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To develop a wellfield, whether it is comprisedao$ingle well or a hundred wells spread over
several square miles, an understanding of the magend local hydrogeology is the first order of
business. Withdrawal of groundwater can impacteeskly, nearby lakes, wetlands, rivers,
ground stability, water quality, drainage, and sr@s well as terrestrial vegetation and the
location of the fresh/salt water interface. Toibhdfe evaluation of groundwater withdrawal, the
following hydrogeologic data should be collectedd avaluated as Phase 1 of the wellfield
development.

1. Compile, review, and evaluate all existing hydrdgg data available for the site and
groundwater basin. Generate maps of geologic gtegtihy and aquifer thickness where
possible based on existing data. Use topographit geologic maps to generate a
groundwater basin map as well as an associategcewfater basin map.

a. Geologic data include soil lithology and distrilmti as recorded in surface
geophysical profiles, water supply well drillinggs down hole geophysical logs
of wells, monitor well lithology logs, geotechnidadring logs, aerial distribution
of aquifer, depth of aquifer, stratigraphy of agquif

b. Hydrogeologic data include supply well water leyg@ismping rates and duration,
ground water quality, pump test information, aquifeoefficients, soil
permeability, monitor well construction logs, wakevels, water quality.

c. Atmospheric data include rainfall, temperature, Hity, barometric pressure,
evapotranspiration rates, stream flows, and susiater quality.

2. Record water levels in existing supply wells andnitay wells, video survey wells to
inspect their structural integrity, perform conduty surveys in supply wells and
monitor wells to map water quality trends in thesiggy, perform slug tests in monitor
wells to record aquifer transmissivity distributiaere well construction permits.

3. Map the groundwater basin using Multi-electrodecEleal Resistivity (MER) to define
the thickness and extent of the aquifer, to detmethe distribution of sediments
throughout the aquifer, to delineate zones of m®ee porosity, to delineate zones of
possible contamination, and to delineate the feaghivater interface, if present, within
the study area. MER is critical to define the pneseand extent of potential reservoirs,
and in determining the potential for reservoir aadharge basin construction and in the
design of the recharge basins. MER is a non-ineagjeophysical technique that
accurately records variations in sediment distrdyytporosity, and gross water quality.



Each hour of mapping with MER is equivalent toldrg 56 boreholes without data gaps
between boreholes.

4. Sample select wells within the groundwater basid @erform a scan for priority
pollutants on each sample.

5. ldentify the hydrologic budget parameters for inflo the watershed and for the outflow
from the watershed. Identify missing data necessargiccurately calculate the water
budget and safe sustained yield of the groundviesin.

The amount of water that can be withdrawn fromateifer depends chiefly upon:
1. The aquifers capability to transmit water from are# recharge to the points of
withdrawal.
2. The amount of water available in the areas of negh#o replace the water that moves to
points of withdrawal.
3. The amount of water available from storage as taemlevel declines.

To establish the Water Crop or Safe Sustained Yalchn aquifer requires the following
hydrogeologic information:

1. Delineation of the basin’s hydrologic boundary.

2. Definition of the underlying geology and aquifentsn

3. Determination of aquifer hydrologic parameters gasmissivity, Storage, porosity,

water level elevation, gradient and fluctuation.

4. Soils type, distribution and hydrologic characticss

5. Rainfall rate and distribution within the watershed

6. Topography and geomorphology.

7. Evapotranspiration rates and distribution.

8. Surface water runoff.

9. Groundwater recharge rate.

10. Groundwater withdrawal locations, rates and pecibtgi

Aquifer Testing and Analysis

Water flow in an aquifer system is governed by pleemeability of material, flow gradient,
thickness of the aquifer and hydraulic head orssate pressure. It is important to know the
geologic lithologies and stratigraphy of the aquiéad any confining strata as the geologic
character of the sediments or rock control thesdifexgcharacteristics. Pumping tests are
conducted to collect water level drawdown data ithatsed to calculate the hydraulic parameters
of the aquifer as well as the efficiency of the eting pumped. The Specific Capacity
determination of the pumping well is essential mnfation used for choosing the production
pump size, length of pump shaft, number of bowld @mergy to operate the pump. A pumping
test for determination of the aquifer characterssts referred to as an Aquifer Performance Test
(APT). The aquifer parameters of Transmissivity éhd Storage (S) are the key factors to be
determined from the aquifer pumping test (Figur&)A-Transmissivity is defined as the rate at
which water of prevailing kinematic viscosity ismismitted through a unit width of the aquifer
under a unit hydraulic gradient (Lohman, 1972). e Thtorage Coefficient is defined as the
volume of water released from storage, or takem stbrage, per unit of aquifer storage area per



unit change in head. In an unconfined aquifers $1e same as the Specific Yield of the aquifer
and generally ranges between 0.01 and 0.3. Thafspéield of a rock or soil is defined as the
ratio of one volume of water which, after beingusated, it will yield by gravity to its own
volume. In confined aquifers the Storage is theulteef compression of the aquifer and
expansion of the confined water when the head gpre} is reduced during pumping and
exhibits values between $@o 10" (dimensionless). In confined aquifers a Leakamhgevélue

for the confining strata overlying the aquifer iIscan important parameter to define through the
APT (Figure A-2). Leakance is the rate of flowwsditer through the confining stratum. For
thick clays this value is in the range of>li® 10’ gpd/ft.

Figure A-1

— Radius = ——
o A 18,000 ft (5.490 m)
| = =
=3 Transmissivity = 10.000 gpd 7/ ft (124 m~ 7day)
1
87°
1 =
-
| S
! 20
i = 7 —
l s 22 ft (S m) —— !—q Radius = 40,000 ft (12,200 m) ——
| B
' oL Bs)
= s=25mr@©O.=8 m)_;.v
i -§ 10 Transmissivity = 100,000 gpd/ ft (1.240 m~/day)
Fd
| &
20

Figure taken from: Driscoll. F.G.. Groundwater and Wells, 1986. Johnson Division. St. Paul. MN

These aquifer coefficients are used to predict:

1. The drawdowns in a well at different times and etiéint discharges (establishes well
field operation program).

Well efficiency.

The radius of influence of the cone of depressiomdjacent or future wells (interference

effects between wells establishes well spacings).

4. The effect of well drawdowns on surface water Isv@lhetlands, lakes, streams) to
determine environmental impacts of groundwater avlwvals).

5. The effect of well withdrawals on the fresh/saltevanterface (determines safe sustained
yield, maximum well drawdowns, maximum pumping satend wellfield operation
program).

6. The drawdown effects of mine pit dewatering (esshlgis property set back limits and
groundwater discharge quantities {consumptive usa time).

7. The rate of contaminant migration through the gowater system.

8. Well field operating program design.

w N

An aquifer performance test consists of pumpingsa supply well for a specific period of time
at a constant pumping rate and measuring watef taaines in the pumping well as and an
array of monitor wells. The pumping test is runtiuthe drawdown in the pumping well
stabilizes at a constant elevation (Figure A-2).
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It is also imperative that the pumping rate befisiehtly high to actually stress the aquifer.
Performing a pumping test at a rate of 35 to 50ogal per minute when the aquifer has the
potential to produce 1000 gpm does not stressghdes. The result is that the well drawdown
stabilizes within minutes, negating the calculatioh accurate transmissivity or storage
coefficients. For water table aquifers (unconfireglifers) it is imperative that the aquifer
pumping test be at a rate to stress, or dewateadhier, and for a minimum of 3 days. It takes
approximately 3 days to remove the groundwateriwithe cone of depression from the pore
spaces (Storage) of the sediments. Once the pdes waemoved form the sediments, mining of
the groundwater begins and the drawdown becomes Bteep. This increase in steepness is
called the Delayed Yield from Storage.

The most widely used analytical solution for caddulg the aquifer parameters of T, S and L
was developed by C.V. Theis (1935). The Theis equilibrium formula (Q = K(4h?)/1.366
log R/r), developed for artesian aquifers, has bweedified to fit varying field conditions. For
this equation (Figure A-2 unconfined):

Q = well yield or pumping rate in fiday

K = Hydraulic conductivity of the aquifer in¥day/nf (m/day)

H = Static head of water in m

H = depth of water in the well while pumping in m

The Theis method plots the time drawdown graphogrAdg paper. Theoretical Type Curves are
then matched to the recorded test data to calctha&teaquifer coefficients of Transmissivity,
Storage and Leakance. Jacob (1963) modified théesTdwuation for a straight line analytical
method that is plotted on semi-log graph paperuli®a (1963) made important contributions to
this formula that permit analysis for unconfinediiders with delayed yield. Calculating storage
coefficients from the drawdown curve prior to reaghthe delayed yield point results in storage
values in the semi-artesian range. Using storadges in the semi-artesian range ignores this
additional delayed vyield drop in the water tabM/ell spacings chosen based on these semi-
artesian values will be too close and result imdiavn interference effects between wells. The
total drawdown interference effect in any one welthe sum of the drawdown interferences
produced from all the production wells in the grdépure A-3). Dewatering of the aquifer is
accelerated in this scenario. Excessive dewata@mgresult in pump cavitation, disruption of



the gravel pack, well screen collapse, excessiagvdiown in adjacent wells, wetlands, lakes,
streams or upconing of the salt water interface.

Appendix A - Figure A -3
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The Theis equation and its modifications are baseseveral basic assumptions (Lohman, 1972)
with respect to well design:
1. The intake portion of the well penetrates the erdnuifer.
2. The cone of depression has reached equilibriurhatodrawdown and radius of influence
of the well do not change with continued pumping given rate.
3. The discharge is constant.
4. The aquifer receives no recharge during the coofrfiee aquifer performance test.

Specific Capacity Testing

Prior to starting the aquifer performance pumpisj i specific capacity test, more specifically a
step drawdown test should be performed. The perpbthe step drawdown test is to determine
the optimum pumping rate for the aquifer perforneatest. The step drawdown test is performed
by pumping the well at one rate until the drawdostabilizes (generally an hour or two), then
increasing the pumping rate and holding that pugpiate until the drawdown stabilizes.
Generally three different and increasing ratesurhping are used for the step drawdown test. In
an unconfined aquifer, the water is removed from alguifer within the cone of depression.
Consequently, the specific capacity decreases piopally to the increasing drawdown.
Important information derived from the step drawdawst include:

1. The maximum anticipated drawdown for the aquifefgrenance test.

2. The pumping rate that will effectively stress thguider. This pumping rate must be
maintained throughout the length of the pumping téariations in the pumping rate will
negate the test and require a re-start of theafestwater levels have recovered.

3. The setting for the valve that controls the pumpmate to be used for the aquifer
performance test.

4. The rate of water level decline in the pumping vegltl monitor wells at the beginning of
the test, which can be quite rapid and



5. To determine if the monitor wells are located seytkxhibit sufficient drawdown during

7.

the test to produce data for calculations of traesivity and storage. Note that the
pumped well is not used for these calculationstdube effect of water stored within the
casing.

To calculate the true specific capacity of the vegltl determine that percentage of the
drawdown that is due to well loss and that peraggthat is due to formation loss. This
information tells you whether the well has beenperty designed to maximize the
available aquifer production capacity.

To determine well efficiency and design pump deggttting and design pumping rate.

Aquifer Performance Testing
Conducting an Aquifer Performance Test (APT) reegiiprecise monitoring of several key
factors. These factors include;

1.

o

Design the test production well and monitor wedldully screen the water producing part
of the aquifer (Figure A-4). Where salt water magupy the deeper parts of the aquifer
allow for some distance of buffer zone to termirthie pumping well and monitor wells
to prevent upconing of salt water during the aquserformance test.

Construct one or more fresh/saltwater interface itodng wells in the test area to
monitor the effects of the pumping test on horiabrand vertical movement of the
interface during the test.

Pre-pumping water levels must be taken at leastiyaa record diurnal water table
fluctuations, ocean tidal oscillations and barometscillations for a minimum of 24
hours prior to start of the APT and 48 hours sitiee step drawdown test. All of the
water level variations have to be added to or subtd from the pumping test drawdown
and recovery data to produce accurate transmigsiud storage values.

Recording and maintaining a constant pumping raileguan orifice plate and manometer
or inline flow meter.

The discharge pipe and valve should be sized dahbavalve will be one half to three
fourths open when pumping the desired rate. Thilspgrmit gradual opening of the
valve to maintain the design pumping rate if thenpumotor begins to slow slightly over
long pumping periods.

Recording water levels in the pumped well and nawnitells to an accuracy of 0.003
meters.

Recording the water levels at the proper time imenets.

Comparing recovery data with the drawdown data.

Pumping the well for a minimum of 72 hours for atevdable aquifer.

0 The pump discharge must be carried, via pipingjfacgeent distance from the pumping

well and all monitoring wells to prevent rechargéeets during the course of the
pumping test and recovery monitoring.

11.The water level measurements during the aquifefopaance test should follow a

logarithmic scale with measurements every 15 secawer the first 5 minutes, then
every 1 minute for 30 minutes, then every 10 misute 30 minutes, then every hour
until the end of the test.

12.0nce pumping stops, the recovery water level mangoin the pumping well and all of

the monitor wells will begin using the same measwaet interval described in item 16
for a period of 12 to 24 hours.



Factors Affecting Aquifer Test Results

1.

Measuring drawdown in the pumped well is typicglbor due to pump turbulence so the
pumped well data can not be used for calculatiogage values. Obtaining early time
pumping data that is necessary for calculatingstrassivity may also be difficult or
impossible to measure due to pump turbulence oceneaiscading from leaks in the pump
column. A monitor well of identical constructiondilocated close to the pumping well
(3 to 6 meters) must be used to calculate storageisapreferable for collecting this
critical early time data for calculating the transsivity. This close monitor well is also
beneficial in determining the slope of the conedepression for calculating the well
efficiency.

. Casing storage effects can significantly affectebdy time drawdown data. Where this

effect is great it will produce an erroneously hgjbrage value and low transmissivity.

If monitor well screens are set at different degihslifferent from the pumped well then
drawdown effects may begin at varying times dueanations in vertical stratigraphy.
Adjustments must then be made for partial penetma#ffects which result in large
variations in the transmissivity and storage vakedsulated.

If potential confining or semi-confining beds areose or below the water producing
aquifer, then monitor wells should be set into ¢hesrata to measure the drawdown
effects and to calculate the Leakance rate throlgbe layers.

Monitor wells should not be placed too far (30 & Ineters) from the pumping well or
the drawdown may be too small to evaluate.

The more monitor wells used in the aquifer perfarogatest the more accurate the range
of transmissivity and storage will be, the moreirtd the presence of aquifer anisotropy
(horizontal variation) will be and the more likdbpundary conditions will be identified.
A minimum of four monitor wells is recommended fan aquifer performance test
evaluation.

Well Efficiency

The amount of drawdown in a well is a reflectiortlod transmissivity and storage characteristics
of the aquifer as well as the nature of the wetistouction. As water flows through the aquifer

friction losses will increase the drawdown. Adalial friction loss occurs as the water flows

through the gravel pack, well screen and well @asinThese friction losses can be huge
depending on the nature of the well constructionens and well design. Well construction

factors that can adversely impact the well effickemclude:

1.

2.
3.
4.

Poor well development procedures that do not sséads remove the drilling mud and
formation fines from the geologic formation.

Well screens that do not fully penetrate the prauyzone.

Well screens that are not gravel packed.

Well screens with limited open area (slot openireager foot of pipe).

As an example, the water supply wells constructadtiie St. Kitts Basseterre wellfield are
constructed with 6 meters of 0.2 meter stainlessl $€lescope well screen (Figure 7) set into the
producing part of the aquifer which is comprisennarily of sands and gravel with small lenses
of silts and clays.
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OET has observed that this construction methodormmngon in the Caribbean and Central
America in the unconsolidated alluvial aquifersd&p surveys of several of the wells in the
Basseterre wellfield indicate that formation seditseare poking through and plugging some of
the slots in the well screens (UOP Johnson vee wiegped screens) which are generally #40
(1.0 mm) slot screens. These wells were not grpaeked so the very fine, fine, medium and
coarse sand as well as what appears to be shatlate fragments have passed through the well
screen and into the well (Figure 7a). The videvey also showed that the well screens had
sand filling the bottom 3 meters, effectively plugg half the well screen from production
(Figure 7a).

An 8-inch wire wrapped well screen should permitgillons per minute per linear foot of
screen to enter the well. Each of the Basseteetks whould produce approximately 540 gallons
per minute with 6 meters of screen. Actual produnctates in the wells produce from 36 to 390
gpm. These wells are exhibiting well efficiencieanging from 0.67 to 72 percent.
Improvements in these well efficiencies can be made

1. Re-designing future wells to have longer screeagtles) larger slot openings and gravel
packing the screens. Perform extensive developmietite well screens to lock in the
gravel pack and remove all of the fine silts, claysl sands from the area of the gravel
pack and well screen. A 12 meter section of Nosk® telescoping well screen would
have a 1080 gpm capacity as opposed to the exigfnigot of screen with a 540 gpm
capacity. The result would be fewer wells, morkcieint wells, less drawdown, less
power use, less environmental impacts at the sameping rate. Smaller wells and
pumps could also supply the same volume of wateadditional energy savings.

2. The use of a rounded gravel that is significandlsgér in diameter than the screen slot
opening will prevent clogging of the screen operiag is how occurring.

3. The use of 6 meters of pipe size well screens adstd telescoping well screens will
increase the production capacity of an 8-inch vrelin 540 to 620 gpm, a 13 percent
increase for essentially the same cost.

4. These production wells (Figure 7B) should also hameouter casing installed to the
depth of the top of the well screen. The diametehis outer casing should produce an



annular space between the inner and outer casi@@db 0.3 meters. This annular space
is used as a reservoir for the gravel. As long agell is pumping it is continuing to
develop slowly. As a result the gravel pack wiladually settle. The use of the outer
casing and storage reservoir prevents the grawel fettling below the top of the screen
and the gravel level in the annular space can b@tored and replenished as needed.

The operating cost of pumping water is based orettexgy required to lift the water from the
well and pump it to the water plant. The deepentiater level in the well the more energy that
has to be expended to lift the water. The coghefenergy to pump the water can be a major
part of the operating cost of any water system. @n#he primary reasons to design for well
efficiency is to minimize the drawdown and resugtemergy costs.

One of the factors affecting formation loss is ampenetration of the supply well with respect
to the producing thickness of the aquifer. Obvigutie more screen you have capturing water
from an aquifer the more water is available to etite well bore (Figures A-5 and A-6). These
partial penetration effects can also affect thewdation of aquifer coefficients from drawdown
data from monitor wells.

Appendix A - Figure A-6
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Effects of Partial Penetration

Aquifer analysis using pumping tests assumes rdidnal of the groundwater to the well and a
well that fully penetrates the aquifer. When alwslonly penetrating part of the aquifer
thickness then the equipotential flow lines curpsvard from the bottom of the aquifer to the
well screen (Figure A-5). The path the water floaesoss to reach the well is longer than the
water entering through the upper part of the aquifieere the well is withdrawing the water.
The longer flow path and smaller cross-sectionehaesults in an increase in head loss and
greater drawdown in the well compared to a welt thauld be fully penetrating (Figure A-6).
Driscoll, 1986 states "for a given drawdown, thelgifrom a well partially penetrating the
aquifer is less than the yield from one complepyetrating the aquifer.” (Figure A-7). Partial
penetration effects must always be considered inramonfined aquifer because the pumping
well(s) dewaters the upper part of the aquifer,ucaty the saturated thickness. Large
drawdowns are common in unconsolidated aquifersa darge percentage of the aquifer is
dewatered near the well which greatly distortsfin pattern away from radial. Remember the
Thies equations require thdthe intake portion of the well penetrates the entie aquifer.

The effects of partial penetration violate theséeda and as a result the drawdown response is
greater than it should be; the well will produceslghan it should; it will exhibit a low well
efficiency; pumping costs will be greater; and oédtion of T and S will be lower than they
should be if adjustments for the partial penetratffects are not made to the APT data along
with adjustments for atmospheric and tidal fluciorag (Figure A- 7).
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