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DISCLAIMER

THE FOLLOWING STANDARD OPERATING PROCEDURE PROVIDES GENERAL GUIDANCE FOR BRC CONTRACTORS FOR TECHNICAL ISSUES ADDRESSED DURING ENVIRONMENTAL SITE INVESTIGATION AND REMEDIATION ACTIVITIES.  IT IS NOTED, HOWEVER, THAT EACH SITE IS UNIQUE AND THESE GUIDELINES ARE NOT A SUBSTITUTE FOR COMMON SENSE AND GOOD MANAGEMENT PRACTICES BASED ON PROFESSIONAL TRAINING AND EXPERIENCE.  IN ADDITION, INDIVIDUAL CONTRACT TERMS MAY AFFECT THE IMPLEMENTATION OF THIS STANDARD OPERATING PROCEDURE.  BRC CONTRACTORS RESERVE THE UNRESTRICTED RIGHT TO CHANGE, MODIFY OR NOT APPLY THESE GUIDELINES IN THEIR SOLE, COMPLETE, AND UNRESTRICTED DISCRETION TO MEET CERTAIN CIRCUMSTANCES, CONTRACTUAL REQUIREMENTS, SITE CONDITIONS, OR JOB REQUIREMENTS.
1.0 INTRODUCTION

Accurate estimates of the hydraulic properties of an aquifer are a fundamental component of the site characterization process. This Standard Operating Procedure (SOP) details four aquifer test methods that are commonly implemented to help characterize an aquifer, and evaluate the performance characteristics of a pumping well. Aquifer parameters can be estimated by employing either in situ or ex situ methods. Ex situ methods involve collecting soil samples and testing in a geotechnical lab.

· Slug Tests

· Pumping Tests

· Step-Tests

· Constant Discharge Tests

· Recovery Tests

In situ methods involve determining the hydraulic characteristics of the aquifer by applying a stress to the aquifer and recording the response to that stress through time. This guideline only considers in situ testing. These data can then be used in standard well flow equations to determine the hydraulic parameters of the aquifer and the pumping well. Because in situ methods involve testing a larger portion of the aquifer, they are generally considered more accurate than ex situ (laboratory) soil permeability testing. Furthermore, the process of collecting a soil sample inadvertently changes the soil matrix somewhat.

Each method has certain applications, effort requirements, costs, risks, and limitations. These factors must be evaluated based on the project goals, design requirements, long-term planning, budget, schedule, and regulatory concerns. Additionally, aquifer testing may be conducted in several phases involving one or more of the methods. This iterative approach may be very effective as the aquifer testing program can be tailored to meet the project needs as the site characterization or basin study evolves.

Aquifer tests are typically conducted during the site investigation, although they may be performed at any phase of the closure process. A great deal of care must be given to data collection methods and data analysis for aquifer tests, as the findings will subsequently be used for long-term resource planning, engineering design, and capitol expenditures. The findings from an aquifer testing program may ultimately be used for several important purposes, including the following:

· The development of the site conceptual hydrogeologic model. Aquifer testing provides a mechanism to quantify and incorporate aquifer parameters into the conceptual model.

· Input to analytical solutions such as Darcy’s Equation for calculation of groundwater seepage velocity.

· Parametric data for input to numerical groundwater flow models and associated solute transport models.

· Use in the development of groundwater extraction scenarios for hydraulic containment and/or groundwater contaminant mass removal.

· Use in wellhead protection studies, determination of the zone of influence and zone of contribution for production wells, and other groundwater basin studies. 

2.0 DEFINITIONS

Various physical properties and hydraulic parameters of aquifers and aquitards appear in the equations that describe groundwater flow, and are therefore significant in aquifer testing studies. A working understanding of the hydraulic principles involved in aquifer testing is an essential component of aquifer analysis. A brief definition of terms that are used in this aquifer testing SOP are therefore provided below:

Hydraulic Conductivity
A constant of proportionality that describes fluid flow through a porous media (see Darcy's Law, below). Hydraulic conductivity (K) is a function of the permeability of the media and of the physical properties of the fluid. Hydraulic conductivity has the units of length/time. In a groundwater setting, the physical properties of the water are considered relatively constant, and therefore hydraulic conductivity can be considered a function of the porous media. For this reason, the terms permeability and hydraulic conductivity are often used interchangeably for groundwater settings. It is important to note that hydraulic conductivity varies over 13 orders of magnitude for earth materials (Freeze and Cherry, 1979). 
Darcy's Law
States that the rate of flow through a porous medium is proportional to the loss of head, and inversely proportional to the length of the flow path, or



(eq. 1)
v = K(dh/dl)

where, 

v
=
Q/A, which is the specific discharge, also known as the Darcy velocity or Darcy flux, (length/time)

Q
=
the volume rate of flow (length3/time)

A
=
the cross sectional area normal to flow direction (length2)

dh/dl
=
describes the aquifer hydraulic gradient (length/length)

K
=
describes the hydraulic conductivity, detailed above

Equation 1 may be rewritten as:



(eq. 2)
Q = K(dh/dl)A


It is noted that the specific discharge is in velocity units of length/time. It is important to note this is a macroscopic concept, and must be differentiated with microscopic (real) flow velocities, which consider the porosity of the medium, as










(eq. 3)
V =
 K(dh/dl)


n

where "n" is the effective porosity of the media, and V is the “seepage” velocity. 
Transmissivity (T)
The product of the hydraulic conductivity (K) and the aquifer thickness (b).



(eq. 4)
T = Kb


Transmissivity may vary significantly due to spatial variations in both the thickness and conductivity of the aquifer. Transmissivity carries the units length2/time. For confined aquifers, b is the thickness of the confined zone. For unconfined aquifers, b is the thickness of the saturated portion of the aquifer.

Total Head
The sum of the elevation head, the pressure head, and the velocity head at any given point in an aquifer.

Potentiometric Surface
An imaginary surface connecting points to which water would rise in cased wells from a given point in an aquifer (Lohman, 1979). It may be above or below the ground surface. The water table is a particular potentiometric surface for unconfined aquifers. "Potentiometric" is preferable to the term "piezometric" used by many in the past (Figure 1).
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FIGURE 1
DIFFERENT TYPES OF AQUIFERS

(after Kruseman and de Ridder, 1991)






Figure 1  Different Types of Aquifers



(after Kruseman and de Ridder, 1991)

Storativity
The storativity of a confined aquifer is the volume of water released from storage per unit surface area per unit decline in head. For confined aquifers, stored water is released via aquifer compression and expansion of water. In an unconfined (water table) aquifer, the storativity is equivalent to the specific yield. Also known as the storage coefficient. The storativity is dimensionless and typically ranges from 5 × 10‑5 to 5 × 10‑3 (Kruseman and de Ridder, 1991).

Specific Yield
The specific yield is the volume of water released from an unconfined aquifer from storage per unit surface area of the aquifer per unit decline in the water table. Also known as the unconfined storativity, effective porosity, or drainable pore space. The specific yield is unitless and typically ranges from 0.01 to 0.3 (Kruseman and de Ridder, 1991).

Static Water Level
The non-pumping, stabilized water level in a cased well. Usually recorded in the field as depth to water below a datum such as the top of casing (TOC). This term is usually reported in feet mean sea level.

Specific Capacity
The specific capacity is defined as the discharge rate per unit length of drawdown for a pumping well. Typically expressed in gallons per minute (gpm) per foot of drawdown.

Drawdown
The amount of water level decline in a well and aquifer due to pumping. Usually measured and reported in terms of feet of drawdown relative to static (non-pumping) conditions (s' by convention) (Figure 2).
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Figure 2
Hydraulic Components of Aquifer Studies


(after Kruseman and de Ridder, 1991)

Residual Drawdown
Once a pump is shut off during a pumping test, water levels in the pumping well and observation wells or piezometers will rise. This rise in total head results from the principle of superposition, and is commonly known as residual drawdown (s' by convention). It is expressed as the difference between the static water level and the water level at time t' after the cessation of pumping (Figure 3).
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       Figure 3  Time Drawdown and Residual Drawdown
3.0 RESPONSIBILITIES

The Project Manager or Task Manager (a qualified Nevada Certified Environmental Manager [C.E.M.]) is responsible for the following:

· Selecting aquifer testing methods (with assistance from the project team)

· The preparation of groundwater pumping and regulatory interaction, appropriate permitting, and treatment of contaminated groundwater (if necessary) 

· Coordinating the project team and ensuring access to necessary staffing and equipment resources

The Project Hydrogeologist or Engineer is responsible for the following:

· Successful completion of the testing program in a technically sound manner

· The design of the testing methods, data acquisition methods, and data analysis

· Having thorough understanding of the site hydrogeology to the extent known

· Having knowledge and extensive experience using field instruments and equipment, such as pressure transducers, continuous data loggers, pumps, flow gauges, and meters

· Having knowledge in the areas of well hydraulics and aquifer mechanics

· Data reduction and analysis using regulatory agency and industry accepted standards of practice.

· Serving as Field Team Leader for pumping tests

The Field Team Leader/Geologist is responsible for the following:

· Coordinating logistical aspects of the testing program

· Accurate and precise data collection by all field team members

· Assisting in the design of the aquifer testing program

· Having working knowledge of equipment and instruments used in testing methods implemented

The Project Staff assists in data acquisition and data reduction, in designing the aquifer testing method, and with data analysis. 
4.0 AQUIFER TESTING METHODS

As noted above, slug tests, step-tests, pumping tests, and recovery tests have different applications and limitations. In general, step-drawdown tests, constant rate pumping tests, and recovery tests that incorporate observation wells require pumping groundwater from an aquifer, and are therefore most feasible for relatively high transmissivity zones, such as alluvial sand and gravel aquifers, or extensively fractured aquifers. In these types of aquifers, a long-term pumping test is the most accurate means of evaluating aquifer properties, and for evaluating other aquifer properties such as boundary conditions, heterogeneity, and anisotropy. 
With zones having sufficient transmissivity, pumping rates can be achieved that will create significant drawdown in observation wells. Conversely, pumping tests are less effective, or even infeasible, in units having low transmissivity (e.g., clays and silts) because sufficient extraction rates cannot be achieved. For low transmissive zones, the preferred aquifer test method is a slug test, described below. 
4.1 Slug Testing
4.1.1 The Principle - Slug Testing

Slug testing involves introducing or removing a "slug" of known volume into a well and recording the water level changes that result from either the instantaneous insertion or instantaneous withdrawal of the slug. The rate of recovery observed in the well is a function of the hydraulic conductivity of the aquifer and of the well hydraulic properties itself.

4.1.2 Assumptions and Limitations of Slug Testing

Slug tests stress only a small portion of the aquifer adjacent to the well, and therefore, slug tests are incapable of evaluating hydrogeologic boundary conditions, hydraulic anisotropy, storage coefficients, and pumping characteristics of the well. However, slug tests commonly provide a cost-effective means of gathering "point" values for hydraulic conductivity across a large area. Slug tests are commonly considered as a first step in characterizing an aquifer because of the relative low cost and effort requirements. Additionally, slug tests do not generate large volumes of groundwater, and therefore the method is often used to initially characterize water-bearing zones beneath hazardous waste sites, where disposal options of contaminated groundwater may be limited or costly.

It is important to note that slug tests do not provide adequate information regarding the hydraulic characteristics of a pumping well. Additionally, because of the small stress applied to the aquifer, data may be influenced by drilling methods (borehole skin effects), well construction, and development procedures. Slug tests alone cannot provide accurate information regarding boundary conditions, anisotropy, or storage coefficient data, and are therefore not useful for predicting steady-state drawdowns resulting from any given hypothetical pumping scenario. The development of long-term groundwater extraction scenarios, such as in most modeling studies, should therefore not be based solely on slug test data, but require more sophisticated and costly tests such as pumping tests, if feasible.

4.1.3 Slug Insertion (Falling Head) Approach

If a slug is rapidly inserted into the water column in a well, it will instantaneously raise the water column in the well. The amount of head change is defined as the instantaneous head (Ho). The water column will then "fall" to the static water level at a rate that is controlled by the hydraulic characteristics of the water-bearing formation and of the well itself. The slug insertion method is also known as a "falling head" test for this reason (Figure 4).

4.1.4 Slug Withdrawal (Rising Head) Approach

A second approach, the slug withdrawal method, requires submersing the slug in the water column within a well and allowing the water level to stabilize to static conditions. The slug is then rapidly withdrawn from the well. After the slug is withdrawn from the well, the instantaneous water level will be at a level that is lower than the static water level. The rate at which the water levels recover to static water levels is a function of the aquifer properties and of the well itself. This method is also known as a "rising head" test (Figure 4).
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Figure 4
Components of Slug Testing

Both methods can be used in series during a slug testing program. The slug insertion method may be followed by the slug withdrawal with relative ease. However, if a slug insertion method is chosen for unconfined aquifers, groundwater will be displaced above the water table and into the unsaturated sand filter pack of the well and the formation itself. It is noted that the hydraulic conductivity of the soils overlying the water-bearing zone may differ from those of the aquifer. 
Additionally, hydraulic conductivity of unsaturated soils varies as a function of moisture content. For these reasons, only the slug withdrawal method should be used in unconfined or semiconfined aquifers. If the static water level is within the screened interval of the well that is being tested, a slug withdrawal method should be chosen for aquifer analysis.

4.1.5 Selection of the Slug

Several different types of slugs may be used for the test, including:

· Solid (blank) polyvinyl chloride (PVC) pipe filled with sand and fitted with an eye bolt at one end to affix a bailing line

· Stainless steel or Teflon™ bailers

· A slug of water of known volume

Introduction of a slug of water (usually distilled, organic-free water) may not be feasible due to regulatory restrictions. In addition, it is generally considered infeasible to "instantaneously" withdraw a slug of water using a pump. The withdrawal of a slug of water is limited to the use of bailers. The most common slug test involves the use of solid pipes (either slug insertion or withdrawal methods) or use of bailers (slug withdrawal only).

An additional slug testing method involves applying a pressure or vacuum to the well head and measuring changes in water levels that result following the removal of the pressure. This method requires specialized well fittings, generators, and compressors. Details of the method are provided in Kruseman and de Ridder (1991) (Oscillation Method, p.238), and are not included in this SOP. 
The remainder of this SOP focuses on slug tests conducted using a solid slug, although the general methods for slug tests analyses do not vary significantly if other types of slugs are used for the test. 

A large slug will stress the aquifer to a greater degree than a small slug, and therefore the size of the slug should be maximized based on field conditions. Three-foot Teflon bailers or sections of solid pipe can be threaded together to optimize slug volume. The size of the slug is limited only by the standing water column in the well and physical limitations in one's ability to instantaneously insert or withdraw the slug.

4.1.6 Required Equipment

Slug. Solid pipe may be used for slug insertion or withdrawal. Bailers may be used for slug withdrawal only. The slug volume should be maximized based on field conditions. Different length slugs capable of threading together should be brought to the field to provide flexibility to the program. A typical slug used for a 2-inch diameter monitoring well may be 1.5 inches in diameter and 6 to 10 feet in length. The volume of the slug used for each test must be recorded in the field notes. 
Bailing Line. Used for rapidly lowering and raising the slug into the water column. Deep wells may require the use of the winch on a smeal rig.

Water Level Indicator. Instrument used for measuring static water levels. A conductivity-based water level indicator capable of measuring to 0.01-foot accuracy is required.

Pressure Transducer. Device installed in the well below the slug that is capable of continuously providing very accurate water level measurements. The transducer will be connected to a continuous data logger (described below). Transducers are available in different pressure (and accuracy) ranges. Higher pressure range transducers are less accurate than lower pressure range transducers. The transducers should never be lowered into a water column below the operating pressure range of the transducer. As a rule, a multiplier of 2.3 can be used to estimate the maximum total amount of water above a traducer, i.e., a 10-psi transducer can have 23 feet of water above, a 50-psi transducer can have 106 feet of water above, etc. For example, if a 10-psi traducer is installed at the bottom of the well with 100 feet of water above it, it will no longer function properly, and must be returned to the manufacturer for recalibration.

The transducer only needs to record the change in water levels imparted by the slug, and therefore should be installed immediately below the total depth of the slug. A 10-psi transducer is capable of measuring up to 23 feet of change in water levels to 0.01-foot accuracy, and is the recommended transducer for slug tests. Transducers should never be lowered to the bottom of the well because they operate improperly if lowered into sediment. The target depth of the traducer should be identified prior to lowering into the well, and the traducer cable marked with duct tape to ensure that the transducer is not lowered too deep.

Data Logger. This device is a small field computer capable of recording a wide range of physical measurements such as pressures, temperatures, electrical conductivities, and flow. For aquifer analysis, we are generally interested in recording pressure (feet of water in the well). The data logger converts the pressure value sent by the traducer into feet of water above the traducer, and records the values in its memory. The data can then be downloaded from the logger to personal computer.

It is noted that each traducer has specific parameters that must be input to the data logger to make the appropriate conversions from pressure units to feet. The person operating the data logger must be properly trained and have sufficient experience with the instruments to eliminate compromising or even loss of slug test data. The owner’s manual must be consulted before using.

Common models are the Hermit 3000 (multi-channel, very user friendly), Hermit 2000, and Hermit 1000 (2‑channel, less friendly), and most recently the mini-TROLL, which is a combination logger and transducer. 
Duct Tape. Used to affix the transducer cable to an immobile object such as the top of the well casing.

Health and Safety Equipment. Based on the requirements of the facility health and safety plan. Decontamination of all down-hole equipment must follow site-specific decontamination procedures.

4.1.7 Personnel Requirements

Slug testing generally requires a two-person team. One person prepares and rapidly inserts or withdraws the slug and collects water level measurements manually. The second person operates the field instruments, and double -checks the quality of the data.

Background conditions that may influence water levels during the test, such as weather conditions, nearby soil vapor extraction systems, or groundwater extraction systems, should be evaluated. Monitoring of water levels in a background monitoring well that is screened in a representative water bearing unit should be performed.

4.1.8 Slug Insertion Test Methods

1. Remove the well head expansion cap and allow the well to equilibrate to atmospheric conditions. 
2. Record the static water level using a conductivity-based water level indicator. Sound the well. Note potential sediment at bottom.

3. Determine the appropriate depth of 10-psi traducer. This will generally be between 10 and 20 feet below the static water level, or above potential sediment at bottom of shallow wells. Affix duct tape to traducer cable to indicate the target depth below TOC.

4. Lower a 10-psi transducer to the target depth. The transducer and transducer cable must hang plumb in the well to minimize entanglement with the slug. Duct tape the transducer cable to an immovable object such as the TOC, Christy box, or stovepipe. Allow the well to equilibrate to static water levels. 
5. Connect the pressure transducer to a continuous data recorder. Input the required transducers parameters and other test parameters in the data logger (consult manual). The data logger will typically ask whether you wish to record water levels below the TOC or surface. Surface refers to a static water level datum. This means that when the instrument is "referenced", it is "zeroed" to the static water level, and will therefore measure changes relative to static water level. Water levels above static water levels will be recorded as positive, and water levels below static will be recorded as negative values. The slug test requires only measuring the change in head associated with slug insertion or withdrawal. The "surface mode" is therefore the desired data logger "mode" for slug testing. TOC refers to measuring the absolute value (i.e., total head) of the water level relative to the TOC datum. This unnecessary step may introduce error in the field, and is therefore not recommended for slug testing. An accurate record of all input parameters and field observations must be included in a field aquifer test log.

6. "Zero" the pressure traducer/data logger to static water levels. Confirm static levels with a water level indicator. At this point, you are nearly ready to begin the test. The data logger should be set to begin the test in the "immediate" mode (i.e., no time delay). The data logger should be set to record water levels as frequently as possible within the first couple of minutes (the "log" mode is recommended).

7. Affix a bailing line to the slug. To accurately complete the test, the slug will require complete submersion in the well. Record the volume of the slug in the field log. Determine the total depth required to submerse the slug. A piece of duct tape may be used to identify the desired length. One person should handle the slug, and one person should handle the data logger. The slug should be lowered to a "ready" position immediately above the static water level. The slug must not be tangled with the transducer cable.

8. This is the critical step. On a predetermined count, one person must rapidly (but gently) lower the slug to total submersion while the second person triggers the data logger to begin recording water levels. The slug must remain motionless once it has been lowered into the well. The bailing line for the slug must be tied to an immovable object (e.g., truck tailgate) once the slug is submerged. It is recommended that the data logger be allowed to complete its logarithmic data recording cycle (approximately 2-3 minutes) prior to confirming water levels with a water level indicator. Wells screened within low to moderately transmissive aquifers may require from 30 seconds to several minutes or even hours to recover to static water levels. If the well recovers within a few seconds, it is likely that the well is screened within a moderate to high transmissivity zone, and therefore the slug test method is likely not an appropriate test method for determination of aquifer properties.

9. The slug injection test is completed when the water level recovers to 90 to 100 percent of static water levels. In many instances, the final few tenths of a foot of recovery may require a significant amount of time (hours). The field team should use their best judgment regarding when to terminate the test. For nearly all methods of data analysis, the last data points are as significant as the initial data points, and the validity of the tests should not be compromised due to impatience of field team members. In many cases, the team can be setting up the next test on a different well while the previous well completes its recovery.

10. Once the well has equilibrated to 90 to 100 percent (or nearly 100 percent) of static water level, the test can be terminated by stopping the data logger. However, at this time, it would be advantageous to initiate a slug withdrawal test (see item No. 4 below). This may be accomplished by either "stopping" the insertion test, or "stepping" the test by using the "Step" function of the data logger. The original input parameters remain unchanged if you choose to use the "Step" function or stop and start function. Both methods involve restarting the "log cycle" for the data logger (highly desirable for the early time data). An accurate record of test numbers and step numbers must be included in the field logs.

4.1.9 Slug Withdrawal Test Methods

11. Remove the well head expansion cap and allow the well to equilibrate to atmospheric conditions.

12. Record the static water level using a conductivity-based water level indicator. Sound the well. Note potential sediment at bottom. 
13. Determine the appropriate depth of a 10-psi traducer. This will generally be between 10 and 20 feet below the static water level, or above potential sediment at bottom of shallow wells. Affix duct tape to traducer cable to indicate the target depth below TOC.

14. Lower a 10-psi transducer to the target depth. The traducer and traducer cable must hang plumb in the well to minimize entanglement with the slug. Duct tape the transducer cable to an immovable object such as the TOC, Christy box, or stovepipe. Allow the well to equilibrate to static water levels. 
15. Connect the pressure transducer to a continuous data recorder. Input the required transducers parameters and other test parameters in the data logger. The data logger will typically ask whether you wish to record water levels below the TOC or surface. Surface refers to a static water level datum. What this means is when the instrument is "referenced", it is "zeroed" to the static water level, and will therefore measure changes relative to static water level. Water levels above static water levels will be recorded as positive, and water levels below static will be recorded as negative values. The slug test requires only measuring the change in head associated with slug insertion or withdrawal. The "surface mode" is therefore the desired data logger "mode" for slug testing. TOC refers to measuring the absolute value (i.e., total head) of the water level relative to the TOC datum. This unnecessary step may introduce error in the field, and is therefore not recommended for slug testing. An accurate record of all input parameters and field observations must be included in a field log. 
16. Lower the slug into the water column so the slug is fully submerged. For this test, tie the slug bailing line to an immovable object and allow slug to remain motionless in the well. Ensure that the slug is not entangled with the transducer or transducer cable. 
17. Allow the well to equilibrate to the static water level. The well will recover most quickly if a bailer is used for the slug. A solid pipe slug will require a longer recovery period. Verify that the well has equilibrated to static water level with a water level indicator. 
18. This is the critical step. On a predetermined count, one person must rapidly (but gently) retrieve the slug from the well while the second person simultaneously triggers the data logger to begin recording water levels. Remove the slug from the well while making sure not to disturb the transducer cable. As stated above, it is recommended to allow the data logger to complete its logarithmic data recording cycle (approximately 2-3 minutes) prior to confirming water levels with a water level indicator. Wells screened within low to moderately transmissive aquifers may require from 30 seconds to several minutes or hours to recover to static water levels. If the well recovers within a few seconds, it is likely that the well is screened within a moderate to high transmissivity zone, and therefore the slug test method is likely not an appropriate test method for determination of aquifer properties. 
It is recommended that two slug tests be conducted for each well for data verification purposes. Most data loggers will allow the user to view the data or even download the data to a field printer or field PC. Data should be reviewed in the field following completion of the test to ensure that the transducers and data logger are functioning properly. 
The initial head values (Ho) that result from instantaneous withdrawal or injection of the slug should be evaluated against the maximum theoretical drawdown. This can easily be completed by calculating the volume of the slug and converting volume of the slug to volume of water in a well. The well volume can then be converted to feet of water in the well column. The following is an example calculation:

	Hypothetical slug size:
	1.5-inch outer diameter (OD) x 120-inch length = 212.1 cubic inches (in.3)

	Conversion to gallons:
	212.1 in.3 x (0.004329 gallons/in.3) = 0.92 gallons

	Conversion to feet (assumes a 
2-inch inner diameter (ID) well):
	0.92 gallons x (1 foot/0.16 gallons) = 5.75 feet


Therefore, using a slug that is 1.5 inches in diameter and 120 inches (10 feet) in length, the maximum anticipated change in water level with respect to static levels (Ho) would be 5.75 feet. This should be evaluated against the maximum head change observed in the field. Significantly different (greater than 20 to 30 percent) values may indicate that the transducers or data loggers are not functioning properly. Other possibilities are that the slug is not being inserted or withdrawn rapidly enough, or that the timing between the "trigger" operator and the "slug" operator is off. These factors should be evaluated and resolved prior to conducting additional slug tests. 
One way to avoid timing problems at the start of the test is to set the logger monitoring before the test at 10-second intervals, and then have it automatically increase the duration of the interval. However, be sure that the data logger has enough memory to handle the quantity of data.

Data loggers generally have sufficient memory to record an entire day of slug testing. The data logger should be downloaded daily to minimize the risk of losing the slug testing data. An electronic and hard copy should be kept for records.

4.2 Overview of Pumping Tests
This section provides details on the elements of pumping tests.

4.2.1 The Principle - Pumping Tests

Several different types of pumping tests can be conducted to determine aquifer properties, although the fundamental principles of all tests are similar. The principle of a pumping test involves applying a stress to an aquifer by extracting groundwater from a pumping well and measuring the aquifer response to that stress by monitoring drawdown as a function of time in the pumping well and/or observation wells or piezometers at known distances from the well. These measurements are then incorporated into an appropriate well-flow equation to calculate the hydraulic characteristics of the aquifer and pumping well. 
4.2.2 General Assumptions and Limitations for Pumping Tests 

Numerous different types of pumping tests and well-flow equations exist that may be implemented for nearly all hydrogeologic settings. Each method has a different set of limitations and assumptions. For unusual tests and hydrogeologic settings, see Kruseman and de Ridder (1991). Different assumptions and limitations exist for confined, semiconfined (leaky), and unconfined (water-table) aquifers. In general, the following assumptions apply to most well-flow equations and hydrogeologic settings:

· The aquifer is of infinite areal extent.

· The aquifer is of uniform thickness and infinite in areal extent.

· Prior to pumping, the potentiometric surface is horizontal (or nearly so) over the area that will be influenced by the pumping test.

· The aquifer is pumped at a constant discharge rate, or for variable discharge rate tests, the rate is known.

· The pumping well fully penetrates the entire thickness of the aquifer and thus receives water by horizontal flow.

Groundwater and Wells (Driscoll, 1986) provides practical guidelines on how to set up and interpret data from aquifer tests.

4.2.3 Pumping Test Method Selection

The overall approach, including capabilities, limitations and assumptions, for three types of pumping tests—Step Tests (variable discharge tests), Constant Discharge Pumping Tests, and Recovery Tests—is detailed in this section,.

Step Tests. Involves pumping from a single well at a relatively low rate until drawdown has stabilized. The pumping rate is then increased to a higher discharge rate until drawdown again stabilizes. This procedure is continued for at least three steps. Each step is typically 20 to 40 percent greater than the previous step, with a duration of typically 30 minutes to 120 minutes (Kruseman and de Ridder, 1991; Driscoll, 1986). 
In general, step-tests are relatively short duration tests that are capable of providing general well performance characteristics and aquifer transmissivity and storativity near the pumping well. A step-test provides specific capacity data, and should always be conducted prior to a long-term pumping test if no previous pumping data for the well exist. Step-tests are generally considered less effective for determining hydraulic anisotropy, leakage between layers, boundary conditions and recharge areas than long-term pumping tests.

Constant Discharge Pumping Test. Involves pumping from a well at a continuous, known, constant discharge rate over an extended period of time. This type of test typically involves monitoring drawdown in several observation wells or piezometers, although the test may also be performed as a single-well test. Long-term, constant discharge pumping tests are the most accurate means of evaluating aquifer hydraulic properties. If properly designed and conducted, these types of aquifer tests are capable of evaluating transmissivity, storativity, aquifer anisotropy, leakage from overlying or underlying layers, boundary effects, recharge areas, etc. Additionally, well performance characteristics such as well capacity, well yield, and well efficiency may be determined using a constant discharge pumping test. 

Recovery Test. Constant discharge tests and step tests should generally be followed by a recovery test. A recovery test measures the residual drawdown (s') following the pumping test. The recovery test provides the data required to calculate the transmissivity of the aquifer, thus providing an independent check on the results of the pumping test while costing very little in terms of the total cost of the pumping test (Freeze and Cherry, 1979; and Kruseman and de Ridder, 1991). A recovery test is invaluable if the pumping test is performed without the use of piezometers or observation wells to evaluate potential borehole storage effects of the pumping well. Additionally, residual drawdowns are more reliable than drawdowns measured during pumping due to difficulties in the field of maintaining absolutely constant discharge from a pumping well (i.e., all pumps have a level of discharge variability). It should be noted that recovery tests may be difficult to evaluate if non-ideal conditions exist in the aquifer-such as leaky or boundary conditions.

4.2.4 Equipment Requirements

Electric Submersible Pump. Must be capable of pumping for extended periods at a constant discharge rate. Discharge pipe or hose should be fitted with a valve to provide the ability to adjust flow. The accuracy of the flow meter along with the operational range must be verified and recorded. Adjusting the discharge rate by adjusting the speed of the pump is less desirable than use of a valve. An exception is the variable-speed 2-inch-OD Grundfos submersible pumps, which are designed for adjustable speed (flow) settings. A shroud is recommended if a 2-inch pump is used in a 4-inch or greater diameter well to ensure long-term cooling of the pump motor. The pump will require a reliable power source. 
Flow Gauge. An in-line "turbine type" flow meter is recommended for most moderate to high flow-rate applications. Other means of gauging flow are use of calibrated orifice weirs or orifice bucket (Driscoll 1986; Kruseman and de Ridder, 1991). For low flow applications, a container and stopwatch method may be suitable. The container method requires measuring the time it takes to fill a container of known volume such as large bucket or 55-gallon drum. The flow gauging method should be accurate to +/- 5%.

Water Level Indicator. To be used for measuring static water levels. A conductivity-based water level indicator capable of measuring to 0.01 foot accuracy is required for all hazardous waste field investigations. Manual water level data should always be invoked as a back-up to electronic water levels recorded using pressure transducers and data loggers. Water level data should be recorded on an aquifer test data sheet (Figure 5).
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Figure 5
Aquifer Test Data Form 

(Driscoll, 1986)

Pressure Transducer. This device should ideally be installed in the well above the pumping level. This device is capable of continuously providing very accurate water level measurements. A transducer that is vented to the atmosphere should be used such that it monitors water level head and not changes in barometric pressure. The transducer will be connected to a continuous data logger (described below). Transducers are available in different pressure (and accuracy) ranges. Higher pressure range transducers are less accurate than lower pressure range transducers. The transducers should never be lowered into a water column below the operating pressure range of the transducer. For example, if a 10-psi traducer is installed at the bottom of the well with 100 feet of water above it, it will no longer function properly. As a rule, a multiplier of 2.3 can be used to estimate the maximum total amount of water above a traducer, (e.g., a 10-psi transducer can have 23 feet of water above it, a 50-psi traducer can have 106 feet of water above). Please note, the transducer only needs to record the drawdown resulting from pumping. A 10-psi transducer is capable of measuring up to 23 feet of change in water levels to 0.01 foot accuracy, and is therefore the recommended transducer for all observation wells used in a pumping test network. Transducers will operate improperly if lowered into sediment, and therefore the traducer should never be lowered to the bottom of the well. The target depth of the traducer should be identified prior to lowering into the well. The traducer cable should be marked with duct tape to demark the target depth. 
The most accurate (lowest psi rating) transducer should be installed in the well or piezometer with the least anticipated drawdown, i.e., NOT the pumping well. The least accurate traducer (greatest psi rating) should be installed in the pumping well, as it will always show the greatest drawdown. 
Data Logger. This device is a small field computer capable of recording a wide range of physical measurements such as pressures, temperatures, electrical conductivities, and flow. The data logger converts the pressure value sent by the traducer into feet of water above the traducer and records the values in its memory. The data can then be downloaded from the logger to a personal computer.

It is noted that each traducer has specific parameters that must be input to the data logger to make the appropriate conversions from pressure units to feet. It is extremely important that the person operating the data logger is properly trained and has sufficient experience with the instruments to eliminate compromise or loss of pumping test data. 
Common models are the Hermit 3000, Hermit 2000 (multi-channel, very user friendly), Hermit 1000 (2‑channel, less friendly) and their latest model the mini-troll. 

Watch. All project team members must have an accurate wrist watch or stop watch. All watches must be synchronized with the time in the data logger prior to starting any pumping test.

Duct Tape. Used to affix the transducer cable to an immobile object such as the top of the well casing. 
Health and Safety Equipment. Based on the requirements of the facility health and safety plan. Decontamination procedures should follow the site-specific requirements.

4.2.5 Personnel Requirements

Most pumping tests will initially require a minimum of three people. More staff is generally required for long-term constant rate tests than for step tests and recovery tests, which generally can be completed with two field team members.

One person should be responsible for monitoring the flow gauge and adjusting the discharge rate of the pump, and for ensuring that the data logger is triggered and operating. Other team members should be responsible for taking manual (back-up) water level measurements with a conductivity-based water level indicator.

If the observation wells are located at great distances from one another, or if rapid drawdown is anticipated, it may be advantageous to have several field team members on site to measure and record water levels, particularly during the earlier stages of the test when the most rapid change in water levels is anticipated. As water levels reach a pseudo-steady state, fewer team members will be required.

4.3 Step-Tests
This section provides details of the design and field methodology for completion of a step-drawdown test.

4.3.1 Design of the Step Test

The following design components must be evaluated prior to completion of the step-test:

· Choice of pumping well. The well must be fully developed and capable of sustained prolonged pumping. Ideally, the well chosen will be located in the geographic center of the area of interest.

· Size of pump. Should be based on the estimated specific capacity, desired total drawdowns, and head requirements. If no previous pumping data are available, development logs or other field observation data should be assessed to aid in sizing the pump.

· Duration of each step. Ideally, a step-test will consist of at least three steps of progressively increasing discharge rate, followed by one step for recovery. Each step generally should range from 30 minutes to 2 hours. A step test typically requires one 10-hour field day to complete (assumes no mobilization time). 
· Initial Discharge Rate. The first step discharge rate should produce approximately 25 percent of the maximum anticipated drawdown estimated from the well specific capacity. If a production well is to be used for the step-test, the initial rate should be approximately 25 percent of the pump capacity. The second step should be approximately 50 percent of the anticipated drawdown and so on. An example is provided below:

Assume: A 100-foot deep well is constructed with a screened interval 80 to 100 feet below TOC. The aquifer is confined. The water column in the well is 50 feet (depth to water is 50 feet below TOC). The pump will be set at 90 feet, allowing 40 feet of water column above the pumping level. The specific capacity is estimated from development data to be approximately 5 gpm per foot of drawdown.

The desired drawdown for the first step is: 
(0.25)(40 feet) = 10 feet of drawdown,

therefore, the desired pumping rate for the first step is:

(10 feet)(5 gpm/feet of drawdown) = 50 gpm

The second step would therefore be 100 gpm, the third step would be 150 gpm, etc. 
The above calculation does not consider well losses from turbulent flow that will likely occur at higher flow rates. A factor of safety may therefore be incorporated in the design of the discharge rates for each step. Given the above conditions and assumptions, a first step pumping rate may be 40 gpm, a second step 80 gpm, etc. Flexibility in the design of the step-test is recommended due to uncertainties associated with estimating specific capacity and well efficiency. Pumping rates for the second and successive steps should be based on field observations of drawdown vs. discharge rate. 
4.3.2 Step-Testing Methods

19. Remove the well head expansion cap and allow well to equilibrate to atmospheric conditions. 
20. Record the static water level using a conductivity-based water level indicator. Sound the well. Note potential sediment at bottom. 
21. Determine the appropriate depth of the transducer. Generally a 10-psi transducer (capable of measuring 23 feet of head change) or 50-psi transducer (capable of measuring 106 feet of head change) are well suited for step-testing. The transducer should be targeted for a level 3 to 5 feet above the pumping level whenever possible to minimize interference with the pump. Affix duct tape to traducer cable to indicate the target depth below TOC.

22. The pump should be set in the well at the desired pumping level. This is usually the screened interval for shallow wells (<100 feet total depth). For deeper wells, the pumping depth only needs to be greater than the anticipated drawdown. For high volume tests, it may be cost-effective to hire a pumping subcontractor to operate the pumps, discharge lines, etc. Contaminated groundwater discharged from the well may require storage in Baker tanks or treatment prior to disposal. All disposal options and permitting must be in-place prior to conducting the test. A water disposal option should be chosen that does not impinge on the groundwater flow system during the test via infiltration recharge, etc. 
23. Lower the transducer to the target depth. The traducer and traducer cable must hang plumb in the well to minimize entanglement with the pump discharge pipe/hose. Duct tape the transducer cable to an immovable object such as the TOC, Christy box, or stovepipe. Allow the well to equilibrate to static water levels. 
24. Connect the pressure transducer to a continuous data recorder. Input the required transducers parameters and other test parameters in the data logger. The data logger will typically prompt the user to record water levels below the TOC or surface. Surface refers to a static water level datum. The instrument is therefore "referenced" or "zeroed" to the static water level, and will therefore measure changes relative to static water level (the desired mode for step-testing). Water levels below static water level will be recorded as negative values. The step-test requires only measuring drawdown relative to static (and residual drawdown during recovery, if desired). TOC refers to measuring the absolute value (i.e., total head) of the water level relative to the TOC datum. This unnecessary step may introduce error in the field, and is not recommended for step-tests. An accurate record of all input parameters and field observations must be included in a field log. 
25. "Zero" the pressure traducer/data logger to static water levels. Confirm static levels with a water level indicator. At this point, you are ready to begin the test. The data logger should be set to begin the test in the "immediate" mode (i.e., no time delay). The data logger should be set to record water levels as frequently as possible during the first couple of minutes of the test (i.e., using the "log" mode).

26. STEP #1. This is the critical step. On a predetermined count, one person must simultaneously trigger the data logger and the pump. The pump operator must quickly stabilize the discharge rate to the desired pumping rate. At the same time, another team member should begin recording water levels as rapidly as possible in the pumping well (every 15 to 30 seconds for the first 5 minutes). It usually helps to have the data table constructed with water level time intervals predetermined. The water level measuring interval may be lengthened to every minute or every five minutes as the test progresses. Field observations suggest that 70-80 percent of the total drawdown for each step will occur within the first 15 to 20 minutes following commencement of pumping. The data recorded by the transducers and data logger can be viewed following completion of the logarithmic data recording cycle (approximately 2-3 minutes). Water levels recorded by the traducer/data logger system should be similar to the manually recorded water levels. It is always beneficial to plot the time and drawdown data in the field to ensure that the pumping rate and the drawdowns are adequate. Allow the test to run until the water level in the pumping well stabilizes to a steady state (or nearly so). This typically requires 30-120 minutes. Field plotting of data is helpful in determining when pseudo-steady state drawdown is achieved.

27. STEP #2. This is also a critical step. On a predetermined count, one person must step-up the pumping discharge rate to the desired level (usually by opening a control valve located upstream of the flow gauge), and a second person should restart the "logarithmic data recording cycle" on the data logger. This is easily done using a Hermit 2000 by using the "STEP" function. It is highly desirable to have a third field team member manually record water levels at each "Step.”

28. STEP #3 and STEP #4. Critical Steps. Repeat item 9. above. Make sure to not draw the water level down to the pumping level. It is more desirable to abbreviate the duration of any step and get accurate recovery data (see item 11, below) than to draw the water level down to the pumping level. 

29. STEP #5. Critical step. On a predetermined count, simultaneously turn off the pump, "Step" the data logger, and manually record recovery (residual drawdown) data. Continue recording the recovery data until the water level returns to static water levels (or nearly so). The test is completed. 
30. This is a very important step. Carefully download the data in the logger. Obtain a hard copy and retain a master electronic copy in the records.

4.4 Constant Rate Pumping Tests
Provided below is a detailing of the design and field methodology for the completion of a constant rate pumping test.

4.4.1 Design Considerations for Constant Rate Pumping Tests

Choice of pumping well. The well should be designed as a pumping well, although many monitoring wells have been "converted" to pumping wells for use in a pumping test. In either case, the well must be fully developed and capable of sustained prolonged pumping. Ideally, the well chosen will be located in the geographic center of the area of interest, or in a downgradient location if remediation will involve hydraulic containment and collection downgradient. Nearby observation wells or piezometers are required for distance-drawdown calculations (Figure 6). If an existing pumping well is used in the test, the pumping history of the well should be known.
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Figure 6
Conceptual Pumping Test Monitoring Array
Choice of observation wells. Ideally, water levels will be monitored in as many nearby observation wells as feasible. Wells screened at different depth intervals should also be monitored to evaluate hydraulic communication across aquitards. It may be advantageous to equip observation wells that are located near the pumping well with continuous data recording instruments, and manually record water levels for wells located at greater distances. Prior to conducting the pumping test, estimated zones of influence may be completed using well-flow equations to determine which wells will likely show a drawdown response. It is beneficial to use observation wells located upgradient, downgradient, and across gradient from the pumping well to evaluate hydraulic anisotropy.

Size of pump. Should be based on the drawdown requirements and estimated specific capacity determined from a step-drawdown test or from actual long-term pumping data. It is considered inappropriate to conduct a pumping test without completing a step-drawdown test, particularly without existing knowledge of the pumping characteristics of the pumping well. 

Constant rate pumping tests that incorporate multiple observation wells may cost several tens or even hundreds of thousands of dollars to complete, in particular when wells are installed as part of the test. Experts should be consulted during the scoping, project planning, and technical design phase to ensure that the test is conducted in a technically sound and cost-effective manner. Key members of the field team should possess extensive experience conducting aquifer tests. The following design components must be evaluated prior to completion of a pumping test:

Duration of Pumping Test - Confined Aquifer. Confined aquifers respond to pumping relatively quickly due to small storativity values. A pumping test for a confined aquifer should be conducted over a period of 24 hours (one day) to achieve steady state conditions. It is noted that there is no fixed time for pumping tests. Preliminary plotting of data in the field may indicate how the aquifer is responding, thus determining the duration of the test. 
Duration of Pumping Test - Unconfined Aquifer. The cone of depression that results from pumping expands much more slowly for unconfined aquifers prior to reaching a steady state. The generally accepted minimum duration pumping test for an unconfined aquifer is therefore 72 hours (three days).

Discharge Rate. The discharge rate should be based on the results of the step-drawdown testing program. The specific capacity calculated from the step test should be used to estimate the desired drawdown and pumping rate. Because of the uncertainty in the step test calculations, a level of safety should be factored into the desired drawdown level to ensure that the water level is not drawdown to the pumping level. If the water level is lowered to the pumping level, the test should be terminated immediately (although recovery data should be collected until the aquifer recovers to static conditions).

Frequency of Water Level Measurements. Water levels should be recorded electronically using a continuous pressure transducers and a data logger, and manually using a conductivity-based water level indicator. Following the "logarithmic data recording cycle", the pressure traducer can be set to record water levels initially every minute. Time intervals for manual measurements of drawdown are presented below:



Elapsed Time (minutes)

Time Intervals (minutes)


0-10
0.5


10-15
1


15-60
5


60-120
30


120-end of test
60

Control Points. It is recommended for control purposes that water levels be monitored in a well located at a distance beyond the area of influence of the test. The well must be screened within similar hydrostratigraphic units and the same side of boundaries as wells in the test. It is also recommended to monitor barometric pressure during the test. Data from a local airport or transducer will suffice.

Background Water Level Data. It is useful to monitor water levels in the proposed pumping well and observation wells for a week prior to conducting the pumping test. The background data provides the mechanism to evaluate marine and earth tides, barometric influences, temperature influences, etc. 
Background Pumping Data. It is extremely important to understand regional or site-specific groundwater pumping to evaluate well interference, relic drawdown, etc. If a production zone is used for the pumping test, a well canvass should be completed to determine aquifer groundwater uses, and remediation systems, such as nearby soil vapor extraction systems, noted.

Collection of Water Samples. In many cases, groundwater should be collected during the pumping test to gather data required for treatability testing. At a minimum, groundwater should be monitored during pumping for pH, temperature, electrical conductivity, and turbidity.

Miscellaneous. Precipitation events must be recorded in the field notes, including time of onset, duration, and rainfall total. Barometric readings should be checked and recorded hourly. For shallow zone wells, the passing of heavy equipment or trains should be noted on the field logs. For tidal aquifers, a tidal gauge should be included in the study. Continuous recording of tidal levels is strongly recommended to assess tidal influences of the test.

4.4.2 Constant Rate Pumping Test Methods

The description of the pumping test outlined below assumes several observation wells will be used in the test. Continuous data logging equipment should be used wherever possible, although manual backup measurements should also be taken periodically. All of the data loggers should be synchronized to the correct day, date, and time. All project team members must synchronize their watches to the correct time datum.

31. Remove the well head expansion cap from all observation wells and piezometers, as well as the pumping well. Allow all wells to equilibrate to atmospheric conditions. 
32. Record the static water level using a conductivity-based water level indicator. Sound the well. Note potential sediment at bottom. 
33. Determine the appropriate depth of the traducer for the pumping well. A 50-psi transducer (capable of measuring 106 feet of head change) is well suited for the pumping well. The transducer should be targeted for a level 3 to 5 feet above the pumping level whenever possible to minimize interference with the pump. In some instances, installation of the transducer below the pump may be required. Care must be taken to not entangle the transducer with the pump, or to lower the transducer into sediment at the bottom of the well. Affix duct tape to traducer cable to indicate the target depth below TOC.

34. The pump should be set in the well at the desired pumping level. This is usually the screened interval for shallow wells (<100 feet total depth). For deeper wells, the pumping depth only needs to be greater than the anticipated drawdown (it is wise to be conservative and consider a margin of error). It may be cost-effective to hire a pumping subcontractor to operate the pumps, discharge lines, etc., especially for high flow-rate, long-term tests. Contaminated groundwater discharged from the well may require storage in portable tanks or treatment prior to disposal. All disposal options and permitting must be in place prior to conducting the test. A water disposal option should be chosen that does not impinge on the groundwater flow system during the test via infiltration recharge, etc. 
35. Lower the transducer to the target depth in the pumping well. The traducer and traducer cable must hang plumb in the well to minimize entanglement with the pump discharge pipe/hose. Duct tape the transducer cable to an immovable object such as the TOC, Christy box, or stovepipe. Allow the well to equilibrate to static water levels. 

Install pressure transducers in all of the monitoring wells included in the test in a manner similar to that described above. In nearly all applications, a 10-psi traducer (highly accurate over a 23-foot range) is ideal for monitoring drawdown in observation wells.

36. Connect the pressure transducers that have been installed in each well to a continuous data recorder. A single, multi-channel data logger may suffice if observation wells are near one another, or several "remote" loggers may be required for wells separated by great distances. Input the required transducer parameters and other test parameters in the data logger per the specification in the manual. The data logger will typically prompt the user to record water levels below the TOC or surface. Surface refers to a static water level datum. The instrument is therefore "referenced" or "zeroed" to the either a static water level or to a value input by the operator. Water levels below static water level will be recorded as negative values. For pumping test purposes, water levels can be recorded relative to either "TOC" or "surface.” Referencing to "surface mode" minimizes mistakes in the field. Additionally, nearly all data reduction techniques evaluate drawdown, not absolute water levels.


An accurate record of all input parameters and field observations must be included in a field log.

37. "Zero" the pressure traducer/data logger to static water levels (or, alternatively, enter the TOC value for each well). Confirm static levels (or TOC-adjusted values) with a water level indicator.


All data loggers must be synchronized to a common day-date-time (plus/minus 15 seconds). Because all loggers are synchronized, it is not necessary to trigger each logger simultaneously. Remote data loggers may not show an immediate drawdown response, and it is acceptable to trigger these loggers prior to starting the pump and simply allow them to run. An alternative is to set each logger on the "delayed start mode" set to begin at a predetermined time (i.e., when the pump is started). Field experience indicates that this requires an extremely high level of coordination and timing. 

For the pumping well and for observation wells close by the pumping well, it is advantageous to record the early time data at frequent intervals. This is best accomplished using the "logarithmic data recording mode" for each traducer, with manual triggering of each data logger at the time the pump is started. This may require a project team member per well at the beginning of the test. 

38. TEST START-UP. This is the critical step. Once the pump is started, there is no going back. On a predetermined count, one person must simultaneously start the pump and stabilize the discharge rate to the desired gpm (determined from a step test). As drawdown increases, the required pumping head also increases and the pump control will have to be adjusted accordingly. Other project team members must simultaneously trigger the data loggers not yet running. At the same time, another team member should begin recording water levels as rapidly as possible in the pumping well (see frequencies above). It helps to have the data table constructed with water level time intervals predetermined. The data recorded by the transducers and data logger can be viewed following completion of the logarithmic data recording cycle (approximately 2-3 minutes). Water levels recorded by the transducer/data logger system should be similar to the manually recorded water levels. It is beneficial to plot the time and drawdown data in the field to ensure that the pumping rate and the drawdowns are adequate. 

The first couple of hours of the pumping test can be very hectic. It is recommended that "more" rather than "less" project team staff be on site to assist in the early stages of the test. The size of the field team can be greatly reduced following the initial few hours of the test. 
39. Monitoring Water Levels and Discharge Rates. Water levels should be monitored on the frequency detailed above. The discharge rate should be monitored at least every 30 to 60 minutes, and recorded on a field log. 
4.5 Recovery Tests
A recovery test should always be completed following either a step-test or a constant rate pumping test. As stated above, a recovery test is invaluable if the pumping test is performed without the use of piezometers or observation wells to evaluate potential borehole storage effects in the pumping well. Additionally, residual drawdowns are more reliable than drawdowns measured during pumping due to difficulties in the field of maintaining absolutely constant discharge from a pumping well. However, if the aquifer conditions are not ideal, the recovery solution is less accurate and difficult to evaluate.

4.5.1 The Principle - Recovery Tests

When the pump is shut down following a pumping test, water levels in the pumping well and observation wells will begin to rise. This rise is known as residual drawdown, s' (Figure 3). As with other types of aquifer tests, the relationship between discharge rate, time, and drawdown measured during the step test can be used in well-flow equations and corresponding "recovery equations" to determine the aquifer transmissivity and storage coefficient, and well characteristics. 
4.5.2 Recovery Test Methods

40. Complete a step-test or constant rate pumping test in the manner detailed above. 
41. This is the critical step. On a predetermined count, simultaneously turn off the pump, "Step" the data logger, and manually record recovery (residual drawdown) data. The early time data should be recorded using the "log" data recording mode (high data logging frequency). Continue recording the recovery data until the water level returns to static water levels (or nearly so). The test is completed. 
42. This is an important step. Carefully download the field data to a PC computer. Obtain a hard copy and a master electronic copy to be stored in project records. 
4.6 Data Analysis Methods
This SOP has focused on the actual conduct of aquifer tests. However, it is also important for the project team to determine which methods will be used for data analysis prior to completion of the test in the field. Many aquifer analysis methods have assumptions that may limit or even invalidate the use of certain types of aquifer test methods. A brief list of test methods is provided below, although please note that numerous other methods are available. Experts should be consulted in the design phase (not after the field program) for technically difficult or potentially risky aquifer studies (nearly always the case).

4.6.1 Slug Testing Data Analysis Methods

· Bouwer-Rice, 1976, Curve Fitting Method (unconfined, steady state)

· Hvorslev Straight Line Method (point piezometer)

· Cooper, et al., 1967, Curve Fitting (confined, unsteady state, fully penetrating)

· Ferris-Knowles Estimation

4.6.2 Step Drawdown Test Methods

· Birsoy-Summers Method (confined) 

· A modified Cooper-Jacob Method (1946) (confined)

4.6.3  Constant Rate Pumping Tests and Recovery Tests Methods

· Cooper-Jacob Straight Line Approximation (confined, unsteady state)

· Theis (1935) Curve Matching Method (unsteady state, confined, pumping or recovery)

· Neuman (1975) Curve Fitting Method (unconfined, unsteady state, delayed response)

· Hantush-Jacob (1955) Method (leaky, unsteady state, no storage in aquitards)

· Hantush (1960) Method (leaky, unsteady state, with storage in aquitards 

· Thiem (1906) Method (steady state, confined)

· Neuman and Witherspoon, 1972 (Analyses of Leaky Aquifers).

· Moench, A.F., 1996. Flow to a Well in a Water-Table Aquifer: An Improved Laplace Transform Solution. Ground Water, vol. 34. No. 4, pp. 593-596

4.6.4 Computer-Aided Aquifer Analysis

Many commercially available, PC-based aquifer analysis programs exist to ease data reduction and analysis. It is important for the user to understand the fundamental principles involved in each method of aquifer analysis. The following are three commonly used programs:

· Graphical Well Analysis Package (GWAP) (Dansby and Price, 1987). Uses curve-matching methods for pumping tests and slug tests. Report-ready output to HP Laserjets. 
· Aquifer Test Solver (AQTESOLV) (HydroSolve, 2003). Similar to GWAP, uses curve-matching for most pumping test applications and slug tests, including Bouwer-Rice unconfined method. 
· Step-Test Program (public domain) for analysis of Step-Drawdown tests. Program written by Dr. David Huntley of San Diego State University. It provides relatively quick entry of time-drawdown data, as well as completion of the required calculations. The method involves a Taylor series, and manual data analysis is extremely tedious. 

· AquiferTest, (Waterloo Hydrogeologic, Inc., 2002) uses curve matching for most pumping test and slug test applications. Also includes solution methods for calculating well losses and includes a pumping test planner for predicting time-drawdown and distance drawdown.
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