settings, isotopic and geochemical information can be -
useful for delineating ground-water ages, travel times to the well, and recharge areas. = :
Occasionally, isotopic data will show that water reaching the well to be protected is hundreds ~
or thousands of years old. In such situations, wellhead protection practices might not be
practical because the ZOC for the well could be extremely large and the effect of wellhead
protection practices would not be seen for hundreds of years. In other areas, the
residence-time approach might indicate particular bedrock types or areas of the landscape .
most likely to contribute water to the well. ’ . o , ‘

Numerical modeling.--Numerical modeling requires substantially more time and experuse
than the other methods considered (table 5), but it produces smaller, more accurate ZOCs. ‘ ,
Being able to delineate a smaller area might be very important in some settings. The amount B
of effort and resources required might also be justified where there is need for a high degree e




of accuracy. In areas where the ground-water flow system and hydrologic boundaries are B
complex, numerical models might provide a significant improvement over other methods.
Although numerical models are based on analytical equations that assume a uniform porous
" medium, they can take into account heterogeneities and anisotropy that are frequently inherent
in a fractured-rock aquifer. The magnitude of improvement that numerical modeling brings to -
ZOC delineation will vary from site to site. Greatest improvement will occur'at more -
_complex sites. The following site characteristics may justify the added expense and time.
required for numerical modeling: SR e o
1) significant discrete fractures or fracture zones,
' 2) significant anisotropy, - - ' ; i .}
~ 3)_significant spatial variations in various hydrogeologic parameters (T, K, recharge,
4) significant vertical movement of water and/or significant variation in total hydraulic
*  head with depth, - o ‘ o :
' 5) significant changes in water levels seasonally or through time.

. Numerical modeling is potentially the .most accurate WHPA delineation method even in

~ settings that do not behave as ‘porous media. Although most widely available numerical codes
are based on porous-media physics, these codes can often simulate flow in fracture conduits

- and can capture the spatial variability and anisotropy often present in fractured-rock aquifers.

For example, thé numerical model of the Sevastopol site (Appendix B) adequately simulates a

highly conductive horizontal fracture zone and shows that this zone has a significant influence’

on ground-water movement toward the well to be protected. ' oL

At the Junction City site, the numerical model produced a ZOC that is smaller than the
~ flow-system mapping ZOC (fig: 20). Increased precision of the numerical model method, due
to inclusion of heterogeneities and anisotropy, probably accounts for the difference, although .
the lack of perfect model calibration may also play a role.” Part of the computer-delincated
ZOC extends beyond the eastern boundary of the flow-system mapping ZOC. This area -
might be the result of a less-than perfect model calibration at the site.” Using the ZOC
~ delineation as the sole criterion, the logical conclusion would be that the modeling produced -
‘only marginal improvement considering the time requirements and complexity of the task. '
However, the TOT lines resulting from the particle-tracking program (fig. 18) were © -~
_substantially different from those resulting from the flow-system mapping approach (fig. 10). -
~ Whereas modeling predicted that water moving from the ground-water divide to the village -
well might take 50 to 100 years, the mapping approach predicted a TOT of less than 13 '
years. The order-of-magnitude difference occurred mostly because the model considers a’
- .three-dimensional path through a nonhomogeneous system; the other methods assume a
homogeneous, two-dimensional system. - , _

+

" .. The hydrogeologic setting at the Sevastopol site was somewhat more cqrﬁbiéx than at the. |

~ Junction City site. The existence of a shallow and a deep ground-water system and the
existence of a thin, highly conductive fractured layer nicke s site a much more likely -
candidate for numerical modeling. The TOTs predicted with numerical modeling (fig. 19)
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were quite different from those calculated using the potentometric- surfacc map [ﬁg 12). The
numerical modeling ZOC, however, was only somewhat smaller than the ZOC predxctcd wnh

the flow-system mapping mcthod (fig. 21).

In some cases, numerical models may produce ZOCs significantly d.ifferengt‘from those
produced by flow-system mapping. These differences are usually due to details of anisotropy, -
hctcrogcnclty, and a three-dimensional system that are included in the model but not included
in the simpler flow-system mapping method. In such cases, the model-produced ZOC is more
reliable. In general, numerical modeling will be required when the aquifer is exiremely
anisotropic or heterogeneous, or when the aquifer exhibits significant changes in hydrauhc a
head over short periods of time. A . o

Conclusions o |

At the Junction City site and the chastopol site, rncthods less sophlsucawd‘ than .
flow-system mapping clearly did not encompass enough of the site characteristics to rcsult in
an accurate ZOC determination. The flow-system mapping approach was sufficient for
conservative (more protective) estimates of the ZOC. With the adequate field data obtained .
from the piezometers and existing wells, numerical modeling was not warranted for ZOC
delineation but contributed more accurate TOT estimates. At both sites, the TOT estimates
were more sensitive to the various delineation methods than was the ZOC delincation itself.
When possible, the entire ZOC should be used as a WHPA.' However, in some situations the
resulting ZOC will be extremely large and in these cases the TOT criterion may be used. to
limit the size of the WHPA if 1mp1cmcntauon concerns arise. <

At each of the two test sites in .Wlsconsm, the fractured-rock aquifers behaved as porous
media at the wellhead protection scale. For a fractured-rock aquifer that does not act as a-
porous medium, WHPA dclincation may be accomplished by a combination of vulnerability
mapping, hydrogeologic mapping, the residence-time approach, tracer tests, or numerical
modeling. Flow in such aquifers can occur mainly through discrete fracture conduits. It is
particularly important to identify areas where such conduits intersect either the land surface or
the producnon well because such conduits can offer direct and rapid pathways for
contamination to travel from the land surface to the well.

I3
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‘,;!gg-normal“disn'ibutio'n of hydraulic conductivity, and no dramatic fluctuations of water levels
. or water chemistry. . o ' L o R A :

‘Chapter IV

o IMPLEMENTATION POSSIBILITIES

'A'ppliea'bility and Usefulness of Selected 'Methoélév Do 5

The study of. _twdf_racnne'd-ro‘ck seitin‘gs in Wisconsin d‘.emonstra't:ed’,mat the standard

: ,ground-watcr flow equations and field techniques developed for porous media can be used for .

the delineation of WHPAs in fractured rocks, provided the observed vertical and horizontal
fractures are numerous and the scale of fracturing is much smaller than the scale of the. -

.. wellhead protection, area. For example, for the ‘porous-media equivalent to be applicable, the
* minimum dimension of a WHPA should be at least 100 times the average spacing between ,
- fractures. In addition, other criteria should document that fractured rock approximates a = -

porous medium, such as the response to pumping tests, configuration of the water table,

. The éi}aluaﬁon of métﬁods analyzed for pdssiblc delineation, of WHPA:S in fractured.

rocks indicated that flow-systerh mapping (in combination with the TOT criterion or uniform .
~ flow equation) and numerical modeling are the most accurate methods under such conditions.
‘The residence-time, approach can be used to verify the ZOCs and TOTs determined by these
- methods. The flow-system mapping method offered the most accuracy for the least cost. In

~general, the cost of this method will depend on the number of existing ‘wells available for

* measuring water-table elevations in the area of study. If additional wells need to be drilled,

costs. may be high. . Applying the uniform flow equations after a water-table map is. I
constructed requires little additional time or cost and improves the results gained by mapping

- alone.

' The residence-time approach using isotope and 'w’ater'-'c:,hcmis\u'y.janalys'cs‘fprqi.'idcs' -

.information on recharge areas and ground-water flow paths. It does not define a specific

ZOC for a well but it can verify ZOCs and TOTSs determined by other methods. The .
relatively good agreement between TOT estimates using analytical methods and TOT -
estimates using the residence-time approach shows that the porous-media methods were

. adequate for WHPA delineation at the two test sites in Wisconsin.

| _Nixmcﬁcalmodélirig requires substantially more time and "cxperﬁse than the other
methods considered, but it offers the highest degree of accuracy. At both test sites, the ZOCs. -
resulting from the modeling were generally smaller and not much different than the ZOCs =

" resulting from flow-system mapping, but the TOTs differed significantly. Numerical

modeling provided increased precision and an accurate, three-dimensional picture of
ground-water flow patterns, which may justify the increased costs in more complex situations.
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The evaluation of WHPA delineation methods addressed the question of the degree of
technical sophistication necessary for WHPA delineation in fractured rocks. The least ,
sophisticated and least expensive, fixed radii methods are clearly inadequate for accurately -
delineating WHPAs and would generally be considered primarily as a first step in a wellhead
protection program. On the other hand, the most sophisticated and also the most expensive
method, the computcr-based numerical model, cannot eliminate all uncertainties, and the
improved accuracy in WHPA boundaries may be minimal in some settings. In addition,
numerical modeling is generally beyond the mears of local governments. Therefore, the best
methods for a wellhead protection program in fractured rocks are fairly simple approaches |
producing reasonable results, such as the flow-system mappmg mcthod and the resxdcnce-nmc'

approach.

The limitation of this study is that the selected methods were tested only in one type of
fractured-rock environment--aquifers with closely spaced fractures, the geological condition
found at both test sites. The fractured crystalline aquifer consisted of 35 ft of extensively .
weathered rock underlain by 90 ft of competent rock with vertical fractures spaced every 0.5
to 2 ft. In the fractured dolomite, horizontal fractures occurred on the order of every 1 to 10
ft and prominent vertical fractures were spaced approximately 10 to 20 ft apart. Under these . -
conditions, the fractured rocks behaved as uniform, porous media at the scale of field tests.
In general, the size of most ZOCs would be large enough that the porous-mcdxcn approach
may be adequate for WHPA delineation in many areas. 5

For fractured rocks that do not behave as _porous mcd1a the followmg techmques and -
methods may be applicable: . o ‘
1) hydrogeologic mapping; g
2) mapping of areas vulnerable to comazmnauon, in combmauon wnh arbm'ary ﬁxed
radius or a simplified variable shape; : : :
3) residence-time approach; and
4) numerical flow/transport models. -

‘Management Strategies for WHPAs

Even though management implications of WHPA dclmcauon were not in tlht: scopc of
this study, it seems appropriate to at least mention the main problems communities may face
in delineating WHPAs and give references to publications that can help communities select -
appropriate management tools and strategies. These very questions were the ones most often
asked at public meetings conducted dunng thc study at the two sites.

The ZOC determined by hydrogcologlc ana.lysxs can be used as the basis fm' the arca.l _
delineation of a WHPA, in which potentially contaminating uses and practices ire limited and
protecticu measures implementéd. Ideally, the area within the WHPA would include the
entire ZOC--all of the ground-water flow system that contributes to a well or wellfield.
However, no matter how important hydrogeologic factors are in delineating WEPAs, other
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non-hydfbgeologic concerns can influence--and in some cases dcter;hinc-thc establishment
and ultimate configuration of the final WHPA. In reality, WHPA boundaries may have to
relate to political and administrative boundaries-and physical factors, as well as hydrogeologic

" factors. This means "squaring up" the WHPA boundaries using a large-scale topographic map .

or aerial photographs so that the WHPA follows boundaries that can be easily traced on the -

" ground (roads, water bodies, fence lines, and similar features). Political boundaries were
.considered by local officials at the public meetings as a major threat for implementing

- WHPAs because difficultics may arise if the WHPA crosses two or more governmental units.

"' ‘The establishment of WHPAs generally will be a compmmisé between the desirable and -
the feasible—a compromise between the socioeconomic and public health interest. WHPA

" regulations could have adverse economic effects on a community if an undue amount of land.
* 'were placed into a wellhead protection district. On the other hand, if the delineated area is
-to0 small, under-protection may occur.--This dilemma-is-difficult to solve, and requires.

patient négotiations between the opponents.- Even in Europe, where wellhead protection has -
been practiced for more than 15 years, this problem remains to be solved. European countries -
use this general "rule" for determining the extent of wellhead protection districts: “on
economic and planning grounds the protection zones must be-as smiall as possible, while on

public health grounds they should be as large as possiblq"’(lieadwonh; 1986).

Once a comiﬁunity decides to implement a wellhead protection program, they must

" decide which management techniques will be effective. “Techniques that can be used in local -

programs can be categorized as regulatory and ndnmgulatgry,'although. in practice, most

_ programs are a mix of these (Born and others, 1987). -

‘Regulatory approaché:s involve placing a system of legal constraints on land uses or on

 particular activities that have a potential to contaminate the ground water. ~The delineation of

a WHPA does not take place in a vacuum. Every state has a number of regulatory and *
management programs intended to control potential contaminating activities and sources of
contamination; these can be used for implementing protection measures within the WHPA.

" Therefore, wellhead protection programs always should be considered in the context of =

existing state or local ground-water management programs..

‘In addition to regulatory tools, there are numerous nonregulatory tools that can
. N 9 : . - y . o .
complement regulations and government efforts to curb ground-water contamination. -

- Nonregulatory approaches include activities such as public education, voluntary best - S
- management practices (BMPs), governmental coordination', inspection and training programs.

emergency spill response plans, and mpnitoring to identify water-quality problems.

~ + Some of the mgulatdfy and nonregulatory tools are summanzed m table 6. Mbr: dctgjls ,
on the listed tools and other examples can be found in Born and others (1987), Jackson and

others (1987), U.S. Environmental Protection Agency (1989), Yanggen and Amrhein (1989).

and Zaporozec (1985). . - -
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Table 6. Potential managcment tools for wellhead protecncm
(source; Bcrn and others, 1987 U.S. EPA, 1989)

Regulatory

Non:cgulatofy |

Zoning Ordinances. Zoning ordinances typically are
comprehensive land-use requirements designed to direct the
developmcm of an area. Many locsl governments have
used zoning to restrict or regulate cenain lmd uses within
wellhead protection areas.

. Purchase of Property or Developm:nt Rights. The 7 e

purchase of property or development rights is a wo! used
by some localities 1o ensure complett: control of land uses ot

in or surrounding a wellhesd area. This ool may be
preferable if regulatory restrictions o1 land use are not

- politically feasible and the land purchase is affordable.

Subdivision Ordinances...Subdivision.ordinances. & s
applied 10 land that is divided into two or more subumits
for sale or development. Local governments use this tool
10 prozct welinead areas in which ongoing development is
causing contamination.

Site Plan Review. Site plan reviews are regulations
requiring developers to submit for spproval plans for
developmen: occwrring within a giver area. This tool
ensures complienze with regulations or other requirements
made within'a wellhead protection area.

Liiaign Stendards. Design standards rypically are
regulations that ‘apply o the design and construction of
buildings or structures. This tool can be used to ensure
that new buildings or strucnures placed within a wellhead
protection area are designed 5o as not to pose | thmn W
the water supply. : .

Operating Standards. Operating standards are regulnﬁons
that apply 10 ongoing land-use activities to promote safety

‘or environmental protection. Such standards can minisize
the threat to the wellhead area from ongoing activities such
as the application of agricultural chemicals or the storage
and use of hazardous substances. ‘

Source Prohlbitions. Source prohxbmons are regulnnons )
that prohibit the presence or use of chemicals or hazardous
activities within a given area. Local governments can use
restrictions on the storage or handling of large quentities of
hazardous materials within a wellhead protection srea.

Inspection and Tesdng Local governments can use their

suanitory home rule power to require more stringent control
of contamination sources within wellhead protection wreas -
than given in federal or state rules. *

Public-Education: Public educaticn often consists of ° o

" brochures, pamphlets, or seminars designed to present

wellhead area problems and protecticn efforts to the pubﬁc

< in an understandable fashion. This ol promotes the use

of voluntary protection efforts and builds public suppon for .
a community prolection program.

Waste Reduction. Rendenml humdm:s wu;te

. management programs can be designed o reduce the

quantity of housé¢hold hazardous waste being disposed of
improperly. This program has been used in localities.

- where municipal landfills potentially threaten ground water
~due to improper household waste disposal in the wellhead

Bes' Management Practices. BMP; are voluntar. acucns
tha: have a lorg tradition of being used, especially in. )
agriculture. Technical assistance for farmers wlshmg 1©c

* apply them is available from local Extension and SCS
. offices.

Training and Demonstration These p: gnms can
complement many regulations. For ¢xamp' saining
underground storage tank inspectors and locai emergency
response teams or demonstration of sgricultural BMPs.

Gmdnd-Water Monitoring. Ground-water mohitoring e
generally consists of sinking a serics of test wells and
developing an ongoing water quality testing prognm 'lf'hxs

_tool provides for monitoring the quality of the

ground-water supply or the movement of a contaminant
plume.

Contingency Phnnlng Local govenments éan develop: ‘
their own contingency plans for emergency response 10 o
tp\llsandfor alternative water supp]ymuseofcon« N - .
taminadon  he emt.mg supply.: i
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, Transferability of ‘Results
(by William J. McCabe, US EPA)

Introduction

The WHPA delineation methods tested in Wisconsin can bc ‘applied to similar settings

g élsewhere in the United States. Unconfined crystalline-rock .and carbonate-rock aquifers are . '
common throughout much of the United States. This section identifies the approximate - ’

geographic location and extent of the significant unconfined fractured-rock aquifer areas in-

- the United States ‘and its possessions. The text and figures 22 and 23 give a general o
- “indication: of where the techniques discussed in this document may be applicable. ‘Because- .

this document was based on field work performed in shallow aquifers, application of the _
recommended techniques;may not be appropriate for all fractured-rock aquifers at greater © -

depth (more than about 300 ft below land surface) (table 7).

* * Furthermore, the. techniques have not been tested in fractured sandstones, in karst, and in

cavernous volcanic settings; they probably will not be applicable in such setdngs. -
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section. . Any €rITors, or misinterpretations that appear here, however, are those of the author. -
The scientists contacted during the preparation of this section were from the U.S. Geological
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" Offices. The USGS scientists are Charles Avery, Alien Bewsher, Stephen Blumer, David

Brown, Robert Buchmiller, Marvin Crist, Dan Davis, Jeffrey Deroche, Patriélg Emmons,
Robert Faust, Ector Gann, Joseph Gates, Michael Gaydos, Roy Glass, Robert Graves, Theodor
Greemen, Jamnes Harrill, John Havens, John Helgesen, Jeff Imes, Patrick Hollyday, Kenneth o

~ Hollett; William Horak, Ivan James, Ron Kobel, James-Krohelski, Larry Land, Robert

MacNish, Angel Martin, John Miller, Joseph Moreland, Kathy Peter, John Powell, Stanlcy.;
Robson, Michael Shulters, Jeffrey Stoner; Donald Vaupel, John Vecchioli, Richard = o
Whitehead, John Williams, and Allen Zack. The EPA scientists are Kenneth Wenz and Mike |

‘"Wireman. -

-Mapping Criteria

v . On the ~bésis of geologic cha.racteristics,’ the area of the United States and its pbss¢s$ibns
“was classified into three categories: 1) unconfined, fractured, nonvolcanic aquifer areas; 2)
unconfined, fractured, volcanic aquifer areas; and 3) other. The techniques described in this

- document are applicable in most of category 1 and 2. In category 1, techniques may 'riot be
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Common depth ranges of unconfined fractured-rock aquifers i in thc United States

Table 7.
and its possessions (data from Moody and othcrs, 1985).
Depth to Top ; "~ Depth to Top~

State of Aquifer (ft) State of Aquifer (ft) -
ALABAMA N/D MISSOURI ND
ALASKA 50-500 - MONTANA 100-300
ARIZONA . S0-1000 . NEBRASKA N/A
ARKANSAS : N/D NEVADA 100-1200
CALIFORNIA - volcanics .75-200 NEW HAMPSHIRE N/A

- mountains & foothills 50-300 - NEW JERSEY 35-800
COLORADO - foothills 100-250 NEW YORK 10-300
CONNECTICUT ’ N/A NEW MEXICO "ND
DELAWARE 40-100 . NORTH CAROLINA 70-200
FLORIDA N/A NORTH DAKOTA N/A
GEORGIA 40-600 OHIO S ‘N/A
GUAM N/A OKLAHOMA - southeast 50-400
HAWAII - Hawaii 20-900 OREGON 100-600

- Kauai 100-1100 PENNSYLVANIA - 75-150

- Maui 90-500 PUERTO RICO - N/D

- Oahu 30-1100 RHODE ISLAND N/A
IDAHO 100-3000 . SOUTH CAROLINA ~50-300
ILLINOIS 50-500 SOUTH DAKOTA N/D
INDIANA N/A - TENNESSEE '50-150
IOWA 50-500. TEXAS - ND -
KANSAS N/A UTAH "N/D
KENTUCKY N/A VERMONT N/A
LOUISIANA N/A VIRGINIA 50-300
MAINE 20-800 VIRGIN ISLANDS (all) 100-150
MARYLAND & DC 30400 =WASHINGTON north 20-200
MASSACHUSETTS N/A . - south 50-750
MICHIGAN 25-200 WEST VIRGINIA N/D
MINNESOTA 120-1300 © WISCONSIN '50-180
MISSISSIPPI N/A - WYOMING - 50-250
Explanation:

N/A = Not apphcable
N/D = Not determined.
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applicabvllc in regions of pormis‘lixknestone.i 1n category 2, ;@hniqucs may not be applicable in

. metamorphic rocks. sedimentary carbonate rocks, and, less frequently, shales. No areas'of

rocks of the. Columbia Lava Platcau, the Western Mountain Ranges (Heath, 1984), and the

- Hawaiian and Caribbean islands were included in category 2 but they are not differentiated on
figures 22 and 23. Basaltic volcanic flows (as are found, ¢.g., in the Hawaiian Islands) often

* exhibit vertical contraction joints, lava tubes, unconsolidated material between flows, and ,
vesicles, with joints and fractures at the base of the flows. - Such features provide high enough

~ and 23., Dashed lines represent an ap’proximatcly‘located boundary. In some areas, such a
~ boundary. follows state borders because interpretations of geologic formations change at state

- general physiographic regions (fig. 24): 1) the Atlantic Coastal Plain from Massachusetts t0

- Uplands of the northern midcontinent states of Minnesota, Wisconsin, and Michigan;3) the

" midcontinent section, consisting of the Interior Plains with mature basins and dissected plains

" and Interior Highlands with uplifts and folded eroded strata; and 4) the western portion of the - -
* United States, consisting of the Rocky and Pacific Mountain systems and Intermontane '

" Plateaus and Basins (Fenneman, 1946). o S s T

[

areas of pspudbkarst volcanics.
The ﬁrét categofy; imconﬁnéd fraém’réd-rbck aﬁdifeis’, typically includes igneous roc‘ks;v »

fractured shale aquifers were significant enough to be depicted on figures 22 or 23. Volcanic

permeability for volcanics in these areas to be considered aquifers. ... ..
°, | ;thy aquifers of 'dﬁnking-.‘stock-; or irrigation-water Quality are mapped on ﬁghies, 22

.

boundaries as the result of different stratigraphic definitions being used by researchers in ]
adjoining states, or because aquifer characteristics vary over space such that strata serving as

a significant aquifer in-one state may not be considered a significant aquifer in an adjoining
state. It should be noted that in mountainous areas,. such as the sparsely populated lands of

the West and of Appalachia, no extensive water-well drilling programs, which would help
better define aquifer boundaries and quality, have taken place. . . -

Areas Wheré Techniques of This Docﬁnient I}‘{ay‘Bé Apﬁlicable-
" For ease of discussion, aquifers of the éomincmal United States are grouped into four

Florida, and the Gulf of Mexico Coastal Plain from Florida to Mexico; 2) the Appalachian |
Highlands from Maine to central Alabama, including the geologically similar Laurentian

Physiographic Region 1.--The geologically recent unlithified clastic and/or limestone
deposits of the Atlantic and Gulf of Mexico coastal plains are unconfined but-do not exhibit
fracturing at shallow or moderate dep;h_'s. . : e S

" Physiographic Region 2.--Unconfined fractured-rock aquifers are present in northeastern
Minnesota, northern Wisconsin, western Upper Peninsula of Michigan, Maine, New York,
eastern Pennsylvania, northern New Jersey, Maryland, Virginia, parts of Tennessee, western
North and South Carolinas, and northern Georgia and Alabama (fig. 22). ~The aquifers are
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composed of folded, faulted, and fractured igneous and metamorphic rocks overlain by
" nonconfining unlithified material consisting either of glacial deposits or weathering residue.
The thickness of the overburden ranges from a few feet to more than 200 ft (Heath, 1984).

" Physiographic Region 3.--This arca contains unconfined fractured-rock aquifers from the
. Upper Peninsula of Michigan through eastern and southern Wisconsin to northern Illinois and’
along the western border of Tlinois with Iowa and Missouri (fig. 22). The Paleozoic a
" limestone outcrop area in the Upper Peninsula of Michigan also contains, in part, unconfined -
. fractured-rock aquifers (Moody and others, 1985). ' LT

Yy

Farthcf weét, the domed émaof, thé Black Hills df Soiuh Dakota contains exposed »

L un;qnﬁned.}fxfa_c;_t‘u;-;q_crxls;_a};ine-_rpcllg aquifers (Fenneman, 1946). Other similar areas, 100 . ' ,

.~ small to show on figure 22, occur in eastern Montana. 'Some of the crystalline areas of

eastern South Dakota contain unconfined fractured-rock aquifers overlain by a thin regolith of -

~ nonconfining glacial material. Unconfined fractured-rock aquifer conditions may also extend
into southwestern Minnesota. ‘ : ' : ‘

- In the Interior Highlands, nonconfining sediments overlie fractured, unconfined
crystalline aquifers in southern and southeastern Oklahoma (Heath, 1984).

- Physiograph-ic Region 4.--Unconfined fractured-rock aquifers are found in the Front
Range of the Rocky Mountain System from Idaho and Montana, through Wyoming, Colorado,
and New Mexico, to southwestern Texas and in the western mountain -anges of Washington,
Oregon, California, and Nevada. The ‘unconfined fractured-rock aquifers of the Intermontane
Basin area of southern California, Arizona, and New Mexico occur on the fractured crests of
the block-'rvn‘oumain}rangcs' and in volcanic rocks that characterize this region. '

o Thc‘vdlcanic lavas of the Col‘umbiarl.aié Plateau co'ntain:é.lluvial vraflicyu dcposits and . | ;
- unconfined river channel deposits.. Volcanic rocks exhibit tectonic, erosional, and shrinkage -

fracturing and form unconfined aquifers. The lava-capped plateaus in northemn California and
 other areas of the west are also areas of unconfined fractured-rock aquifers (Moody and
o;hc;s,-' 1985). ' - L L

| Ald;ka.f-Moft than one half of the state contains anconfined fractured-rock ‘aquifers and,
except where permafrost conditions prevail, these aquifers provide the state with ‘most of its

. municipal and domestic ground-water supplies. Four of Alaska’s major cities, Anchorage,
Fairbanks, Juneau, and Kodiak, obtain their drinking-water supplies from unconfined ’

- fractured-schist aquifers. These unconfined metamorphic bedrock aquifers are found over all
- the upland areas of Alaska (fig. 23). ‘ S S

v‘HaWaii.--Thc'fOur major islands of the state. of Hawaii--Kauai, Oahu, Maui, and the big

island of Hawaii (fig. 23)--are tops of shield volcanoes. Except where coastal sediments have. . o

been deposited, ground, water is produced from unconfined fractured-lava aquifers. In some . .
areas, lava contains tubes and crevasses, which were created at the ume of lava d:positign. -

e




Such areas contain large volumes of ground water and, with respect to the suirage and flow of -
ground water, are karst-like. The use of the techniques prescmed in this dornmcm is not
appropriate in such areas.

U.S. possessions.--The indurated, fractured volcanic deposits of Puerto Rico’s central
core (fig. 23) serve as the island’s minor aquifer (Heath, 1984). The volcanic rock aqulfers
are present on each of the Virgin Islands (Moody and others, 1985). On the islands of St.
John and St. Thomas, the fractured lava flows serve as principal aquex's (fig. 23). On the -
island of St. Croix, unconfined, fractured volcanic rock aquifers occur in.the ‘western and
rnid-eastern sections (Moody and others, 1985). The lava flows in northern Guam have low
permeability and no appreciable amounts of water (Moody and others, 1985). ' '
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APPENDIX A |
" JUNCTION CITY SITE, PORTAGE COUNTY, WISCONSIN
SITE SELECTION

Thc first dcmonstrauon area for tcstmg wellhead protecnon methods in a fractured-rock

. aquifer is located in central Wisconsin (see fig. 1). Crystalline rock of Precambrian age is at

‘or near land surface throughout much of central Wisconsin...It is.either exposed or_ covcred
by residual soil, a thin discontinuous layer of Pleistocene deposits, or small patches of
Cambrian sandstone (Bell and Sherrill, 1974). Several communities in central Wisconsin rcly
on fractured Precambrian crystalline rock as their sole source of water supplies (Zaporozec
and Cotter, 1985). In choosing a site for this study, we identified several municipal water
supplies that were dependent on bedrock wells finished in crystalline rock. Utilizing

" published water-table maps (Lippelt and Hennings, 1981), we looked for a site in a simple

~ hydrogeologic setting located near a ground-water divide. The Village of Junction City,
located approximately 12 miles northwest of Stevens Point in Portage County, met these’
criteria. Additional advantages of this site included scvcral exxsung test wells completed in
the crystalline rock, whxch could be used in the study, as well as cooperative town ofﬁcxals
. and landowncrs ' : ;

INVESTIGATION METHODS .

§ Prehmmary site mformanon was obtained from wcll constructors’ rcports on file at the
Wisconsin Geological and Natural History Survey. Data from 45 existing wells were plotted
on 1:24,000 topographic maps. The locations of: the wells were digitized and entered into a
‘computer database along with water-level, geologic, and specific-capacity data. Field
- checking identified 15 additional bedrock wells (JC9, the village well; JC10 - JC14; JC16 -
JC19; JC22; and JC201 - JC204). The locations of the village well, the 14 existing bedrock
- wells, bedrock holes drilled as part of this study (JC23 - JC24), and well logs uscd 10
rconsu'uct a gcologlc cross section are shown on- ﬁgurc Al. .

; Watcr-lcvcl mcasuremcnts were takcn on the 15 bedrock wclls to assist in consu'ucnon
- of a detailed water-table map. Well JC18 is an observation well included in the statewide "
water-level observation network under the number PT-82, for which water-level records ‘are
available from 1951. Geophysical logging was conducted on four of the existing bedrock
wells (JC10, JC11, JC13, and JC14) as well as on core hole JC23 and test well JC24

. (described below), which were specifically constructed for this project. Farameters measured .

included natural gamma radiation, resistivity, spontaneous potential, hole dxamctcr and
‘ tcmpcraturc A temperature: log was also takcn on thc vxllagc well (JC9) o

/

85




"‘1,"', — =7 T S |
.”, . .I
T T R R TR
' ", 1.
- P L E-1 N E B f
o . N <
. - i P \ ¥
- | .
o — B d
. 1
. _— A . 34 | ;; 3z
. ' . r | -
|
. .l ;::
I
—————————————————— A4 .
|
V. :
2
l -:!:‘v - '. =
I . ) ) L. th '7 - . . A
- - L .JC-19® - JC-14
~ ! _ }
o JC-2011 . . |
T =5c208 P71 scALE1:24000
. ‘ : 1 ' FEET 500 0 500 1000 2000
ﬂ . -=ll[-:-
c2® | : o Village well (JC-5)
- . . e Existing bedrock well ,
9 . - b A_A' Cross-section line ’
Jc-203® T R T
i »
- o I

Figure Al. Location of wells in a portion of the Juncuon Cxty study arca, Ponage County,
Wisconsin. ‘

86 . ‘ R ' K




7o obtain more specific hydrogeologic data in the vicinity of the Junction City well
field, eight piezometers (aC1 - JC8) were installed in the unlithified surficial deposits at six
sites upgradient of the village supply well (fig. A2).: Two of the sites (JC3 - JC4 and JC5 -
JC6) contain vertically nested piezometers. All piezometers were installed by auger drilling,-

~ .

. and drill cuttings were collected at 5-ft intervals. At each site, onc of the borcholes was

extended to the bedrock surface for accurate determination of bedrock depth, The depth of - .
‘piezometers ranged from 10 10 60 ft. These piezometers Were used to measure water-table .
clevation and vertical hydraulic gradients, 10 obtain water samples from the unlithified

. materials, and to conduct piemmeter_slug tests. Slug tests 'p,erfomr‘c‘d on wells JC10 - IC14,
and JC22 provided estimates of bedrock hydraulic conductivity- RO v

. Two bedrock boreholes were installed near the yﬂlagc( well. A corc hole’ (1C23_')‘i‘was‘ -
" drilled 150 ft west of the village well to a depth of 300 ft_(approximate depth of the village - .

- well) and a 100-ft observation well (JC24) was installed 440 ft south of the village well. For

the core hole and the observation well, dghcwcas,i.ng,_,was”plgged into the bedrock and the annular
space was grouted. After installaton of JC23 and JC24 natural gamma and temperature 10gs:
were run. Two piezometers were installed in the core hole (JCZ3A-dcep,;¥JC23B-shallbw), L

' ‘m'casux,c vertical hydraulic gradients within the ' fractured-rock aquifer. . e

- A detailed sitc.rriap (fig. AZ) shaws the Jocation of the éight piezometers (JC‘l) - JC8)‘,"’ i
the village well JC9), field-located bedrock test-wells near the well field (JC10 . JC12,
-JC22), the core hole (JC23), and the bedrock observation well (JC24). Figure A2 also

indicates two_low-lying linear “swales" running north to south through the wgll field.’ vDat'a on -

ol w_ells*and piezometers are included in table Al.

Ground-water samples were collected from ten piezometers. Jci - JC8, JC23A,JC23B).
and six wells (JC9 - JC13, JC24) in and around the Junction City well field and 2 -surface- ~
- water sample (SW-01) was taken from the swale north of JC12 (fig. A2). These samples
were tested for field parameters (temperarure, specific conductance, and pH) and analyzed for
major cations and anions as ‘well as for environmental isotopes (tritium, oxygen-18).. .
A mulﬁ-well_pumping‘ test was performed t0 determine the ufansnxissivixy and specific -
. yield of the fractured-bedrock aquifer and 10 study the heterogeneity and anisowropy of the
~aquifer. The village well was purnped for 24 hours at a rate of 74.1 gallons per minute
. (gprn); the water was discharged through 2 pipeline to the village water tower 1. mile away.
_ ‘Drawdowns were measured at 11 observation wells (JC1 - JC6, JC10, JC12, JC23A,1C23B,
JC24) and in the pumped well (JC9). . - T
HYDROGEOLOGIC SETTING
. The clayey residuum forming the surficial deposits in the Junction City area ranges in
thickness from 0 to 55 ft. On the basis of laboratory analyses of samples ob;aincd during
- piezometer installation, this material contains from 0 1013 percent gravel, 9 10 78 percent
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Table Al. Well and piézq:nétéf data'.rlunct;iqn C'ity's'tudy‘area, ‘Porvxag'e%-Cbunty, eri'5conSin. “

CWell - Well’ Open - Average Depth Measuring Point™
~No. ‘Depth . Interval 1o Water | ~ Elevation '
. (feet below measuring point) (feet above msl)
Jc1 - 32 2932 247 11535
S (o2 30 2730 . - 239 - 11598
,I;es 43 E 4,|0-43 L ©. 258 S 1154.4
ic4 \ .30 ' 2730 ., \ 237 11544
jcs . et 5861 215 . 11619
36 38 32-38 284 - - 11699
ic1 o 26 2326 ., 92 11728
JC8 18 1518 . 106 S 1ms
JC9 ’ 321 - 48-321° T 274 . , 11594
. JC10 . 128 18-128 . 2100 11526
cn . . %8 v 30-98 - 215 : [ 1157.8°
~Iciz2 . ;143 - 21-143 o 37 - 1152.7 . .
JC13 9. . - - 4796 v 1.8 - 1475
- IC14 162 - 30162, 73 . . 11517
JC16 v . S0 © 18-50 o 70 o 11491
LT 130 ' .- 40130 . 15 ~ 11506
~JC18 36 10-36 . 6.0 11510
B (o) [ TN 21 1021 . . 45 1128.6
Ic22 73 124173 . 338 © 11648
JC23A . 297 - 248-207 . 189 - . 11515
JC23B 120 . 30-120 - o219 0 11515
1024 100 0100 , 49 - 1491
esr - . 1w e 7260 -~ 11830
. Jc201 - o < .240 1160.7-
Jjcao2 e el , 210 11512
3JC203 ' 186. oL 0219 , . 11416
Jc204 - - 190 1151.7
*  Numbers JC1 - JC8 are 1 1/4-in diameter PVC standpipe piezometers with 3-ft slotted screens o
Numbers. JC9 - JC204 are 6-in diameter wells cased inio the bedrock and uncased below -~
the bedrock surface. - : o o

.Meas;m‘ng point elev‘a_n'ohs range from 1/2 to 3 ft above ground surface.’ All depths are rcponca
relative to measuring point elevation which is measured in feet above mean sea level (mshi .

. Indicates well'debm‘or open ii)tewél unknown -
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sand, 7 to 63 percent silt, and 10 to 66 percent clay. A depth-to-bedrock map (fig. A3) was
constructed with data from bedrock exposures, mineral exploration cores, well constructors’
reports, and the eight piezometer boreholes installed as part of this study. The piezometer
boreholes indicated that the bedrock surface is deeper or more deeply weathered below
surface swales than in the areas between surfacc swales; resistivity surveys over the swalcs »

(Bebel, 1989) conﬁrm this.

The bedrock geology in Portage County has been mapped by Greenbcrg and Brown

(1986) and a detailed map of the Junction City area has been compiled by Brown for this

- project (see fig. 2). In the well field, the dominant lithology is a dark gray Precambrian
mafic to intermediate metavolcanic rock. The rock consists of chlorite, guartz, and iron
oxides.  Some relict, highly weathered feldspar-is visible in fresh rock at depth. Iron oxides.
and quartz partially fill fractures in the upper, weathered zone; calcite is the dominant fracture
filling at depth. Continuous core recovered from JC23 (fig.- A4) indicated that the top 35 ft.
of bedrock is extensively weathered and heavily fractured (shown as cross-hatches on log).
The next 90 ft contained open, nearly vertical fractures spaced approximately 0.5 to 2 ft apart.
Below a depth of approximately 155 ft, visiblc fractures were ncarly absem in the core.

The presence of three dlStlnCt bedrock zones under thc surﬁcxal deposits was -

corroborated by the natural gamma logs from JC10, JC11, JC12, JC23, and JC24. Fxgulc AS o

shows the correlation of the gamma logs for these holes. Zone 1 consists of clayey residuum
and reworked hillslope deposits. Zone 2 is a highly weathered rock zone, approximately 20

to 40 ft thick. Zone 3 consists of rock with open fractures. The transition from a zone of
open fractures (zone 3) to a zone with few to no fractures (zone 4) at a depth of about 165 ft
is suggested by the gamma log from JC23 (fig. A5) and also by temperature logs from the ’
village well (JC9) and JC23 (fig. A6). The temperature log for the village well indicates a
change in temperature between 150 and 160 ft.. (The temperature spike at 155 ft is. caused by
the motor of the submersible pump in this well.). The change in tcmpcmmrc occurs because
little water enters the well below 160 ft; the zone of open fractures contributes significant .
amounts of water to the village well; the zone with few fractures contributes little. The
temperature log of JC23 also shows a change at about 170 ft. Below this depth the borehole
temperature is constant, indicating that little or no water enters the well in the lower zone.

Information from the geophysical logs was combmcd with data from existing well
constructors’  Teports to gcncratc a geologic cross section of the Juncuon (_xty area (fig. A7)

RESULTS OF INVESTIGA'TIONS_

" Water-Table Mapping

A water-table map was essential for wellhead protection studies in Ithc Junction Clt} area.
A preliminary water-table map was const:mcrcd using surface-watcr fcamrucs and '
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depth-to-water data from well constructors’ reports. The elevations of the surface-water ‘
features and the measuring point elevations of the wells were determined from 1:24,000 ,
topographic maps. Due to sparse data in the vicinity of the well field, tlus ofﬁcc-dcnved map
did not delineate a conc of depression around the village well

- * The final water-table map (fig. A8) is based on the above data plus water levels from the
15 field-located bedrock (JC9, JC10 - JC14, JC16 - JC19, JC22, and JC201 - JC204) wells
and the 8 piczometers (JC1 - JC8) measured in the spring of 1989. The elevations of the se
measuring points were determined by rod and level surveying from known benchmarks. The
final water-table map depicts a clear cone of depressxon around the Junction City vﬂlage well.

(hatchured contours, fig. A8).

|
Water-Level Measurements I

Vemcal Distribution of H 'ydraulic Head

Total hydraulic head decreases with dcpth in the Juncnon City well field, 1nd.1catmg that
ground-water recharge occurs in the vicinity of the village wcll Nested pizzometers at four
sites provided estimates of the vertical hydraulic gradients. Piezometer pairs JC3 and JC4,
and JC5 and JC6 were finished in the unlithified surficial materials. At JCS and JC6
hydraulic head decreased downward, with a gradient of 0.036, as calculatzd from water levels
measured over a 6-month pcnod At piezometers JC3 and JC4, the gradient was 0. 011
downward. o , .

Piezometers (JC23A and JC23B) placed in the core hole indicated a ri‘"lati’ve‘ly strong
upward gradient of 0.016 between the deep portion of the bedrock and the upper zone with -
open fractures. - Piezometer JC23A was open from 904 to 855 ft above msl (approximate
depth of 250 to 300 ft below land surface) and piezometer JC23B was open from 1126.5to0 .
1051.5 ft above msl (approximate depth of 30 to 120 ft below land surface). The significant
head difference between these two bedrock pxczometcrs is probably due to shallow drawdown-
near the pumping village well. ,

Water-Level F luctuations

Water levels were recorded approximately monthly in the 8 piezometers and in wells JC9 .
to JC13. Water levels in piezometers within the mapped cone of depression were influenced
by pumping. Piezometers JC2 to JC4 exhibited fluctuations ranging from 9.6 ft for JC2, to =
14.83 ft for JC3, and 13.83 ft for JC4. Wells JC10 and JC11, also located within the cone of *
depression, fluctuated 13.74 ft and 6.86 ft, respectively. . The wells and piezometers outside
the cone of depression exhibited smaller water-level fluctuations. Pn-zomcters JCS to0 JC8 all
ﬂuctuatcd less than 6 ft; wells JC12 and JC13 fluctuated 2 ft or less.
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Aquifer Tests

A variety of methods was employed to determine the transmissivity (T) and hydraulic
conductivity (K) distributions of the geologic materials in the Junction City area. These
methods ranged from simple office calculations of hydraulic conductivity based on data
available in well constructors’ reports to a fxcld-work intensive multi-well ptumpmg test.

Speciﬁc Capacity Data

Specific capacity data from well constructors’ reports were used to estimate the
transmissivity and hydraulic.conductivity .distribution of the fractured rock using the computer
program TGUESS (Bradbury and Rothschild, 1985). The calculated values for hydraulic
conductivity ranged from 1.2x10* to 9.2x10” f/sec and are approximately log-normally
distributed. The geometric mean conductivity, which best represents the average conductivity
of the log-normally distributed values, was 4.3x10° fsec. A computcr-gc'nerated contour
map of log hydraulic conductivity values for the Junction City area is shown in figure A9.

Slug Tests

Falling- and rising- head slug tests were conducted on the eight pxczomctcrs completed in
the unlithified deposits and on six existing bedrock wells. Results were analyzed by the
Hvorslev (1951) and the Cooper and others (1967) methods. Table A2 contains a summary
of the slug test results. For each well, falling- and nsmg-hcad values were arithmetically
averaged to obtain the values reported in table A2. The geometric mean hydraulic.
conductivity of the fractured crystalline rock based on slug tests was approximately 9.8x10¢
ft/sec. The hydraulic conductivity of the overlying silt and clay was approximately an ordcr
of magnitude lower, about 6.6x107 ft/sec. |

Table A2. Results of slug tests at the Junction vCity site.

Piezometers = =~ K (ft/sec) Wells K (ft/sec)
ICl © 19x107 Jc10 © .- 43x10%
ic2 5.7x10* ic1 29x10°
IC3 3.4x107 B (o v I 5.7x10*
JC4 . 62x10° " JC13 7.0x10°
JC5 1.4x107 . IC14 T 59x10*
IC6 13x10¢ ic22 o 3.1x10%
Ic7 2.0x10” = : '

Jcs ~ 4.0x107
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The installation of piezometers JC23A and JC23B and obscrvanon wv-ll JC24 allowc:d
hydraulic testing of the upper and lower parts of the bedrock aquifer. Single-well tests were
conducted on the core hole prior to plezomctcr installation and on the observation well. After
piezometers JC23A and JC23B were installed in the core hole, a slug test was conducted on
the deeper piezometer (JC23A). These results (summarized in table ‘A3) show that the
hydraulic conductivity of the upper part of the bedrock aquifer (represented by JC23B) is
approximately four orders of magnitude greater than the hydrauhc conducuvuy of thc lower
part of the aquifer (JC23A) o .

Table A3. Results of singlé-well tests on core hole piézomctcré at Junction City.

Well or Method  OpenlInterval  OpenImerval  Hydraulic

Piezometer (ft below . (ft above mean - Conductivity
Tested measuring pt.) ~ sealevel) - (ft/sec)
JC23 Pumping 30 - 297 1122-855 . 1.6x10°
JC23A - Slug . 248-297 . 904 - 855 1.0x10*

JC23B Pumping 30-120 ' 1122-1032 - 1.4x10¢

Pumpmg Test i

On June 1 and 2, 1989, a 24-hour pumping test was ‘conducted in t}nc vxllagc well ﬂcld
using the village well (JC9) as the pumping well. During the multi-well pumpmg test most

wells were hand-measured; however, the pumped well (JC9) and two piezometers (JC23A and

JC23B) were measured using. pressure transducers connected to a recording datalogger. .
Pressure transducer rcadmgs were calibrated using hand-measured water levels recorded
throughout the pumping test. The village well was turned off for 24 hours prior to the test to -
allow water levels to stabilize. Pm-pumpmg water-level trends were measured and used to
adjust the drawdowns recorded at each well. The corrected drawdowns at each obscrvanon
point were analyzed using the Theis’ nonethbnum method (Theis, 1935)

Measurable drawdowns rangcd from 19 ft at the pumped well to about 1 ft at
observation wells located approximately 450 ft away. Figure A10 shows the extent of the
cone of depression at the conclusion of pumping. The.cone is sligltly elliptical, but the v
general uniformity of drawdown around the pumped well suggests that the fractured rocln at
Junction City behaves as a porous medxum at the scale of the pump test.
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On the basis of bedrock wclls, transmissivity ranged from 0.011 iIO 0. 0?2 ft’/scc. with a _'
geometric mean of approximately 0.013 ft*/sec. The specific yield ranged from 0.003 to
0.019, with a geometric mean of 0.0049. The transmissivity map (fig. A11)  shows a possible
zone of higher conducnvxty east and south-southwest of the pumped well. This zone may
correspond to swales in the landscapc, and is consistent with previous observations that such
swales may correspond to zones of bed.rock fractures (Socha, 1983) or zones of more deeply

weathered bedrock

, The method of Weeks (1969) was used to calculate the horizontal to vertical anisotropy

ratio (K,/K,) of the bedrock aquifer. This method uses the principle that partially penetrating
observation wells generally show less drawdown than fully penetrating wells during a
pumping test in :an .anisotropic-aquifer..~The-departiure of thé partially penetrating well froma
predicted drawdown curve is related to the K,/K, ratio. Applying this method to the pumping
test data yields a K/K, ratio of 0.0006. This ratio seems anomalously low, but it is indeed -
possible that the aquifer might be more transmissive in the vertical than-in the horizontal
direction because the fractures and bedrock foliation are predominantly vertical.

Water Chemistry and Isotope Analyses

Water Chemistry

Ground water in the v1c1mty of the Junction City vxllagc well is currcmly of very good
quality. As shown in tabie A4, concentrations of all constituents tested are relatively low and
do not exceed drinking water quality standards. In particular, nitrate (NO,’),"a common -
ground-water contaminant in agricultural regions, was not detected in any water samples.

Ground water at Junction City is chemically a calcium-magnesiurn-bicarbonate water.
The chemistry of water produced by the village well (JC9) is similar to the chemistry of
water from nearby piezometers, suggesting that the source of water for the village well is
geochemically similar to shallow aquifer materials in the well field area. The deep
piezometer (JC23A) finished at 297 fi below the surface produces water with significantly
higher concentrations of HCO; than the village well, suggesting that water produced by the
village well enters the well near the upper part of the open mtcrval _ .

Saturation indices for calcite and dolomite are negative for most water samplcs (table
Ad4), indicating that the ground water is undersaturated with respect to these rmnera]s, as
would be expected for relatively young ground water in crystalline rocks. The deep core
piezometer (JC23A) shows oversaturation with respect to thése minerals, and ground water in.
the interval open to JC23A (248-297 fi deep) may be ccrsid-—hly older than the water
cum:nﬂy produced by the well. Positive saturation indices at shallow piezometer JC1, located
just downslope to the east of the village well, may be due to the use of road de-icing salt on
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* Table A4. Chemical :fnalysqs_bf h’m‘ctibn City samples (all values are in milligrams per liter unl';c_':ssv otherwise indica‘ted),f "

Smplé " Sample  Tewp. Cond. . Dies.. L - o ’ . : siturgggﬁ_Lnﬁgx__

wm . Nate o umho -~ pH  Oxygen Ca, Mg . Na X Fe- Mn~ HCOa cl S0¢ NO, Ca/My Calcite Dolomite PCO7
jc ot tos28/88 1.5 390.3° 8.40 - 9.1 42.1 19.1 13.1 9.3 -0.05 0.07 158.5 53.0 9.3 <«0.5 1.68 6.41. ~0.66 3.33
JC 02 10/28/88 8.0 241.4 7.4f 6.3 23.2 1.8 50 1.5 0.05 0.40° 1341 . 7.5 83 <05 1.9 -9.71 . -1.63  -2.34
Jc 03. 10/28/88 7.8 197.3 - 8.92 5.6 %1 ~RS5 1.0 12.3 0.06 ‘0.03 97.5 12.0 4.7 <05 1.91 " 0.47  0.714  -4.02
- 3c-04. l0/28/88 8.0 2319 7.90 ° 6:3 - 288 15.3- 70 3.2 008 025 1585 9.0 12.0  <0.5 1.89 -0.05 . -0.30 -2.16° .
3c 05 10728768 7.3 215.5 8.17° 5.3 .143 154 - 2.5 3.9 007 0.04 121.9- 6.5 0.9 <0.5 0.93  -0.20 -0.31 .- -3.14 T
JC 06 10/28/88 8.0 513.0 7.00 8.7 4.5 29.4 126 1.5 0.06 0.206 128.0 15.0. 126.5 0.5 1.51 -0.19  -0.47 -2.81
Jc 01 10/28/88 10.0 299.9 1.1 7.6 -21.1, 188 9.4 4.2 0.07 0.09 176.8. 5.5 12.5 <0.5. 1.44 - -0.20° -0.44  -2.50
Jcon 10/28/88 9.0 2188 706 9.9 2.7 13.3. 114 - 4.9 004 043 109.7 29.0 20.5° <0.5 1.78 - -1.18 -~ -2.51 .. -2.12
Jc.09 10/28/88 10.3 - 347.1 729 20 3.2 186 6.2 1.2 0.0t 0.28 164.6. 25.0 11.4 <¢0.5 1.89 -0.54 - -1.24 . -2.12
09 06/22/89 10.5 .. " 780 4.8 40,4 21.8 3.1 1.5 0.03 0.29 164.6 38.0 -16.2 0.5 1.88 -0.33 - -0.80 -2.38
je 1t 10/28/88 1.5 40,3 6.88 - 7.0 .25.9° 42.3° 4.5 0.9 0.0 0.05 128.0 1.5 8.1 <0.5 2.1 .11, ;2.8 -1.92
Jc 12 10728/88 9.0 205.4 699 7.1 200 1.9 1.9 10 0.13 0.16 121.9 3.0 1.9 <«0.5 1.68 -1.26 -2.64 . -2.01
J¢ 13 10/28/88 9.5 246.1 6.90 2.0 201 14.3  4.5-. 2.4 02t 0.10 128.0 10.5 6.5 <0.5. 1.40 -1.36 - -2.75 -1.95
.Jc 234 07/06/89 8.2 - 8.15 = -- 05 169 301 3.6 .o 0.3 207.3 280 25 s 1.81 025 0.3 -2.94°
JC 24 06/22/89° 13.0 .2 7.40 -3.8 235 12.1 1.2 0.8 074 0.07 97.5 16.0 6.2. <0.5 1.94 - -0.81 -1.74 © -2.48
~ swol “lo/2r/88 3.0 369.1 - . . 71.7. 170 10.A- 22,0 0.46. 0.04° 158.5 -25.0 22.4 .5 1.88 -0.56 ° -1.40 -2.42 .




U.S. Highway. 10 nghcr concentration of CI' in this piezometer is clmractcnsnc of road salt -
contarnination. _ _ :

Isotopes

Ground-water samples for tritium (H) and oxygen-18 ("O) were collected from 15 wells
and piezometers in and around the Juncuon Clty wcll field. Table AS contains the 1sotope
results.

As discussed in Chaptcr II1, most of the ground water in the Juncucm City area contains ,
between 20 and 30 triium units and is thus less than about 35 years old, including water -
produced by the village well (JC9). ‘Oné ‘shallow piczometer (JC5), a deep well (JC12), anda -
deep pxczomctcr (JC23A) yield water with significantly less tnuum, and the ground water m
the vicinity of these points is probably oldcr

.

Table AS. Isotopc results for the Junction City area (csnmatc.d age is based on
qualitative mtcrpxetanons surnmanzed in table 3, c.haptcr I).

Well Sample  Tridum 4% Emor Esimaed "0

Date - (TU) . (TU) Age (yr) = (per mil)
ko) 10/28/88 ~  20.6 16 <35 . -11.55
ic2 10/28/88 305 . 21 <35 -11.02
JC3 10/28/88 17.2 : 14 - <35 - .9.58
Jc4 - 10/28/88 © 209 1.6 <35 = 978
JCs - 10/28/88 5.4 07, 20 - 967
JC6 10/28/88 10.4 10 - <35 - -1007
JC9 10/28/88 20.6 1.5 <35 990
JCo 06/22/89 21.8 - 17 <35 . -9.59
JC10 10/28/88 21.9 14 = <35 . 960
IC11 10/28/88 27.3 2.0 <35 978
JC12 10/28/88 34 07 © 320 . -9.65
IC13 10/28/88 253 1.8 <35 963
JC23A 07/07/89 7.7 09  >20 = 975
JC23B 06/22/89 23.6 : 17 = <35 - 998

Jc24 06/22/89 90 13 <35 -
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. three-dimensional. From the observations described above, bedrock fracturing and hydfaulié

~ NUMERICAL MODELING

NP

. Model Se,le‘ction.“" '

The ground-water system at Junction City is nonhomogeneous, anisotropic, and
conductivity decrease with depth, and transmissivity varies areally. A large number of
‘near-vertical fractures contribute to significant differences between vertical and horizontal
~ hydraulic conductivity. - Sirulation of these conditions required a three-dimensional numerical
code. The Junction City area was modeled using the modular flow code of McDonald and
. Harbaugh (1988). This widely available code can’simulate wransient ground-water movement.

in three dimensions. The code is ‘arranged in modules that correspond to various program. .. .., -
- options. Modules used for the Junction City simulations included SIP (strongly implicit
" numerical solver), recharge, and .drains (representing intermittent streams), in addition to the

- basic model code and utility modules. . : : T

'Conceptual Model -

~ The first step in' modeling any ground-water system is to construct a conceptual model
‘characterizing the ground-water flow system. On the basis of the field-measured water-table-
map (fig: A8), a small ground-water basin can be delineated that includes the Junction City
village well (fig. A12). A ground-water divide located at a topographic divide is the )

northwestern boundary of this ground-water basin. Mill Creek forms the southeastern edge of
the basin. The northeastern and southwestern boundaries of the basin are streams, intermigent
near the ground-water divide, but becoming perennial near Mill Creek. Precipitation '
recharges the aquifer after moving vertically through the unsaturated zone. Once having

lly from the divide southeasterly -

EI

reached the water table, water moves mainly horizon
towards Mill Creek. L

The model boundaries correspond with the natural ground-water basin boundaries. The-
stream forming the northeasterni basin boundary meets Mill Creek farther east than was
.- convenient for modeling purposes.- The east. model boundary was therefore defined as
roughly following the 1100 ft surface contour from Mill Creek to the northern basin boundary
~ stream. This contour was modeled as a‘constant head boundary due to the presence of 8

' marsh in that area. The streams forming the southwest and northeast boundaries were
~ considered constant head boundaries near Mill Créek and as minor ground-water divides -

. where the streams are only intermittent. Ground-water divides were modeled as no-flow
nodes and streams were modeled as constant-head nodes and served as ground-water
discharge points. Nonboundary intermittent streams were mode.ed as ground-water drains -
using the modular model’s drain package. ' S L
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~ Model Grid Design

Thcﬁnité-diffcrcric’c gﬁd was oriented in a northwest-southeast direction to parallel the

" dominant fracture orientation in the bedrock. The grid contains 27 columns, 22 rows;and 3

layers, for a total of 1782 nodes (fig. A13). Individual node spacings range from 250 to

1000 ft, with the smallest discretization near the village wg;ll. '

“The depth-to-bedrock map (fig. A3) indicates that 5 o 55 ft of unlithified material j'

' ovestics the fractured crystalline bedrock. The upper 35 ft of the bedrock is highly weathered

and overlics approximately 115 ft of bedrock with open fractures. Below this depth the

" bedrock contains few fractures. On the basis of these bedrock characteristics, the model was

constructed with three layers: layer 1 represents the unlithified material and highly weathered

-, bedrock; layer 2 represents bedrock with open fractures; and layer 3 represents bedrock with

few to0 no fractures. Model layers are shown diagrammatically in figure Al4 and table A6

7 ~ lists the layer thicknesses and input parameters assigned to each layer.

" Table A6. Layer charactéri#tics fcjr Jun¢tion City model. -

Model Layer ' Conceptual = .Thiéknéss_ Ky KKy Average
Layer Type ; Representation (fr) (fusec) Ratio  Porosity
1 Unconfined  Unlithified 40-90 a6xi0® L1 - 010027 |
i : - materialand = S0 o S
highly weathered = 1.14x10*
bedrock ‘
2. Confined  ‘Bedrockwith 115 20x10° L1 005
C ~ open fractures L o S

95x10°

'3 Confined  Bedrock with 150  64x10° 1Ll 003

: B few fractures

+

 Model Layer 1 - Unlithified Material and Highly Weathered Bedrock

- Layer 1 is the uppermost layer in t\he' modci' and r:prcscnts,unlithiﬁ'e‘d material and
highly weathered bedrock. 'Hydraulic conductivity values for this layer were determined at

107




801

ROWS

1 7] b - v ) 3
/‘J LN MNddolo] @il @ | e | @ 6|lojoje]|e /)\ °
b, \ N L -\ / A
b B \ \ \
Yoy LYY a .
Ob N “ o \
A ' \ N\ N
X *\. \ s, 2 " Y / N
\ \ s oo / .
. , C N\ ™
; -1 \6\ 2 » ° A o i hoysd -
r/ N T :'/
v olojojo el N ¢ S ° s
9, . R 1. .
r:- - < ‘ e \L N \
. | 0 e ol '.‘:.-{'*.\\/ \
o ' \ A 3 % Y 2\ B
\ o Rl KV AT a0 BN g .
i o Nl : z e
\ ° S O \ A ”n .
o 3 < A) ) PN
o wt > ~ 13 NG
o] ‘ ' S ,:'“ 1
~N . 9] -] L____J;‘ 1 » Sy -
. S i - =+ 28 R Wi N A A\
N 0 T \ i 1 .0 I Y
. P \ - '“. \ ~L Al
N By P \ Y ’ .
T V o "-\\l \-"'"
1 ], "
\ [o) " ‘\ . ". ] \
")y ! | \ b {, ;-)) ‘ \\:
.\,:0 . 11 §\0 L '._‘)' . \ R .“' »
N —~1 - T =1 ¢ Vilage well
—+— : A “ a ‘e Constant head node
e ) . \ = Fd 1 o .
» 10 jole ‘ e M. \ .
ol ] ’ - M A :?ﬁpl : S O No-flow node
< : ) ~ - . -
\ L ‘r . [ 2 § \\ ) P ,\‘ '.y 4 .
- Y L A -4 "{‘v! rv—v—r—-v—!
_ \ il J_% Y . %\.s %’ 'l% ! I - R _ 3888 -
! N : SN (Pl . . Feet:
1 M u

COLUMNS

' Fi’g‘ubre A13. Areal view o grid and spatial discretization used in the numerical simulation of
. q - ' . . - i .

system. -




" Elevation (f’r abcﬁf)vve,‘\

“ Lcyer 3

,1200-1
1150 |
.0 - - = - ‘ — = — Water Table
1050 L
- Layer 2

Figure Al4

. Cohﬁghration of m
~ the Junction City site (represents area near the vill

109

odel iaycfs used in riumericavl’ model of grbund-watcr flow at

age well).




each node using saturated thxckncss—wclghtcd averagcs of the conducnvmws of cach of the
two composing units (unhtmﬁed material and highly weathcred bedrock)

Hydraulic conducuvny of the unlithified material was ‘based on shallow piczometer slug
tests performed near the village well (table A2). Spatial variation of hydrauhc conductivity
throughout the rest of model area was based on the soil type given in the soil survey of
Portage County, Wisconsin (Otter and Fiala, 1978). Piezometer drillholes suggest that the -
unlithified materials consist of Pleistocene hillslope deposits that grade into weathered
Precambrian rock. In areas where no other data were available, the soil material was assumed
to represent the composition of the entire thickness of unlithified sediment. Hydrauhc
conductivity values were adjusted accordmg to soil typc values ranged from 4 6x10 ft/scc in
the silty clay soils to 6.6x107 ft/sec-in-sandy. soils. : : :

Hydraulic conductivity of the highly weathered bedrock was based on aquifer
transmissivity determined from the pumping test. Hydraulic conductivities along the swales
near the well field were increased by a factor of 2.25 on the basis of the pumping test results.
The swales are believed 10 correspond to areas of more highly weathered bedrock. Hydraulic
conductivity away from the well field was adjusted relative to the hydraulic conductivities
shown on the map generated from specific capacity data (fig. A9) Mode! conducuvxtxcs
varied spatially by as many as three orders of magnitude.

The elcvation of the bottom of laycr 1 was calculated for each grid node by subtracting
the depth to bedrock plus 35 ft (thickness of the highly weathered bedrock) from the surface
elevation. The drill core recovered from well JC23 contained numerous vertical fractures in
the top 35 ft, suggesting that vertical hydraulic conductivity could be greater than horizontal.
Because model calibration with vertical hydraulic conductivities greater than horizontal
~ proved difficult, vertical hydrauhc conductivity was set equal to the horizontal for model
layer 1.

Model Layer 2 - Bedrock With Open Fractures =

Layer 2 was simulated as a confined layer 115 ft thick, treated as unconfined if the water
table were to drop below the top of layer. The pump test indicated that hydraulic ’
conductivity of the upper bedrock was about 7.5x10° ft/sec. For best mode! calibration; the
hydraulic conductivity of layer 2 was varied spatially from 2. 0x10° 10 9, 5x10 ft/scc. and
vertical conductivity was equal to the horizontal conductivity.

_ Model I.ayer 3 - Bedrock With Few chtures
Layer 3 was simulated as a confined layer with a thickness of 150 ft On the basis of

slug test results from piezometer JC23A, the hydraulic conducnvny of the.lower bedrock
layer ‘'was assumed to be much less than that of the upper bedrock layers and was lowered
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 three orders of magnitude 1 6.4x10°% fysec. Transmissivity of layer 3 was therefore set at
9.5x10* fe¥/sec, and vertical conductivity was set equal to horizontal conductivity. -

* Model Calibration

. Recharge was used as a calibration parameter and was varied spatially on the basis of

- predicted recharge and discharge areas using a procedure described by Stoertz and Bradbury
 (1989). Recharge rates based on this distribution ranged from 0 in./yr in apparent discharge
" areas to 20 in./yr in high recharge areas. The average recharge rate over t‘hc' entire model -
area was 5.2 in./yr, which is within 50 percent of the calculated recharge rate based on -
-water-level fluctuations at a IU.S.,Geologieal;Surv‘eyf,_(USGS)'lon‘g-term observation well just’

~ east of the study area (PT -82, which was numbq;d JC18 for g}ﬁs study).

" The village well was simulated ‘at the node of row 10, column 11, layer 2 (fig. Al3).
Although layer 1 was the most conductive, the well casing extends through most of it, and .
this layer. probably supplies little water to the well. Layer 2, the zone of bedrock with open -
fractures, contributes most of the water produced by the well. The hydraulic conductivity of
~ layer 3 was considered too low for that layer to yield substantial amounts of water to the
"'well. The pumping rate based on 1988 village well pumpage records was 0.072 ft'/sec (32.2

Sy

 WHPA Simulations

" Steady-State Flow Simulation.

.  The model simulation produced a water-table map (fig. A15) that was a reasonable

- match of the one produced with field measurements (fig. A8). The only substantial
discrepancy between the. simulated ‘and measured water-table elevations occurred in the
vicinity of the village well where the model simulation did not predict as much drawdown in
the cone of depression as observed, probably due to discretization effects. o -

Transient Flow Simulation
~ Simulation of transient ground-water conditions'at Junétion City required estimatesof
- aquifer storaage, coefficients for each model layer. ‘In addition, recharge and well pumpage.
_ were varied according to realistic seasonal fluctuauons. . S '
~ Estimates of storage gocf’ﬁcicnt were based on pumping test results. The pumping test

" gave a bedrock storage coefficient of 0.0049. To account for the lower storage coefficient of
the unlithiﬁed materials, the storage coefficient of the entire model layer 1. was set to 0.0013." .
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The measured value of 0.0049 was used. for layér 2. The 'storagc,coéfﬁciént s'hould‘decr:clése
; with fracture density; therefore, an appropriate value for layer 3 was thought to be about

.. Records of water levels in a USGS long-term observation well (PT-82, numbéred jcig
in this study) were. examined to establish a typical yearly fluctuation in recharge rates. -
Recharge was varicd on a monthly basis and transient simulation results at specific well nodes
-were compared against actual recorded fluctuations. Average recharge rates were varied in .
the simulation from 4.3 in./yr in February t0 6.2 inJyr in May. Because a typical year, not a
'specific year, was being simulated, the recharge rates were calibrated by masching the
magnitude rather than the timing of the water-level fluctuations. . = - o

R 'Si’mula'tec;l pumping rates were varied accox;din'g to the 1988 village well pumpage L
- records. For each year sim'ula;ed, the pumping rate ranged from 0.056 ft’/sec in April to

0.098 ft'/sec in June.

e 'l(hc-méicni simulation was run for.a period of 10 .yeérs to provide a 10-yr period of
~ head distributions with which to run PATH3D, the particle-tracking program. The transient
 simulation results differed little from the steady-state ;imulation results. - '

" Particle-Tracking Simulations

, PATH3D (Zheng and others, in .ﬁ:css) isa i:afﬁcl;-uacldng program that makés use of _
head distribution created by a flow-model simulation. Ground-water velocities are computed
for every node and every tme-stcp and -particle paths are based on these velocities. PATH3D

" tracks particle movement due to advection only; it ignores hydrodynamic dispersion,

diffusion, retardation, and other chemical processes. If a steady-state model solution is used,
PATH3D can trace a particle’s movement backward as well as forward in time. This mode!

_ capability allows ZOC delineation by placing hypothetical particles at the well in question and
tracking them back to their origins in the ground-water system. A

, In addition to the files used for the modular model simulations, PATH3D also requues -
aquifer porosity for each model layer in order to calculate velocities. Porosity of the .
‘unlithified material of layer 1 was assumed t0 depend on soil type and was varied on the

_ basis of the soil survey (Otter and Fiala, 1978) from 0.45 in silty elay soils to 0.35 in sandy

soils. The porosity of the highly weathered portion of layer 1 was set at 0.10 based on the -

high end of the porosity range for fractured crystalline rock estimated by Freeze and Cherry

(1979). The saturated thickness-weighted average for layer 1 varied spatially depending on

the soil type and thickness of the unlithified material and ranged from 0.1 to 0.27. Porosity
for layers 2 and 3 was set at 0.05 and 0.03, respectivelv (table A6). : o

.. Using the, steady-state model simul?ﬁon, 'par.ﬁclcé at several depths were tracked S
" backward in time from the well to delineate the upgradient ZOC. Figure ‘A16 illustrates the

13




ZOC delineated when particles are placed at a depth of 53 fi (elcvanon of 1106 ft above
msl),representing a point 5 ft below the bottom of the village well casing. The particles were
tracked backwards through time until they reach the water table. The end points of the
simulated paths therefore represent the origins in the ground-water system of particles that
would eventually reach the village well at the specified depth. TOT lines shown in figure
A16 are drawn to indicate the times involved for particles to travel from the water table to the
well due to advection. A larger ZOC is created when the particles are started at a depth of
123 ft (approximately 75 ft below the bottom of the village well casing) at an elevanon of
1036 ft above msl (fig. Al7).

Because the ground-water flow system at Juncuon City is three-dnmelnsional TOT lines
based on an assumpuon of horizontal flow can be misleading. Figure A18 shows five particle -
paths (1 - 5) in profile view, along with the total travel time of each particle. The farther '
upgradient a particle enters the water table, the deeper it sinks into the saturated zone before
reaching the well (compare particle paths 1 and 5). Particles that were stirted in the zone of
bedrock with few fractures (model layer 3) have much longer TOTs due t:o the substannally
lower hydraulic conductivity of this zone. .

Particles reaching the village well at a depth of 162 ft (elevation of 997 ft above msl)
entered the water table near the ground-water divide. An elevation of 1000 ft was therefore
used to delineate the largest predicted ZOC, extending almost from the ground-water divide to
the well. Hypothetical particles were placed around the well at 1000 ft clevation and wacked
backwards to the water table near the model boundary. The ZOC and associated TOTs are
shown in figure A19. This is the most accurate ZOC for the well because it takes into . -
account the full depth of the three-dimensional flow system tcrmmaung at zhe well ‘

PATH3D was also run with the 10-yr transient snmulanon Pameles were placed al
points upgradient from the well along flow paths established in the steady-state runs. The
paths tracked in the transient runs were identical to those in steady-state. When dealing with
a site such as Junction City, in which the water-table fluctuations are relatively small, the .
transient simulations appear 10 be an unnecessary addition to the steady-state runs.
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116




ok,

- ‘Village Well

Figure A18. Profile view of travel pavths‘ and TOTs for hypdthctic,

end of each line is the total TOT for

and 20-yr TOTs.

T is00 T - 2g00 3000
~ Distance Upgradient from Well ()

117

T oor Temis 5[
'11‘00" -5
5
£ . ,
'$ 1080 . l e
B - ~
.} B
e 10=yr T‘O,T' Lt
- 1o00- T Fs0
K- ' P ’ ’ '
. .g B —"’ . - ",’, ‘ . .
= PRI et sosee Path 1; 23 yr |
© 930~ LT o et .~ seeesPgth 2; 38 .yr 20
R L -7 LT sbarard Path °3; _42f6:vyr -
- AL A L o ~ seees Path 4; 33 yr.
e e oeoeo Path 5; 116 yr
900 -1 r T T —7— T . R ' T i 250
0 sc0 . 1000 3500 4000

3 al particles reaching the .
Juncton City village well.’ Solid lines indicate particle travel paths; the time included at the
a given particle path. Dashed lines indicate the 10-yr

(i;)v eoDpNg: ‘p.unfo.lo mojeg yideg o;‘omp(o‘;_ddj




4+
/.
¢, '-’ 27 | P43
‘l *1 - s .' . * .
< ‘., e : T ® .
e e e e e T T T T T T T T T T T T T T T T T T T T e s e e e T e e e e --
ROy —— -
7’ I .
,l; - > [ J
i P L. E“1 N E , .
1 ° _]
. ° 'E.vg
~ . 3 . - g
= T e T i - " o8 A ~="~""'—' e ‘-v-.‘:'-v""':' e DN 1
~_ . : l’_ ) <
o~ N " R
-~ . [N
| ' l Y - -
. L Q-
4 ]
— s cii@ biser <
‘ PY = -
“ 3’4, ) 1 s 35
A . . : S e s . o s poome +35 -
33 - o ) ’ . ® L ‘ ~ E b
s e ® 0.9 ’ L] -~
o ® oe® 'y S
[ ]
T o .
P P
'y -
PO
o ! |
e oﬂmeq e e ]
.
° ;
° N

10-YR TOT ; §
B
S"'"ae Ce~ - .
2 ;II '. ....... u
> ' " Junction Ciny i
o N I RN
- | ’ . X
- : .
B — -— ' P
P Scrlfr o fLt.z - R
) . ) L it LY
SCALE 1:24 000 - o . ‘ i
FEET 500 -0 500 1000 2000 - S S
eee e Ground-water divide | o a ' w _
~ &  Village well (JC-9) B ST~ % 11—/ o :
TOT Time of travel S S R ,

Fxgure A19, Travel paths and TOTs for particles reaching the Juncuon (thy vxllage wcll ata
depth of 162 ft below the land surface or 997 ft above msl

118




| ) APPENDIX B o |
SEVASTOPOL STUDY AREA, DOOR COUNTY, WISCONSIN
 SITE SELECTION

~ The second démdnéuﬁﬁon varé'a for testing wellhead protection methods ipvijarctu‘r;cd-ro;k. :
aquifers is in the central part of Door County (see fig. 3), which forms a peninsula between
- Lake Michigan and Green Bay in northeastern Wisconsin. o ST

. Door County is ideal for studies of fractured carbonate-rock aquifers for several reasons.
- First, the Silurian dolomite is highly fractured and provides the sole source of ground water -
for most county residents (Zaporozec and Cotter, 1985). Second, because there is only a thin

veneer of soil covering the peninsula, the fractured rock is very near the land surface and is
'comparatively easy to study. Third, dolomites of Silurian age cover a large area of the =
northern midwest, extending south along the Lake Michigan shore to Chicago and wrapping

* around the Michigan Basin to-occur in parts of Michigan, New York, and Ontario. Finally,a .

- great deal of prior hydrogeologic research provides a good database for use-in wellhead
protection studies. Thwaites and Bertrand (1957) described the geology of the Door
Peninsula, and Sherrill (1978) summarized the hydrogeology of the county. More recently,
Bradbury (1982) and Nauta (1987) modeled ground-water flow in portions of the county. o
‘Schuster and others (1989) constructed detailed maps of soils and surficial features in part of
the county, and rated the soils as to pollution attenuation potendal. g N

.. Thisareahas a history of elevated nitrate, chloride, bacteria, and occasionally, lead-
_ . levels in ground-water samples collected from private and public wells (Blanchard, 1988: -
" Wiersma and others, 1984). Such contamination is believed to be a direct result of
‘agricultural and other land-use practices in areas where thin soils overlie the fractured . -
~ dolomite. ‘ B o - | S

. Recent work-by the WGNHS has focused on details of the hydrogeologic system at -
several research sites in the county. Blanchard (1988) and Bradbury- and others (1988) "
instrumented two research sites near the center of the peninsula in the town of Sevastopol - -

“about 10 miles north of the city of Sturgeo’n.Bay (see fig. 3, fig. B1). Existng test wells and

piezometers at one of the sites, referred to as the Sevastopol test site, provided an éxcelient

. starting point for this wellhead protection study. Ongoing ground-water- monitoring at another
sitc,-rcfcrrcd to as the barnyard research site, provided additional data points. ' :

Door County is predominantly rural, and only two ‘municipalities in the count§ are served
" by community wells. - Neither of these communities was judged to be suitable as a research

- site due to complexitics'x'esulting‘from'u,rbanizat:ion and proximity to _surface-wat¢r bodies.
- Therefore, the wellhead protection methods demonstrated in Door County were applied o.a
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 test well loc#tzd at the Sevastopol test site described above. The hydrogeologic setting of this
site is characteristic'of much of central Door County, and far more background data were
available at this site than at other locations in the county. S o

INVESTIGATION METHODS

Hydrogeologic studies conducted at the Sevastopol test site from 1986 through 1989
examined, in detail, the vertical and horizontal movement of ground water through a small -
- area of fractured dolomite, by determining the position of the water table, measuring vertical
hydraulic gradients, measuring aquifer parameters, and sampling ground water at various
depths below the surface in a ground-water recharge area. In addition, detailed borehole
- geophysical studies identified horizontal fracture zones within the bedrock. - L

¥ ' 7 '

'

_ Seven monitoring wells (MW1 - MW7) were installed at the Sevastopol test site (fig.

" B1) using air-rotary drilling. Piezometer nests were installed in five of the wells. ~ =

. Piezometers in each well are designated by the letiers A, B, C, etc. Table B1 lists the

. construction details for all wells and piczometers. Five of the wells (MW1 - MW35) are -
oriented approximately along a ground-water flow line and also along a major fracture
feature. Two of the wells (MW1 and MW?2) reach a depth of approximately 240 ft, the .
common depth of newly constructed domestic wells in the area. Three shallow wells (MW3, -
MW4, and MW5) were installed on a line between the two deep wells (MW1 and MW2).
Two additional ‘wells (MW6 and MW7) are oriented at right angles to the line formed by .

_MW]1 through MWS5. ‘Piezometer nests installed in wells MW2, MW4, MWS5, MW6, and

' MW7 were used to investigate changes in hydraulic head and water chemistry in relation to

" depth. The annular space between piezometers ‘was sealed with a mixture of bentonite and

~ cement grout, and the piczometers were developed using compressed air. The resulting array
of 15 piezometers and two wells was used for measurements of the vertical distribution of
hydraulic head in the dolomite, for slug tests, for two pumping tests, and for obtaining '
high-quality ground-water samples that ‘were analyzed for major cations and anions as well as -
isotopes *H and '*O. Seven additional piezometers (H1A-B, H2A-C, and H3A-B) at the

~ barnyard research site, located approximately 1.5 miles northeast of the Sevastopol test site
(fig. B1), provided additional hydrogeologic data. The construction of these piezometers was:
similar to the construction of ‘piezometers at the Sevastopol test site.. In addition, water levels
were measured in approximately 50 domestic and irrigation wells in the area surrounding the
sites. : ST : R : ' :

Geophysical logs, including three-arm caliper, spontancous potential, single-point and
normal resistivity, natural gamma radiation, borehole temperature, and borehole fluid flow

*were obtained at most of the monitoring wells prior to casing installation. In addition,

television logs provided a visual inspection of fracwres and other. features inside four

_ borcholes. A ground-penetrating radar (GPR) survey of the site (Attig and others, 1987) gave o

details on depth to bedrock and delineated shallow fractures.
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Table B1. Well data, Sevastopol Study Area, Door County, Wiscohsin.

Well Well Open  Averge Depth . Measuring Point . *
No. Depth Interval - - to Water - Elevation o

(feet below measuring point) (feet above msl)

Sevastopol Test Site |
L MWlee s con 240 ot 40240 1409 798.2

MW2A 42 . 227237 134.6 7947
MW2B 161 152-157 123.0 7947
MW2C 147 134-144 1587 . 794.7
MW2D 78 - 7075 708 794.7
MW3 60 2060 - 365 . 794.8
MW4A 44 41-44 304 | 7960
MW4B 31 . 27-30 177  796.0
MWSA 24 © 2324 195 . 71976 .
MWS5B 2t 20-21 174 . 7975
MW5C 19 17-18 - 142 L7915
MW6A 61 56-61 48.2 17949
MW6B a 35-40 - 310 7949
MW6C 20 13-18 ‘ 162 . 7949
MW7A 185 S 177-182 . 1541 . 7973
MW7B 153 145-150 137.0 797.3

MW7C 106 101-106 1053 7913

Barnvard Research Site

H1A 62 5661 . 366 7202

HIB .37 31-36 - 29.8 720.2
H2A 63 58-63 : - 37.1 - 7152
H2B 50 44-49 32.5 7152
H2C 29 23.28 25.1 - " 7152
H3A 63 58-63 - 388 7199

H3B 37 31-36 ' 30.3 . 7199
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" clayey or silty sediment.

. HYDROGEOLOGIC SETTING

Dolomite of Silurian age lies beneath a thin cover of unlithified Pleistocene sediment,

mostly clayey till on the uplands. The dolomite aquifer is a self: tained and easily studied -

- unconfined aquifer system, covered only. thinly by unlithified materials and bounded on all

sides by surface water and beneath by the Ordovician Maquoketa shale, a regional vconﬁning

* bed (see fig4)

Nuﬁwréus vertical and horizontal fractures in ‘thev, dolomite appa;bhﬂy cdntrol‘ the -

| hydraulic conductivi ‘of the aquifer. Figure B2 shows near-vertical fracture expression in an

alfalfa field across from the Sevastopol research site. The depth to bedrock in the field is

approximately 6 in., as determined by ground-penetrating radar and by hand augering.

. " Apparently, the near-vertical fractures are filled with fine-grained soil, which holds'more .
. moisture than surrounding rocks. The hoto shows that fractures in the predominant joint set

are spaced approximately 10 to 20 ft apart near the research site. Aerial photographs from

~ other areas of the county indicate a similar frequency and regularity of fracture spacings. .
' Rosen (1984) and Sherrill (1978) document principal joint azimuths over the entire county at

‘about 25°, 70°, and 155°. At the Sevastopol site, major visible fractures are oriented

approximately N30°E. Each fracuure, if open, can provide a direct route for infiltrating water .
to recharge the ground-water system; however, most fractures are at least-partially filled with -

A}

Du'ec:t evidence of fracture di§coritinuiti¢$ observcd"duﬁng ins'tallatiqn,of;wgll MW1 .

-+ included loss of drilling fluids at elevations of 600 and 577 ft above mean sea jevel (msl) .~ 5

(198 and 221 ft below land surface) and voids at 582 and 577 ft above ms! (221 and 216 ft
below land surface). While drilling at MW2 and MW7, there was a loss of circuladon and .

~ water erupted 40 ft above the ground at MW1. This shows a direct connection among wells

MW1, MW2, and MW7, which are each over 200 ft apart. The loss ‘of circulation occurred
at a depth of 190 ft in both wells, and water eruption occurred when drilling at 190 ft in '

MW7 and 235 ft in MW2.

A suite of logs from the Sevastopol test site demonstrates how geophysical logs can be
used to detect horizontal fracture zones. Figure B3 shows logs for well MW 1; nuinbers on
the left-hand axis of figure B3 are corrected elevations relative to mean sea level. Offsets
appear in the emperature log at elevations of 648 ft and 563 ft above msl (depths of 150 and

Y

- 235 ft). This log was run in the spring, when cold recharge water was entenng the aquifer.

Temperature increases at the offsets suggest that cither the cold water was leaving of Warmer. .
water was entering the borehole through horizontal fractures or solution features at these - -
elevations. Slight increases in borehole diameter occur at the same elevations, and also at -
othier elevations where temperature. changes were not observed. - o

"* . 'The gamma log ‘shows much variation over short vertical distances, suggesting

smiall-scale variability in lithology. Highest gamma values generally should coincide with-

-+ zones of clay or other fine-grained material. Television logs show fractures and vugs that
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| B . . +

Figure B2, Expression of bedrock fiacmi'cs in alfalfa field at the Sevastopol site, Door
County, Wisconsin. Top: Oblique air photo showing vigorous alfalfa growth over fractures. -

Bottom: Highlighted locations of fracture traces.

)
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have been enlarged by dissolution. The television lbg confirmed the prcscnbc of a permeable |

zone between 650 and 640 ft above msl (approximately 150 ft deep); this zone has a

dissolved, "Swiss cheese” appearance rather than the appearance of a discreie fracture. The o

spinner flow meter detected significant borehole flow at an elevation of about 615 ft above
msl, a place in which the television log showed numerous vugs. The. spontaneous potential
and resistivity logs can be easily correlated among boreholes at the site, and appear to be
related more o lithologic changes than to fracture locations. |

RESULTS OF INVESTIGATIONS
Water-Tgﬁle' Mapping

J Wellhead protection studies require up-to-date water-table and potenﬁd:métﬁc-surfacc
. maps for the ZOC delineation. Although detailed ground-water elevations were available at

the Sevastopol test site, the construction of reliable water-table maps of the surrounding area

required additional field measurements. During the summer of 1989, field personnel ‘
measured ground-water levels in approximately 50 domestic and irrigation wells in the area
surrounding the site. After corrections for land-surface elevation, these data, in conjunction

with piezometer data and surface-water elevations, allowed the construction of two contour

maps of ground-water elevations (fig. B4). Note that the water table near thie Sevastopol test
site lies about 40 ft deep at an elevation of about 760 ft above msl (dashed contours, fig. B4),
and the Sevastopol test site is just west of the ground-water divide for the shallow system.
The potentiometric surface (solid contours, fig. B4) is more than 120 ft lower than the water
table with a hydraulic head of about 640 ft above msl near the Sevastopol test site. The
g}'ound-water divide for the deep system lies about 2 miles northeast of the Sevastopol test
site, - -

Water-Level Measurements

| Vertical Distribution of Hydraulic Head

Vertical hydraulic gradients at the chastopoi site arc steeply’ downward and are much

greater than horizontal gradients, suggesting that the aquifer is highly anisotropic. Figure BS .

shows the distribution of total hydraulic head in the subsurface in March' 1989. The water
table at the Sevastopol site fluctuates over elevations of about 760 to 780 ft above msl, or-
about 20-40 ft below the land surface as shown by the heads in the shallow piezometers. The
continuous presence of water in the shallow piezometers (MW5A-C and MW6A-C) was
unexpected on the basis of previous research (Bradbury, 1982; Sherrill, 1978), which placed
the water table in the area about 150 ft below the land surface. Below the water table,
hydraulic heads decreased significantly with depth. A change in the vertical hydraulic
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gradient occurred at about elevation 650 ft above msl, the approximate position of 8. -
prominent horizontal fracture zone. T : - : R

" A possible explanation for the large decrease in total hydraulic head with depth is a
.perched water table above a decper unsaturated zone. Although during high water periods -
(March - May) there is no evidence of unsaturated conditions at depth at the site, unsaturated
~  conditions at depth do occur during dry seasons. Piezometer MW7B, a piezometerof
intermediate depth screened 100 ft below the surface (see table B1), was dry during much of
the dry-summer of 1989 even though shallower piczometers were continuously saturated.
‘Apparently, previous "water-table” maps of the area, based on measurements in deeply cased -
domestic wells, incorrectly delineated a deeper potentiometric surface as the water table.
Water levels'in such deep.wells are.a function.of the head differential, the hydraulic
. conductivity, and the rate of recharge to the system (Saines, 1981). Water-table
measurements in shallow wells, combined with observed surface features such as wetlands

" and ponded water, show that a relatively shallow water table occurs at the site, in additon to ~ |

the deeper potentiometric surface. -

Water-Level Fluctuations :
Significant temporal water-level fluctuations occurred at the Sevastopol test site, and »
* water-level fluctuations in the deep zone are greater than in the shallow zone. "Figure B6is a
- hydrograph of water levels in MW3 and MW?2A for the 1987-1989 period. Water levels in o
piezometer MW2A, finished in the deep system at 240 ft below the land surface, fluctuated
by up to 95 ft in response to seasonal recharge during this period. The most significant v
water-level rises occurred just after snowmelt in March, 1988. Well MW3, finished abouit 60°
~ ft below the surface in the shallow zone, fluctuated only about 45 ft during the observation

‘ The rapid response of the shallow and decp piezometers to spring snowmelt suggests that -
both systems are directly connected to the land surface. The two systems respond differendy
during dry periods. The water level in MW3 (shallow system) drops sharply and then
stabilizes at approximately 740 ft above sea level (depth 55 ft); the water level in MW2A
(deep system) continues to drop steadily throughout the summer. ‘The large and rapid, o
water-level fluctuations in the deep system probably are caused by the presence of pro inent

‘conductive fracture zones not present.in the shallow system.

L)

~ Aquifer Tests

, “ Spéciﬁé cipacity data, piczdincter slug tests. and. équifer—pumping, u:éis provided data on . .
the distribution of transmissivity (T) and hydraulic conauctivity (K) in the fractured dolomite. -

Additional data obtained from other ground-water monitoring projects in the area
“supplemented the quastopol test site measurements. ' A S ‘
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Specific éapééity Data,

| Al‘thoﬁgh detailed meashmﬁ?mé of hydraulic properties of the -dolomite. wene available at
‘the Sevastopol site, construction of a numerical model (described below) required information

' about the distribution of hydraulic conductivity over a large area. Specific ‘capacity data
~_contained in well constructors’ reports in.the files of the WGNHS allowed regional estimates
of hydraulic conductivity using the program TGUESS (Bradbury and Rothschild, 1983),

which estimates transmissivity and hydraulic conductivity from information in well o
" constructors’ reports.. On the basis of 249 well constructors” reports, the transmissivity of the
dolomite varied from 1.6x10° fi/sec to 3.9x10™ fusec. Because the hydraulic conductivity
values were log-normally distributed, the geometric mean of 8.3x10® fysec is believed to. .~
‘represent the best estimate of the conductivity over the entire thickness of the aquifer.
(Bouwer, 1978). c - = S )

o Siﬁg Tests

Results of 14 slug tests (table B2) gave the distribution of hydraulic conductivity in the
dolomite. - Slug tests consisted of instantaneously changing the ‘water level in a well or
- piezometer by inserting or removing a solid slug of inert material and measuring water-level
~ recovery using a recording datalogger. Slug tests were analyzed by the Hvorslev (1951) and
Cooper and others (1967) methods. Hydraulic conductivities ranged from 3.2x10” ft/sec to
3.6x107 ft/sec, with a geometric mean of 3.2x10* fysec (table B2). The highest hydraulic .

" conductivity, 3.6x10? fy/sec, was recorded in piezometer MW7A, which is screened across a .

fracture zone at'an clevation of 617 ft above msl (depth 180 ft, see table B1). Very low
“hydraulic conductivities at piezometers H2B, MW5A, and MW6B suggest that these

" piezometers intersect very few fractures, and these results are probably characteristic of the

~ hydraulic conductivity of unfractured dolomite blocks or massive units with few fractures. = .

Pumping ‘T,e’sAIS' :

. Muld-well pumping tests suggested that the shallow and deep parts of the aquifer have -
different hydraulic properties. One test, on wells finished in the shallow zone, was conducted - B
for 24 hours at a pumping rate of about 0.05 ft'/sec (22 gpm); ‘a second test, on wells finished o
in the deep zone, was conducted for 19 hours at 2 pumping rate of 0.079 ft’/sec (35 gpm).
Drawdowns were measured in adjacent wells and piezometers and in the pumped wells.

Table B3 summarizes results of these tests. The pumping tests have three important results. - - -

" First, the transmissivity of the shallow zone is significandy less than the transmissivity of the
deeper zone. Second, the ability of the shallow part of the aquifer to sustain a 24-hour
pumping test at the rate used is additional evidence that tais upper zone contains significant
quantities of ground water. Third, ‘the aquifer is significantly anisotropic vertically and
horizontally. S ‘ ' , - L
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Table B2. Results of slug tests at the'S’evastAopol o

test site and Barnyard research site.

K (fsec) =

H3A
H3B

1.6x10*

1.0x10°

41x10¢

6.9x10?
4.3x10%

5.5x10*

3.6x10°

$.3x10°
-~ 1.8x10°¢ |

1.4x10*
3.2x10?

' 1.0x10°

2.9x10¢

2.4x10°¢

Maximum
Minimum

Geomen:ic Mean

3.&!0’

: 3.2x10°

3.5x10¢

Table B3. Results of pumping tests at the chasmpol site.

Test Zone:

Date of Test:

Test Dun!ion:»
Pumped Well:
Pumping Rate:
Obscrvaﬁon Wells:
Transmissivity:

Storage Coefficient:

- Shallow, 0-60 ft _

March 1988

24 hours

MW3

0.05 £¥/sec (22 gom)

'MW4, MWS, MW2D

1.1x10° fi¥/sec -

0.04

Deep, 150-240 ft-

May 1989

191 hours

MW1

0.079 fi/sec (35 gpm)
MW24, MW7A

5.9x10% fidjsec

0.0014‘ o
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~ An analysis of directional transmissivity using the method of Papadopoulos (1965)
yielded the following values for the deep zone: S SR
Ty 0.15 f/sec azimuth N33°E
T,,: 0.037 fe/sec; azimuth N123°E
, ~ §:0.0014 ; R Co oo
where T,, and T,, are the principal directions of the transmissivity tensor, and by definition =~
are perpendicular to each other. This result is based on only two observation wells, so the

transmissivity ellipse cannot be determined uniquely. However, this result is consistent with-
_the assumption that for the Sevastopol site the principal directions of the transmissivity tensor .

are approximately parallel to the major fracture directions observed in the field. The
horizontal ‘anisotropy ratio is then T,/T,; = 4.2. The ratio of horizontal to vertical .
conductivity could not-be:determined with the limited .number of observation wells available

“at the site.

' L

. Water ():hemistry‘ahd Isotope An'a?lysqs‘

" Water Chemistry

Major-ion and isotopic results indicate little variation with depth or position at the
Sevastopol site and suggest that the ground water is well mixed. Table B4 summarizes the ’
results of the chemical analyses. As expected in a dolomite aquifer, ground water is of the -
calcium-magnésium-bicarbonate type. Dissolved calcium and magnesium ranged respectively -

from about 'S0 to 90 and 25 to 50 milligrams per liter (mg/). ‘The water is of good -quality; -
nitrate content was consistently below the 10 mg/l drinking water standard.’ o

Isotopes

_ Water samples for tritium CH) and oxygen-lS (O) were collectc’d from"13VW¢lls and
piezometers in Door County during November 1988. Results arc presented in table BS
* Ground water in the fractured dolomite of Door County is generally less than 35 years of
age based on qualitative tritium interpretations (see table 3, Chapter OI). The 'O data are
consistent with this age interpretation. Isotcpically "young" watet is expected in Door County.

 because of the high degree of fracturing of the dolomite and the thin soil cover that allow

rapid recharge.
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Table BS. Isotope results for Door County.

. Well - Sample Tritum  +/- Error - Estimated = 0 . R
~ Date TU) (TU)  Age (D ' (permi)
. Mwl 110288 25 g . <5 0 -8
 MW2A. 11/02/88 17 8- <35 -11190
‘MW2D  1102/88 . 18 : 8 .35 - -1115
MW4A - - 11/02/88. - 130 7 8 a5 958
MWS5A - 11/02/88 26 g .35 . 970
- MW6A - 11/02/88 23 '8 <35 -1123 ,
HIA - 1102788 30 8 <35 -
~ HIB 110288 32 8 <35 =T
" H2A 11/02/88 29 8 <35 0 -
H2B ~ 11/02/88 a4 8 <35 0 -
H2C ©11/02/88 - 41 g . <35 -
CH3A  11/02/88 6 ‘8 %20 -
8 - <35 . - -

CH3B 10288 40

" NUMERICAL MODELING

Justification and Code Selection

Numerical simulations of the ground-water system in the fractured dolbtr;ite aquifer of ’

" central Door County offer the best available analysis of the ground-water flow system and the

best available delineation of the zone of con'u'ibtition (ZOC,) for a given well. Although

_ commonly available numerical codes are based on the equations of ground-water movement "
~ through porous media and are not strictly applicable to_fractured rocks, such models can

successfully simulate ground-water movement through fractured aquifers as long as the scale
of the problem is larger than the scale of fracturing. This is the case in Door County, where
small fractures in the dolomite commonly occur at a spacing of a few inches or fect and the

‘horizontal distance between major vertical fractures (visible in aerial photograph§; see fig. B2)

is usually less than 30 ft. In contrast, the arca simulated by the model includes many square )
miles, and the model node spacings are much larger than thq.robsgrved fracture spacings.

“The wcnhééd protection modeling reponcdhcm» builds on the results of several pr:vious:

\invcstigatiohs that successfully simulated, ground-water flow in parts of Door County using -
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numerical codes. Bradbury (1982) simulated ground-water movement at a site in northern
Door County using the two-dimensional parameter estimation inverse code of Cooley (1977)
and a three-dimensional finite difference forward code (Trescott and Larson, 1976). Nauta
(1987) extended this work to a three-dimensional model covering all mainland Door County.
Both investigations focused on simulating ground-water discharge to Green Bay and Lake °
Michigan, and the models included only limited detail in the center of the county. Emmons
(1987) included the fractured dolomite of Door County in a regional model simulating flow :
through the entire bedrock system in eastern Wisconsin, but his model was not detailed ¢
enough for wellhead protection studies. o o : : :

The purpose of the numerical modeling study at the Sevastopol site is to simulate as
accurately as possible the ground-water flow system at the site with the goa! of delineating
the ZOC for a hypothetical municipal well. The modular ground-water flow code of v
McDonald and Harbaugh (1988) provides for three-dimensional simulations incorporating
vertical and areal anisotropy and heterogeneity. This is a widely available and generally
accepted computer code, which is in the public domain and can be adapted to run on personal
computers. The PATH3D particle-tracking code (Zheng and others, in press) links directly to-
the flow model and was the main tool used in ZOC delineation in this study. S

‘Conceptual Model . »

,

The Door County model assumes a completely saturated three-dimensional ground-water
system with hydrogeologic characteristics based on the results of field investigations in and -
around the Sevastopol study area. The observation of significant changes in total hydrauhc
head with depth, combined with the knowledge that extreme variations in hydraulic
conductivity occur with depth, make a three-dimensional model essential for accurate - -
simulation of ground-water flow paths from the land surface to a well. As previously
described, an unsaturated zone occars under certain conditions benecath the upper saturated
zone at the test site. Because the flow model cannot simulate unsaturated flow; this zone was
treated as completely saturated. The resulting simulations are thus probably overprotectve .
for wellhead protection purposes because ground water moves more rapidly through a
saturated system than through an unsaturated system. ‘ |

Boundaries of the ground-water model are conceptually simple, and consist of constan: ’
heads where the dolomite aquifer intersects Green Bay on the western side and Lake
Michigan on the eastern side of the county, constant heads along the Sturgeon Bay Ship -
Canal to the south, zero-flux boundaries along the ground-water divide north of the study :
area, and a zero-flux boundary at the base of the mode! where the underlying Maguoketa .
shale forms a regional aquitard. Additional constant-head boundaries occur where surface '~ -
streams, such as Lilly Bay Creek and Donlans Creek, are in continual communication with
the aquifer. The upper boundary of the aquifer is open to recharge, which varies spatially

i
i
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© Model Grid Design

The ﬁnitc~diffc‘rencé grid used in thchooi" Cohﬁty model (fig B7) consists of 24 rows,

23 columns, and 4 layers, for a total of 2208 nodes, of which approximately 75 percent are

active. The node spacing is irregular, and ranges from 5000 ft at the model boundaries to

500 ft in the area of interest around the test site. The grid is oriented at an azimuth of N30°E ~

so that the rows and columns in the model approximately: parallel the principal directions of

_the transmissivity tensor estimated from the pumping test.

. For modeling purposes the ground-water flow system is divided into four horizontal
layers based on observed depth variations (fig. B8). The layers are numbered one to four, -
with layer 1 being the shallowest and. layer 4 the.deepest._ In, model simulations ground water.
can move only horizontally within layers and only vertically between layers. ‘The layers’ B
cover increasingly larger areas of the finite-difference grid, with layer 1 covering the smallest
‘area and layer 4 covering the largest arca. Table B6. summarizes the layer thicknesses,

~ characteristics, and input parameters. In.all layers, a horizontal anisotropy of 4:1 was -

assumed between the northeast (along model columns) and northwest (along model rows),’

corresponding to the findings of the pumping test conducted at the test site.

- © Model Cali‘braAtionv

Stcady‘-ﬁtéte model calibration Eon‘sistcd of adjusting tﬂodcvlvparamctcrs ’uxvx‘ﬁfl the model |

- suitably reproduced the field-measured' water-table and. potentiometric-surface maps of latc
~ August 1989 (fig. B4). The model prpved very sensitive to‘fechargc rates and to the-vertical

y

Table B6. I,ayci' éhara;icris;i‘cs for Door County model. .

Model Layer ‘Conceptual Thickﬁeés Kiww KK Avcrégrc

Layer Type = Representaton (fr) . (fusec). - - Rato Porosity
S| Unconfined Uppér_ sysem '~ 075 ' 18x10°. - Ll , "‘O.bl J

2 - Semiconfined ~ Semiconfiing 080 ~  83x10° 01w L 001

o bed ' S 1000 o

3 Semiconfined  Namow fractre 05 S asapr 11 00s

[ v - - .. zom [ . " . v‘ V . N =

4 . Semiconfined Lower system . 0-365 o 10x10%w0. . L1 *0.05 -

SR | S sex10t S
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hydraulic conductivities of each layer. Previous models of Bradbury (1982) and Nauta (1987)
provided baseline data for both these parameters. In the absence of detailed field data on the
variability of recharge, an initial estimate of the-recharge distribution was obtained using the
inverse procedure of Stoertz and Bradbury (1989). Adjustment and smoothing of the resulting
recharge matrix, using the surficial materials maps of Sherrill (1978) and Schuster and others. . ..
(1989), gave the recharge distribution used in final model calibration, o ‘

Calibration to hydraulic heads alone generally does not yield a unique solutiontoa -~
ground-water flow problem. Calibration of the Door County model considered four criteria
for which field data were available: ' o o B

1) reasonable match of the hydraulic head maps for the upper and lower layers,

2) accurate simulation of vertical hydraulic gradients measured at piezometer nests,

3) accurate simulation ‘of thé' location of ground-water divides, o :

4) accurate simulation of the ground-water flux measured as base flow_in surface

streams. : ‘ ~

Figure B9 shows simulated late-summer hydraulic heads for a "best-calibration” run in the -
area around the Sevastopol test site (compare to field data in fig. B4). Although differences
exist between the simulated and measured heads, the match is considered acceptable for
wellhead protection simulations. o B _

WHPA Simulations |

Steady-Siate Flow Simulation

A steady-state simulation produced the delineation of a reasonable ZOC at the .
Sevastopol test site. The simulation includes a hypothetical pumping well at node (13, 12),
the location of the Sevastopol test site (fig. B7). Currently, only two cornmunities in the
county own wells, and most county residents obtain their water from individual private, wells.
Under current development pressure, however, more community wells may be installed in the
county in the future. There is interest in ZOC delineation for public and private wells.
Therefore, the simulation included a hypothetical community well pumping at 100 gpm. With
current 170-ft well-casing restrictions, water enters the ‘pumping node only in layers 3 and 4.
Due to the high transmissivity of layers 3 and 4 and to the averaging of pumping stress over k
an entire node, the pumping simulation produced only a small cone of depression in the -

- dolomite aquifer; such results are commonly observed in field pumping tests in the county.

- Particle-Tracking Simulation

3]

Coupling the PATH3D particle-tracking code (Zheng and others, in pn{:ss)r wiih the
three-dimensional head distribution produced by the pumping simulation, giiycs a picture of
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~ Figure BS. Simulated hydraulic head distribution at the Sevastopol site.
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the thres-dimensional ZOC for the hypothetical well under stressed conditions. In the

steady-state simulations, PATH3D moves particles upgradient from the well until the particles
emerge at the water table. The final particle distribution at the water table represents the land -~
surface area where recharge eventually becomes ground water produced by the well; the - . “
particle paths represent three-dimensional ground-water flow paths. © o ‘ : '

Figure B10 shows the results of the PATH3D simulations in areal view. The simulation: >
used eight parnticles arranged around the hypothetical well (pumping 100 gpm) in layer 3 (for
clarity, fig. B10 shows only seven particle paths). The ZOC is narrow and elliptical, .
extending about 2 miles northeast of the hypothetical pumping well (see fig. 16). Figure B10 :
also shows simulated travel times.from the.recharge area-to the hypothetical well. o

The numerical mode] also provides a picture of ground-water movement in the vicinity
of the hypothetica! pumping well. Figure B11 is a cross-section through the ZOC for the
hypothetical pumping well and shows how ‘a thin, permeable fracture zone (at about 180 ft
. below the land surface) affects ground-water movement. - In this figure, particles were started
at various depths along the well casing and moved upgradient to their recharge points. Notice
that the horizontal fracture zone is the main conduit for particle movement to the well.
Ground water does not move with a constant velocity along the flow path but instead moves - -
most rapidly in a horizontal direction in layer 3 (about 180 ft below the land surface) and
much slower vertically between layers 1 and 2. : o

Figure B11 also shows how the depth of casing of the pumping ‘well can affect the
well’s ZOC. Particles recharging farthest from the well enter the well bore at lower
elevations than particles recharging near the well (path 4). Thus, the more deeply the well is
cased, the larger the ZOC becomes. ‘ ' : : ‘ '
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