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To develop a wellfield, whether it is comprised of a single well or a hundred wells spread over 
several square miles, an understanding of the regional and local hydrogeology is the first order of 
business.  Withdrawal of groundwater can impact, adversely, nearby lakes, wetlands, rivers, 
ground stability, water quality, drainage, and crops as well as terrestrial vegetation and the 
location of the fresh/salt water interface.  To begin the evaluation of groundwater withdrawal, the 
following hydrogeologic data should be collected and evaluated as Phase 1 of the wellfield 
development. 

 
1. Compile, review, and evaluate all existing hydrogeologic data available for the site and 

groundwater basin. Generate maps of geologic stratigraphy and aquifer thickness where 
possible based on existing data. Use topographic and geologic maps to generate a 
groundwater basin map as well as an associated surface water basin map. 
 

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

b. Hydrogeologic data include supply well water levels, pumping rates and duration, 
ground water quality, pump test information, aquifer coefficients, soil 
permeability, monitor well construction logs, water levels, water quality.  

c. Atmospheric data include rainfall, temperature, humidity, barometric pressure, 
evapotranspiration rates, stream flows, and surface water quality. 

 
2. Record water levels in existing supply wells and monitor wells, video survey wells to 

inspect their structural integrity, perform conductivity surveys in supply wells and 
monitor wells to map water quality trends in the aquifer, perform slug tests in monitor 
wells to record aquifer transmissivity distribution where well construction permits. 
 

3. Map the groundwater basin using Multi-electrode Electrical Resistivity (MER) to define 
the thickness and extent of the aquifer, to delineate the distribution of sediments 
throughout the aquifer, to delineate zones of increased porosity, to delineate zones of 
possible contamination, and to delineate the fresh/salt water interface, if present, within 
the study area. MER is critical to define the presence and extent of potential reservoirs, 
and in determining the potential for reservoir and recharge basin construction and in the 
design of the recharge basins. MER is a non-invasive geophysical technique that 
accurately records variations in sediment distribution, porosity, and gross water quality. 
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Each hour of mapping with MER is equivalent to drilling 56 boreholes without data gaps 
between boreholes. 

 
4. Sample select wells within the groundwater basin and perform a scan for priority 

pollutants on each sample. 
 

5. Identify the hydrologic budget parameters for inflow to the watershed and for the outflow 
from the watershed. Identify missing data necessary to accurately calculate the water 
budget and safe sustained yield of the groundwater basin.  

 
The amount of water that can be withdrawn from the aquifer depends chiefly upon: 

1. The aquifers capability to transmit water from areas of recharge to the points of 
withdrawal. 

2. The amount of water available in the areas of recharge to replace the water that moves to 
points of withdrawal. 

3. The amount of water available from storage as the water level declines. 
 
To establish the Water Crop or Safe Sustained Yield of an aquifer requires the following 
hydrogeologic information: 

1. Delineation of the basin’s hydrologic boundary. 
2. Definition of the underlying geology and aquifer units. 
3. Determination of aquifer hydrologic parameters of Transmissivity, Storage, porosity, 

water level elevation, gradient and fluctuation. 
4. Soils type, distribution and hydrologic characteristics. 
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 periodicity. 

 
Aquifer Testing and Analysis 
Water flow in an aquifer system is governed by the permeability of material, flow gradient, 
thickness of the aquifer and hydraulic head or artesian pressure.  It is important to know the 
geologic lithologies and stratigraphy of the aquifer and any confining strata as the geologic 
character of the sediments or rock control these aquifer characteristics.  Pumping tests are 
conducted to collect water level drawdown data that is used to calculate the hydraulic parameters 
of the aquifer as well as the efficiency of the well being pumped.  The Specific Capacity 
determination of the pumping well is essential information used for choosing the production 
pump size, length of pump shaft, number of bowls and energy to operate the pump.  A pumping 
test for determination of the aquifer characteristics is referred to as an Aquifer Performance Test 
(APT).  The aquifer parameters of Transmissivity (T) and Storage (S) are the key factors to be 
determined from the aquifer pumping test (Figure A-1).  Transmissivity is defined as the rate at 
which water of prevailing kinematic viscosity is transmitted through a unit width of the aquifer 
under a unit hydraulic gradient (Lohman, 1972).  The Storage Coefficient is defined as the 
volume of water released from storage, or taken into storage, per unit of aquifer storage area per 
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unit change in head.  In an unconfined aquifer, S, is the same as the Specific Yield of the aquifer 
and generally ranges between 0.01 and 0.3. The Specific Yield of a rock or soil is defined as the 
ratio of one volume of water which, after being saturated, it will yield by gravity to its own 
volume. In confined aquifers the Storage is the result of compression of the aquifer and 
expansion of the confined water when the head (pressure) is reduced during pumping and 
exhibits values between 10-5 to 10-1 (dimensionless).  In confined aquifers a Leakance (L) value 
for the confining strata overlying the aquifer is also an important parameter to define through the 
APT (Figure A-2).  Leakance is the rate of flow of water through the confining stratum.  For 
thick clays this value is in the range of 10-5 to 10-7 gpd/ft. 
 

 
 
These aquifer coefficients are used to predict: 

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

2. Well efficiency. 
3. The radius of influence of the cone of depression on adjacent or future wells (interference 

effects between wells establishes well spacings).  
4. The effect of well drawdowns on surface water levels (wetlands, lakes, streams) to 

determine environmental impacts of groundwater withdrawals). 
5. The effect of well withdrawals on the fresh/salt water interface (determines safe sustained 

yield, maximum well drawdowns, maximum pumping rates and wellfield operation 
program). 

6. The drawdown effects of mine pit dewatering (establishes property set back limits and 
groundwater discharge quantities {consumptive use} over time). 

7. The rate of contaminant migration through the groundwater system. 
8. Well field operating program design. 

 
An aquifer performance test consists of pumping a test supply well for a specific period of time 
at a constant pumping rate and measuring water level declines in the pumping well as and an 
array of monitor wells.  The pumping test is run until the 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 be sufficiently high to actually stress the aquifer.  
Performing a pumping test at a rate of 35 to 50 gallons per minute when the aquifer has the 
potential to produce 1000 gpm does not stress the aquifer.  The result is that the well drawdown 
stabilizes within minutes, negating the calculation of accurate transmissivity or storage 
coefficients.  For water table aquifers (unconfined aquifers) it is imperative that the aquifer 
pumping test be at a rate to stress, or dewater the aquifer, and for a minimum of 3 days.  It takes 
approximately 3 days to remove the groundwater within the cone of depression from the pore 
spaces (Storage) of the sediments. Once the pore water is removed form the sediments, mining of 
the groundwater begins and the drawdown becomes more steep.  This increase in steepness is 
called the Delayed Yield from Storage.  
 
The most widely used analytical solution for calculating the aquifer parameters of T, S and L  
was developed by C.V. Theis (1935).  The Theis non-equilibrium formula (Q = K(H2-h2)/1.366 
log R/r), developed for artesian aquifers, has been modified to fit varying field conditions. For 
this equation (Figure A-2 unconfined): 
Q = well yield or pumping rate in m3/day 
K = Hydraulic conductivity of the aquifer in m3/day/m2  (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 graph on log-log paper. Theoretical Type Curves are 
then matched to the recorded test data to calculate the aquifer coefficients of Transmissivity, 
Storage and Leakance. Jacob (1963) modified the Theis equation for a straight line analytical 
method that is plotted on semi-log graph paper.  Boulton (1963) made important contributions to 
this formula that permit analysis for unconfined aquifers with delayed yield. Calculating storage 
coefficients from the drawdown curve prior to reaching the delayed yield point results in storage 
values in the semi-artesian range.  Using storage values in the semi-artesian range ignores this 
additional delayed yield drop in the water table.  Well spacings chosen based on these semi-
artesian values will be too close and result in drawdown interference effects between wells.  The 
total drawdown interference effect in any one well is the sum of the drawdown interferences 
produced from all the production wells in the group (Figure A-3).  Dewatering of the aquifer is 
accelerated in this scenario.  Excessive dewatering can result in pump cavitation, disruption of 
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the gravel pack, well screen collapse, excessive drawdown in adjacent wells, wetlands, lakes, 
streams or upconing of the salt water interface. 
 

 
 
The Theis equation and its modifications are based on several basic assumptions (Lohman, 1972) 
with respect to well design: 

1. The intake portion of the well penetrates the entire aquifer. 
2. The cone of depression has reached equilibrium so that drawdown and radius of influence 

of the well do not change with continued pumping at a given rate. 
3. The discharge is constant. 
4. The aquifer receives no recharge during the course of the aquifer performance test. 

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

1. The maximum anticipated drawdown for the aquifer performance test. 
2. The pumping rate that will effectively stress the aquifer. This pumping rate must be 

maintained throughout the length of the pumping test. Variations in the pumping rate will 
negate the test and require a re-start of the test after water levels have recovered. 

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

4. The rate of water level decline in the pumping well and monitor wells at the beginning of 
the test, which can be quite rapid and  
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5. To determine if the monitor wells are located so they exhibit sufficient drawdown during 
the test to produce data for calculations of transmissivity and storage. Note that the 
pumped well is not used for these calculations due to the effect of water stored within the 
casing.  

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

7. To determine well efficiency and design pump depth setting and design pumping rate. 
 
Aquifer Performance Testing 
Conducting an Aquifer Performance Test (APT) requires precise monitoring of several key 
factors.  These factors include;  

1. Design the test production well and monitor wells to fully screen the water producing part 
of the aquifer (Figure A-4). Where salt water may occupy the deeper parts of the aquifer 
allow for some distance of buffer zone to terminate the pumping well and monitor wells 
to prevent upconing of salt water during the aquifer performance test. 

2. Construct one or more fresh/saltwater interface monitoring wells in the test area to 
monitor the effects of the pumping test on horizontal and vertical movement of the 
interface during the test.   

3. Pre-pumping water levels must be taken at least hourly to record diurnal water table 
fluctuations, ocean tidal oscillations and barometric oscillations for a minimum of 24 
hours prior to start of the APT and 48 hours since the step drawdown test. All of the 
water level variations have to be added to or subtracted from the pumping test drawdown 
and recovery data to produce accurate transmissivity and storage values. 

4. Recording and maintaining a constant pumping rate using an orifice plate and manometer 
or inline flow meter. 

5. The discharge pipe and valve should be sized so that the valve will be one half to three 
fourths open when pumping the desired rate.  This will permit gradual opening of the 
valve to maintain the design pumping rate if the pump motor begins to slow slightly over 
long pumping periods.   

6. Recording water levels in the pumped well and monitor wells to an accuracy of 0.003 
meters. 

7. Recording the water levels at the proper time increments. 
8. Comparing recovery data with the drawdown data. 
9. Pumping the well for a minimum of 72 hours for a water table aquifer. 
10. The pump discharge must be carried, via piping, a sufficient distance from the pumping 

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

11. The water level measurements during the aquifer performance test should follow a 
logarithmic scale with measurements every 15 seconds over the first 5 minutes, then 
every 1 minute for 30 minutes, then every 10 minutes for 30 minutes, then every hour 
until the end of the test.   

12. Once pumping stops, the recovery water level monitoring in the pumping well and all of 
the monitor wells will begin using the same measurement interval described in item 16 
for a period of 12 to 24 hours.   
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Factors Affecting Aquifer Test Results 
1. Measuring drawdown in the pumped well is typically poor due to pump turbulence so the 

pumped well data can not be used for calculating storage values. Obtaining early time 
pumping data that is necessary for calculating transmissivity may also be difficult or 
impossible to measure due to pump turbulence or water cascading from leaks in the pump 
column.  A monitor well of identical construction and located close to the pumping well 
(3 to 6 meters) must be used to calculate storage and is preferable for collecting this 
critical early time data for calculating the transmissivity. This close monitor well is also 
beneficial in determining the slope of the cone of depression for calculating the well 
efficiency. 

2. Casing storage effects can significantly affect the early time drawdown data.  Where this 
effect is great it will produce an erroneously high storage value and low transmissivity. 

3. If monitor well screens are set at different depths or different from the pumped well then 
drawdown effects may begin at varying times due to variations in vertical stratigraphy. 
Adjustments must then be made for partial penetration effects which result in large 
variations in the transmissivity and storage values calculated. 

4. If potential confining or semi-confining beds are above or below the water producing 
aquifer, then monitor wells should be set into these strata to measure the drawdown 
effects and to calculate the Leakance rate through these layers. 

5. Monitor wells should not be placed too far (30 to 150 meters) from the pumping well or 
the drawdown may be too small to evaluate. 

6. The more monitor wells used in the aquifer performance test the more accurate the range 
of transmissivity and storage will be, the more defined the presence of aquifer anisotropy 
(horizontal variation) will be and the more likely boundary conditions will be identified.  
A minimum of four monitor wells is recommended for an aquifer performance test 
evaluation. 

 
Well Efficiency 
The amount of drawdown in a well is a reflection of the transmissivity and storage characteristics 
of the aquifer as well as the nature of the well construction. As water flows through the aquifer 
friction losses will increase the drawdown.  Additional friction loss occurs as the water flows 
through the gravel pack, well screen and well casing.  These friction losses can be huge 
depending on the nature of the well construction materials and well design.  Well construction 
factors that can adversely impact the well efficiency include: 

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

2. Well screens that do not fully penetrate the producing zone. 
3. Well screens that are not gravel packed. 
4. Well screens with limited open area (slot opening area per foot of pipe). 

 
As an example, the water supply wells constructed for the St. Kitts Basseterre wellfield are 
constructed with 6 meters of 0.2 meter stainless steel telescope well screen (Figure 7) set into the 
producing part of the aquifer which is comprised primarily of sands and gravel with small lenses 
of silts and clays. 
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OET has observed that this construction method is common in the Caribbean and Central 
America in the unconsolidated alluvial aquifers. Video surveys of several of the wells in the 
Basseterre wellfield indicate that formation sediments are poking through and plugging some of 
the slots in the well screens (UOP Johnson vee wire wrapped screens) which are generally #40 
(1.0 mm) slot screens.  These wells were not gravel packed so the very fine, fine, medium and 
coarse sand as well as what appears to be shell or shale fragments have passed through the well 
screen and into the well (Figure 7a).  The video survey also showed that the well screens had 
sand filling the bottom 3 meters, effectively plugging half the well screen from production 
(Figure 7a).  
 
An 8-inch wire wrapped well screen should permit 27 gallons per minute per linear foot of 
screen to enter the well.  Each of the Basseterre wells should produce approximately 540 gallons 
per minute with 6 meters of screen.  Actual production rates in the wells produce from 36 to 390 
gpm.  These wells are exhibiting well efficiencies ranging from 0.67 to 72 percent.  
Improvements in these well efficiencies can be made by: 

1. Re-designing future wells to have longer screen lengths, larger slot openings and gravel 
packing the screens.  Perform extensive development of the well screens to lock in the 
gravel pack and remove all of the fine silts, clays and sands from the area of the gravel 
pack and well screen.  A 12 meter section of No. 40 slot telescoping well screen would 
have a 1080 gpm capacity as opposed to the existing 20 foot of screen with a 540 gpm 
capacity.  The result would be fewer wells, more efficient wells, less drawdown, less 
power use, less environmental impacts at the same pumping rate.  Smaller wells and 
pumps could also supply the same volume of water for additional energy savings. 

2. The use of a rounded gravel that is significantly larger in diameter than the screen slot 
opening will prevent clogging of the screen openings as is now occurring.   

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

4. These production wells (Figure 7B) should also have an outer casing installed to the 
depth of the top of the well screen. The diameter of this outer casing should produce an 
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annular space between the inner and outer casing of 0.2 to 0.3 meters.  This annular space 
is used as a reservoir for the gravel.  As long as a well is pumping it is continuing to 
develop slowly. As a result the gravel pack will gradually settle. The use of the outer 
casing and storage reservoir prevents the gravel from settling below the top of the screen 
and the gravel level in the annular space can be monitored and replenished as needed. 

 
 
The operating cost of pumping water is based on the energy required to lift the water from the 
well and pump it to the water plant.  The deeper the water level in the well the more energy that 
has to be expended to lift the water.  The cost of the energy to pump the water can be a major 
part of the operating cost of any water system. One of the primary reasons to design for well 
efficiency is to minimize the drawdown and resulting energy costs. 
 
One of the factors affecting formation loss is partial penetration of the supply well with respect 
to the producing thickness of the aquifer. Obviously, the more screen you have capturing water 
from an aquifer the more water is available to enter the well bore (Figures A-5 and A-6).  These 
partial penetration effects can also affect the calculation of aquifer coefficients from drawdown 
data from monitor wells. 
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Effects of Partial Penetration 
Aquifer analysis using pumping tests assumes radial flow of the groundwater to the well and a 
well that fully penetrates the aquifer.  When a well is only penetrating part of the aquifer 
thickness then the equipotential flow lines curve upward from the bottom of the aquifer to the 
well screen (Figure A-5).  The path the water flows across to reach the well is longer than the 
water entering through the upper part of the aquifer where the well is withdrawing the water.  
The longer flow path and smaller cross-sectional area results in an increase in head loss and 
greater drawdown in the well compared to a well that would be fully penetrating (Figure A-6).  
Driscoll, 1986 states ”for a given drawdown, the yield from a well partially penetrating the 
aquifer is less than the yield from one completely penetrating the aquifer.” (Figure A-7).  Partial 
penetration effects must always be considered in an unconfined aquifer because the pumping 
well(s) dewaters the upper part of the aquifer, reducing the saturated thickness.  Large 
drawdowns are common in unconsolidated aquifers so a large percentage of the aquifer is 
dewatered near the well which greatly distorts the flow pattern away from radial.  Remember the 
Thies equations require that: The intake portion of the well penetrates the entire aquifer. 
 

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

Section l References 
 
 
Boulton, N.S, “Analysis of data from nonequilibrium pumping tests allowing for delayed yield 

from storage.” Inst. Civil Engineering, v.28, August 1963. 
 
Boulton, N.S, “The drawdown of the water table under nonsteady conditions near a pumped well 

in an unconfined formation.” Inst. Civil Engineering. (London), pt.3, p.564-579, 1954. 
 



 11

Ferris, J.G., Knowles, D.B., Brown, R.H. and Stallman, R.W., 1962, “Theory of aquifer tests.” 
USGS water supply paper 1536-E, Washington, D.C. 

 
Lohman, S.W., “Groundwater hydraulics.” US Geological Survey, Professional Paper 708, 

Wahsington D.C., 1972. 
 
Theis, C.V. “The relation between the lowering of the piezometric surface and the rate and 

duration of discharge of a well using groundwater storage.” Am. Geophys. Union Trans., 
v.16, pt.2, 1935. 

 
Theis, C.V. “The source of water derived from wells.” Civil Engineering, v.10, no.5, p.277-280, 

1940. 
 
Walton, W.C. “Groundwater resource evaluation.” McGraw Hill Book Co., New York, NY, 1970. 
 


