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1.0 INTRODUCTION

953-2908

This report presents the results of the interpretation of hydraulic tests in the area of Magma Copper

Company's (Magma) proposed in-situ mining project near Florence. Arizona. The purpose of this

report is to provide a technical basis for hydraulic parameter estimation for site characterization in

support of state and federal environmental review and permitting requirements.

This report has been prepared as a technical appendix to the Aquifer Protection Permit (APP)

Application document prepared by Brown and Caldwell (1995). As such, only hydrogeologic

information pertinent to test data interpretation is discussed in this report. The interested reader is

directed to the above reference for additional detail.

The analyses presented in this report are based on standard methods developed in the oil and gas

industry. These methods are applied to data collected and provided by Brown and Caldwell.

Interpretation of the field data is performed with the FLOWDIM™ software of Golder Associates.

This report is divided into three major sections. Chapter 2 presents the mathematical foundation for

the well test analysis. A brief discussion of each test and application of this theory to the aquifer test

at the Florence Site is presented in Chapter 3. Tables and graphical representation of these analyses

are provided in Appendixes A through C. The field <,tata used in these analyses are included in

electronic format in the attached diskette.

1.1 Background

Magma has undertaken field studies to characterize the hydrogeologic conditions near its proposed

in-situ mining site in the Poston Butte porphyry copper deposit. The proposed mine site is located

in the Basin and Range Physiographic Province of southern Arizona, in the Eloy Sub-basin of the

Pinal Active Management Area (AMA), and is about 1 mile southwest of Poston Butte and 2 miles
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northwest of the Town of Florence, Arizona.
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The rock units in the study area range in age from Precambrian to Quaternary. The floodplain

alluvium is Quaternary in age and consists mainly of unconsolidated silt, sand, gravel and boulders.

The Cenozoic basin fill deposits have been divided into three major units; the Upper (UBFU),

Middle (MBFU) and the Lower (LBFU) Basin Fill Units. The UBFU is composed of unconsolidated

to weakly cemented, interbedded clay, silt, sand gravel and boulders. The thickness of the UBFU

ranges from 200 to about 500 feet in the vicinity of the mine site. The MBFU is a discontinuous

layer composed by silt and clay that varies in thickness from zero to about 80 feet. Weakly to

moderately cemented sand, silt and clay constitute the lower unit (LBFU). The thickness of this

latter unit varies from less than 50 feet on the east to about 800 feet to the west of the mine site. The

bedrock complex consists of quartz monzonite and granodiorite porphyry, and diabase, basalt and

other volcanic rocks.

Magma has retained Bro~n and Caldwell of Phoenix, Arizona to prepare the APP application for

the Florence in-situ project. As part of this APP-site characterization effort, Brown and Caldwell

has installed forty six (46) monitoring wells and seventeen (17) test wells around the site. Eight (8)

of these wells are completed within the UBF Unit, seventeen (17) within the LBF Unit and thirty

eight (38) within the bedrock complex.. To date, Brown and Caldwell has conducted twenty five (25)

aquifer tests which include monitoring wells as well as test boreholes. Magma requested that Golder

Associates assist Brown and Caldwell with the design and interpretation of the hydraulic tests

required as part of the APP process. Nineteen (19) aquifer test locations were selected for

interpretation. These locations cover the range of typical hydrogeologic conditions observed at the

site. The following sections present an overview of the theory and methods of interpretation, and

the analytical results for a portion of these aquifer tests.

Golder Associates.
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2.0 THEORY AND METHODS OF INTERPRETATION

Well testing provides a means of acquiring knowledge of the properties of hydrogeological

formations. In the process of a well test, a known signal (usually a change in flow rate) is applied

to the formation and the resulting output signal or response is measured (usually in terms of a

change in pressure). Well test interpretation is therefore an inverse problem in that the formation

parameters are inferred by comparing a simulated model response to the measured response. The

formation parameters are derived by adjusting the flow model parameters to obtain a simulation

response that matches the measured data. Clearly, there can be significant ambiguity and non­

uniqueness involved in this process, as more than one flow model with different physical

assumptions and attributes may match the data. In most situations this can be minimized by careful

validation of the selected model using other data.

The overall methodology for the detailed well test analysis of the Florence Project data was as

follows:

the data set was divided into its major components, such as the drawdo\\'TI period

and the shut-in or recovery period;

appropriate parts were then analyzed separately, with different methods of analysis

for flow periods and shut-in periods;

the analyses of the different periods were checked for consistency.

2.1 Analysis of Recovery Period

The analysis of recovery (shut-in) periods is usually based on the assumption that the shut-in period

corresponds to an event of zero flow rate following a fixed period of known finite, constant flow
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rate. If the flow rate prior to the shut-in period is variable, then this flow history can be included in

the analysis by using the superposition of a number of different but constant flow rates of different

durations.

The next step in an hydraulic test analysis involves the selection of an appropriate flow model. these

models are generally divided into three basic components.

inner boundary conditions (i.e., wellbore storage and skin effects, and fracture flow

effects);

formation flow component (i.e., homogeneous formation, dual porosity, and

composite model);.

outer boundary conditions (i.e., infinite extent condition, no flow or constant pressure

conditions).

In practice, recognition of a suitable model is performed using diagnostic plots. The data are plotted

in different coordinate systems (such as, log-log plots, semi-log Horner plots, etc.) to help the analyst

identify the appropriate model from the shape of the data. One key diagnostic plot is the derivative

plot where the derivative of the pressure with respect to the naturallogarithrn of elapsed time is

plotted against the log of time. The pressure derivative is extremely sensitive to the shape of the

pressure data and as such constitutes the most useful tool for diagnostic purposes. For example, a

horizontal line on a derivative plot (presented in a log-log scale) indicates infinite-acting radial flow

behavior.

Data from shut-in periods are examined in both log-log and semi-log diagnostic plots. This approach

allows the analyst to review the characteristics of the shut-in period. For example, when the effects

of the pre-test injection/extraction flows during drilling are significant. the shut-in pressure data

reach a peak before starting to decline at late time. This form of data is referred to as a "rollover' and
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can be easily diagnosed on the log-log and semi-log plots. The log-log and the semi-log diagnostic

plots are also used to fit selected portions of the shut-in data with appropriate straight lines and

obtain initial estimates of fonnation parameters.

After the flow model has been selected, the quality of the fit of the data 'With the model response

(called 'type curves') is adjusted by using automated regression methods. During this.stage of the

analysis, the entire data from the selected shut-in period is considered. However, during the final

regression stages, emphasis is always placed on the fit of the type curves to specific portions of the

data. Judgment of the relative goodness of fit to specific portions of the shut-in data comprises one

of the most important aspects ofthe automated data fitting procedure. Once a suitable and consistent

fit of the data is obtained to the type curves, the fit is reviewed for final refinement. The entire

measured data set from the shut-in period generated using the best flow model parameters derived

from the shut-in analysis is displayed in a cartesian plot.

After the flow model has been selected and a consistent set of analysis results obtained, a sensitivity

analysis could be conducted. This exercise is designed to quantify the likely uncertainty in the

estimated hydraulic conductivity. When carried out, it helps to detennine the range of the parameter

within which a reasonably good fit is retained between the model response and the data. The ranges

of this parameter therefore reflect uncertainty in the analysis.

2.2 Analysis of Drawdown Period

If a sufficient hydraulic head change is achieved during the drawdown period, the available data were

analyzed as a constant discharge test. Otherwise, the data were not use in the interpretation.

In an analysis of the main flow period, the source signal is assumed to be in the fonn of an

instantaneous pressure change from undisturbed in-situ conditions. The data for this flow period is

the measured hydraulic head decrease during the test resulting from fluid extraction from the
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fonnation. The analysis used a simple set of type curves which correspond to a single interpretation

model:

.. inner boundary condition: wellbore storage and skin;

fonnation: homogeneous; and

outer boundary condition: infinite lateral extent.

Only one of two parameter sets can be determined from this analysis: hydraulic conductivity and

wellbore skin (the static water level being an input parameter for this analysis) or hydraulic

conductivity and storativity. The best fit of the data to the type curves therefore corresponds to

finding the optimum set of the two output parameters.

The following section (Section 2.3) describes- the general theory underlying hydraulic test analysis.

Section 2.4 presents the governing equations and related assumptions. The parameters for various

flow models are discussed in Section 2.5. Section 2.6 outlines general methods that are applied to

the analysis of hydraulic tests. The reader interested in the specific methodology of detailed test

interpretation is therefore directed to Section 2.6.

2.3 Theoretical Background

The purpose of this discussion is to provide a summary of the mathematical and physical background

of the aspects of well test analysis that are relevant to the Florence Site. The presentation is divided

into three parts:

Part one defines the basic rock and fluid parameters used in the analysis of transient well tests

(Section 2.3.1). The second part presents the 'diffusion equation' that governs the flow in porous
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media. identifies its underlying assumptions, and describes some special solutions (Section 2.4).

Data analyses of Florence hydraulic tests are based on various solutions of the diffusion equation.

Finally, the third part describes the interpretation models that have been applied to analyze the

Florence hydraulic test data (Section 2.6).

Aspects of theoretical well testing have been documented in numerous papers and textbooks. both

in the petroleum engineering and the groundwater literature. The interested reader is directed to the

following summarizing references: Kruseman and de Ridder (1991) and Dawson and Istok (1991)

for theoretical aspects of pump test analyses written mainly for the 'hydrogeology audience' and

Earlougher (1977), Streltsova (1988), Home (1990) and Sabet (1991) targeted mainly at the

'petroleum fonnation evaluation audience.'

2.3.1 Rock and Fluid Properties

2.3.1.1 Porosity and Compressibility

Fluid properties such as water compressibility, density, viscosity, and in some cases the thennal

expansion coefficient, have to be estimated prior to analysis of the test data. Fonnation

compressibility and porosity must be known (or a reasonable value assumed) in order to analyze

transient tests and to obtain estimates for the skin coefficient.

Rock porosity, <1>, is defined as the ratio of the void volume to the total bulk volume. For analysis

of fluid movement the effective porosity of the rock is used. It represents the interconnected volume

of pores available for fluid transport. For the Florence hydraulic tests, it was assumed that the

average porosity of the Oxide and unconsolidated alluvial sediments is 0.05 and 0.10 respectively.

Fractured reservoir rocks can be represented as comprising of two overlapping continua with

different porosities. One is the intergranular matrix porosity and the other is the porosity created by

the void spaces of fractures. These two types of porosity are called primary and secondary porosity
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respectively. The total porosity (or total effective porosity) of the double-porosity system is the sum

of the primary and secondary porosities. Laboratory measurements on various types of fractured

rock have shown that the fracture porosity is usually significantly less than the matrix porosity (von

Golf-Racht, 1982)

The isothennal compressibility of water (and rock) is generally defined as:

1 dV
c = V dplr 2.1

where the derivative is taken under the condition of constant temperature. In Eq. 2.1, V is the total

volume of a given mass of material, and dV is the instantaneous change in volume induced by an

instantaneous change in pressure dP.

The total compressibility of the rock-fluid system with 100% water saturation is made up of two

components;

where:

CT = total compressibility Pa-\

Cw = compressibility of water Pa-\

CR = compressibility of rock Pa-\

2.2

Total compressibility was assumed equal to 5.4 x 10-4 Pa-\ for the analyses of the aquifer tests at the

Florence site. Water compressibility data are readily available as a function of salinity, temperature

and pressure. The correct estimation of the rock compressibility, however, is difficult. Data in the
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literature cited in Belanger et al. (1989) give a possible range of the fractured rock compressibility

as 2.0 x10-9 kPa-' to 2.0 x 10-5 kPa-'.

Specific storage, Ss, of a saturated confined aquifer is defined as the volume of water that a unit

volume of aquifer releases from storage under a unit decline in hydraulic head. This parameter

depends directly on the <PCT product (Earlougher, 1977):

where:

p

g

density of water

acceleration of gravity

m -I

2.3.1.2 Wellbore Storage

Another form of compressibility, of the fluid inside the borehole, is wellbore storage. During a

hydraulic test, wellbore storage causes the downhole flow rate to change more slowly than the

surface flow rate. The borehole storage is equal to the change in the volume of fluid in the wellbore,

per unit change in the downhole pressure. The wellbore storage coefficient is defined by

c = ~v
~p

2.4

noting that ~V refers to the change in volume of fluid inside the wellbore, and ~p refers to the

change in the downhole (borehole) pressure.
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In a wellbore with a changing fluid level (for example during a constant rate pumping period) the

wellbore storage coefficient is given by:

where:

1I:r 2 =t

pg

c
pg

volume of tubing per unit length

change in pressure per unit length

2.5

When the fluid level is fixed (for example during a shut-in period) the wellbore storage coefficient

is given by

2.6

where Vw is the test section volume (h is the test section length and rw the wellbore radius) and Cww

is the compressibility of the water in the wellbore. The wellbore storage coefficient varies by orders

of magnitude depending on the mode of storage within a test. For example, assuming pg = 10

kPa/m, h = 50 m, rw = 0.079 m, rt = 0.035 m and Cww = 4 X10,7 kPa'l, values ofC from equations

2.5 and 2.6 are calculated to be 3.8 xlO-4 m3/kPa and 3.9 X 10,7 m3/kPa, respectively.

2.3.1.3 Permeability and Hydraulic Conductivity

The estimation of hydraulic conductivity was the primary objective of the aquifer testing at the

Florence site. This parameter is related to both the fluid and fluid transmitting characteristics of the

formation. This relationship can be illustrated through the well-known Darcy equation:
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where:

11

q = -K dH
dL
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2.7

q = Darcy flux ms· l
,

K = hydraulic conductivity ms·1,

dHidL = hydraulic gradient unitless,

H = hydraulic head m,

L length or distance m.

The Darcy flux assumes that flow occurs over the entire flow area. In other words, it is a

macroscopic velocity. Darcy's law holds only for laminar flow.

.The same equation can be expressed in tenns of intrinsic penneability (k) which represents the

conductance that the rock offers to fluid flow:

where:

p = pressure

k dP
q = ---

11 dL .

Pa,

2.8

11

k

dynamic viscosity Pa-s,

intrinsic penneability m2
.

Intrinsic penneability is defined for a single fluid flowing through the rock and represents a

transmissive property of only the rock system. Equating Eq. 2.8 with Eq. 2.7 and including the head-
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pressure correlation, results in an equation relating hydraulic conductivity and intrinsic permeability:

2.3.1.4 Hydraulic Head

k
K = -pg

fl
2.9

The hydraulic head is expressed in terms of the pressure (P) and an elevation (2) relative to a known

datum. It can be thought of as a column of fluid of length H with a specific density p, assuming an

atmospheric pressure ofPatm, and acceleration of gravity g,

p-p
armH=---

pg

2.4 Assumptions and Governing Equation

- Z 2.10

The general well test analysis approach is based on solutions to the diffusion equation (also known,

in the petroleum literature, as the diffusivity equation) for various sets of initial and boundary

conditions. There are two common ways of presenting these solutions:

a) Hydraulic head, hydraulic conductivity and storage, or

b) Pressure, permeability, porosity, compressibility and fluid viscosity.

When expressed in terms of pressure, the diffusion equation is (see, for example, Lee, 1982):

Golder Associates·



November 1995

where:

13

32PicP ¢ ~ c, aP
+--=---

3r 2 r cr k at
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2.11

r

t =

radial distance

time

m,

s.

This equation is a linear parabolic partial differential equation, that is derived using the following

assumptions (Horne, 1990):

a) Darcy's Law applies;

b) Porosity, permeability, viscosity and rock compressibility are constant;

c) Fluid 'compressibility is small and constant;

d) Pressure gradients in the formation are small;

e) Flow is single phase;

f) Gravity and thermal effects are negligible;

g) Permeability is isotropic; and

h) Only horizontal radial flow is considered.

The solutions of the diffusion equation are usually given in terms of dimensionless parameters. The

dimensionless variables lead to both a simplification and generalization of the mathematics (Dake,

1978). Moreover, with dimensionless variables, the solutions are invariant in form, irrespective of

the units system used. The dimensionless pressure, PD' is a solution to Eq. 2.11 for specific initial

and boundary conditions. In the case of the constant surface flow rate (q), the pressure at any point

in the formation penetrated by the well is described by the generalized solution below (Earlougher,

1977):
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PI - P(r,t)

1..+ 953-2908

2.12

where B is the formation volume factor, equal to a volume of fluid at well pressure and temperature

normalized to standard surface conditions (B is considered to be unity during the analyses of the

Florence data). The variables to and ro are the dimensionless time and radius, respectively; Co is the

dimensionless wellbore storage. The other parameters are defined in the Nomenclature section

(Section 6.0).

The physical pressure drop is equal to a dimensionless pressure drop times a scaling factor. The

scaling factor depends only on flow rate and reservoir properties. The concept applies in general,

even for complex situations. It is this generality that makes the dimensionless solution approach

useful. Po is a function of time, location, system geometry and other variables (Earlougher, 1977).

The dimensionless time, to, in Eq. 2.12 is defined by:

kt
2.13

where rw is the radius of the well. The definitions for the dimensionless radius and the

dimensionless wellbore storage are:

r
r D 2.14r w

and,

CD
C

= 2.15.,
21t cPc/if·h
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Equations 2.13 through 2.15 are expressed in a consistent set of units. In the simple case of steady

state radial flow, PD is equal to In (r elr w), where r e is the radius of the circular constant pressure

boundary, and Eq. 2.12 becomes the well known steady-state radial form of Darcy's Equation

(Earlougher, 1977), or the Thiem Equation (see Section 2.1.1 of Kruseman and de Ridder, 1991).

For transient flow, PD is always a function of dimensionless time (Eq. 2.13), dimensionless radius

(Eq. 2.14), and other parameters related to the flow geometry (Earlougher. 1977). Dimensionless

pressure can be applied easily, and results in simple general equations that apply to any sort of

reservoir properties. It is easily adapted to mathematical manipulation and superposition so that

more complex systems can be considered.

In order to account for tests that do not have a constant flow rate (the assumption used to derive Eq.

2.12), the superposition technique is applied. This approach makes it possible to describe a variable

rate event (including a shut-in, which is an event with a zero surface flow rate) using a number of

constant rate events. The variable rate superposition has been described in detail in well testing

literature (Earlougher, 1977; Lee, 1982; Home, 1990).

The principle of superposition holds for systems that can be described mathematically as 'linear

systems' (Home, 1990). Since most well test solutions are derived from linear diffusive flow

equations with linear boundary conditions, the principle of superposition is applicable for most of

the standard response functions. The superposition theorem simply states that the sum of individual

solutions of a linear flow equation is also a solution of that equation (Drake, 1978). For a variable

rate event, the principle of superposition in time can be used to describe the flow response, using a

series of constant rate solutions. If a variable rate event is separated (discretized) into 'n' constant

rate flow periods, a solution for the nth flow period can be found by solving the diffusivity equation

for each flow rate individually and superposing the solutions according to the following equation

(Gringarten, 1979; Bourdet et al., 1989):
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n-[

PD(L AtJD + AtD)] + PD( AtD)
J= 1
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2.16

where each of the 'n' flow periods has a flow rate of qi (qi~O) and a duration of At, with At being the

elapsed time in the 'nth' flow sequence. The subscript 'D' for the time refers to dimensionless time,

which is proportional to real time and is given by Eq 2.13.

2.5 Interpretation Models

Type curve matching for pumping test data was first introduced by Theis (1935) for interpreting

crosshole responses in homogeneous aquifers. Since then, type curve matching has become one of

the most common tools in the interpretation of well test data, both in petroleum and groundwater

areas. A type curve is a graphical representation of the theoretiCal response during a test of an

interpretation model that' represents the well and· the formation being tested. A type curve is

therefore specific to the type of test for a given flow system. The type curve analysis of well test data

essentially consists of selecting a type curve that can adequately describe the actual response of the

wellbore and the formation during the test.

Type curves, therefore, include the entire dynamic behavior of an interpretation model during a test;

in other words, type curves include all the individual 'flow regimes' of an interpretation model.

.Flow regimes' are but characteristic features for the various components ofan interpretation model.

The individual components of an interpretation model dominate the well test response at different

times. These responses are broadly divided into three groups: early time, middle time, and late time

(Earlougher, 1977).

As a given test starts, the pressure transients generated by the test move away from the generator (ie.

the source/sink. well) and into the formation. At early time. the pressure signals are dominated by

features in the flow system close to the source - such as wellbore storage and skin. presence ~)
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fractures intersecting the source, etc. As the test progresses. the pressure transients move farther

away from the source and the test section pressure response reflects the transmission of pressure

through each of the significant features in the flow system in succession. The development of the

individual flow regimes in the pressure responses does not occur in discreet steps but are separated

by 'transition periods' in which the influences of parameters characterizing the two regimes are

combined. After the early time effects are over, the pressure response is indicative of larger scale

conditions in the formation. During this phase of the pressure response, features such as double

porosity, homogeneous behavior, etc. dominate the pressure response. As the test duration increases,

the pressure response reflects the formation conditions farther away from the borehole and features

such as boundary effects may affect the pressure response. Until the boundary effects are 'seen' by

the pressure signals, the formation effectively responds as if it were of 'infinite lateral extent'.

Type curves combine all the flow regimes, including the transition periods, for specific interpretation

models. Well test interpretation models are used to define the complete theoretical flow system and

the characteristics of the interpretation models are divided into these distinct periods:

1. Inner-Boundary (wellbore storage, fracture flow etc.);

2. Formation Flow Behavior (homogeneity, dual porosity etc.); and

3. Outer Boundary (infinite acting, constant pressure etc.).

These periods are illustrated in Figure 1 for pressure and pressure derivative curves. The first period

represents the inner boundary condition of the interpretation model and governs the early time

response of the model. The formation flow behavior is the flow regime when the pressure response

at the pumping well is dominated by formation flow parameters. The outer boundary condition, as

the name implies, characterizes the late-time effects.

In an idealized data set the pressure or pressure derivative will have a recognizable shape which can

be related to what is happening in the formation. When analyzing well test data it is now common

practice to plot the pressure derivative (derivative of pressure change with respect to the natural
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logarithm of time) in addition to the pressure because it is easier to recognize the characteristic

shapes of the test periods on the pressure derivative (Bourdet et al, 1983; Bourdet et aL 1989).

Examination of pressure derivative plots allows the analyst to determine the extent of each of the

three periods and, from diagnostic curve shapes, identify different types of formation response and

boundary effects. The following interpretation models are available in Golder's FLOWDIMTM code:

Inner Boundary Conditions:

a) Wellbore storage and skin;

b) Infinite conductivity or uniform flux fracture; and

b) Finite conductivity fracture.

Formation Flow Behavior:

a) Homogeneous -standard 'porous medium' flow;

b) Dual porosity -fractures in a less permeable matrix; and

c) Fractional Dimension -fracture controlled flow with "imperfect" connections.

Outer BO.lmdary Conditions:

I) Single boundary -constant pressure or no flow.

The following sections discuss only the interpretation models and parameters, which are applied to

the analyses of the Florence data. The models are:

Inner Boundary

Formation Flow

Outer Boundary

-Wellbore storage and Skin, and Fractures;

-Homogeneous and Dual Porosity; and

-Infinite Acting.

Different sets ofconstitutive parameters are used to represent each of the components of the well test

interpretation models. The parameters are:
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C:

h:

s:

w:

A:

wellbore storage;

total thickness of the formation (equals the test section length, for a

'fully penetrating well' assumption);

formation permeability;

fracture permeability in a double porosity system;

permeability of finite conductivity fracture;

skin factor;

fracture width;

fracture half length;

interporosity storativity ratio; and

interporosity flow coefficient.

These components of the interpretation models are described in the following sections.

2.5.1 Inner Boundary

2.5.1.1 Wellbore Storage and Skin

The wellbore storage effect prevents the downhole flow rate from instantaneously following the

surface flow rate in the case of constant rate tests. This affects the early-time transient pressure

response to a considerable extent. The wellbore storage effect can mask the formation response in

tests of very low permeability formations. Wellbore storage is characterized by a wellbore storage

constant, C, which is the change in wellbore fluid volume with pressure. For a well filled with a

single phase fluid occupying a fixed volume Vw, this constant is given by Eq. 2.6. For a well with

a changing liquid level (open tubing flow) the wellbore storage constant is given by Eq. 2.5.

To account for the wellbore storage effect in the solutions of Eq. 2.11, a dimensionless wellbore

storage constant Co was introduced (Eq. 2.15) and PD becomes a function of to' CD and s, together

Golder Associates



November 1995

with other system parameters.
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It is important to note that the compressibility on Eq. 2.6 is that of the fluid in the wellbore. In

fractured formations, the actual wellbore storage values can exceed those computed with Eq. 2.6

because part of the storage is due to the volume of fractures in communication with the wellbore.

The difference can be a factor of 10 to 100 depending on borehole conditions (Ostrowski and

Kloska, 1989). Other effects, such as tool compliance or tool induced injections, can also increase

the apparent wellbore storage and cause the wellbore storage constant to be higher than calculated.

Another important dimensionless variable is the skin factor (s) which quantifies the near-borehole

flow conditions. Skin factors estimated from transient testing include all features that affect the

efficiency of fluid flow into the wellbore. The skin factor represents a steady sate dimensionless

pressure drop at the well face in addition to the normal transient pressure drop in the formation. The

additional pressure drop is assumed to occur in an infinitesimally thin "skin zone" (van Everdingen,

1953). The additional pressure drop can be the result of local permeability alteration (for example,

'caused by plugging of flow paths by fines in the drilling fluid, etc.). This pressure drop could also

be caused by deviation from purely 2-D radial flow near the well (for example, caused by a fracture

near the well giving rise to more linear than cylindrical symmetry flow at early time); this is also

called 'pseudo-skin' (Earlougher, 1977). The skin factor is related to this additional pressure drop

by the following equation (Earlougher, 1977):

2nkh
s = -- M sqB'Il

2.17

where b.ps' is the additional pressure drop in the skin zone. A more physically realistic concept of

skin is obtained by assuming that the skin effect is due to an altered zone of radius rs with a skin

zone hydraulic conductivity (Ks); for such a case the skin effect can be calculated from the following

equation (Earlougher. 1977):
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(unitless)
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2.18

It can be seen from this equation that when the skin zone hydraulic conductivity (Ks) is higher than

the fonnation hydraulic conductivity (K) the skin effect is negative. There is clearly a practical limit

to how large the magnitude of skin can become; for the Florence tests, skin coefficients typically

vary between -7.5 and 12.0.

Pseudo-skins result from situations such as partial penetration of the water bearing fonnations,

turbulent flow, multiphase effects, and fractures intersecting the wellbore. The important difference

between mechanical skins and pseudo-skins is that the pseudo-skins penetrate the fonnation, creating

transient pressure drops that become stable only some time after the beginning of flow in the well

(Dowell Schlumberger, 1985). The total skin effect is the combination of the mechanical and all.

pseudo-skins.

2.5.1.2 Fracture Flow

When the borehole penetrates a single fracture, the early time pressure response is detennined by

wellbore storage arid the flow behavior within the fracture. Two different kinds of fractures are

considered, an infinite conductivity fracture and a finite conductivity fracture. In both these models,

the flow is assumed to take place from the fonnation to the fracture and from the fracture into the

wellbore. For the infinite conductivity fracture, a negligible pressure drop is assumed to occur within

the fracture itself. For this model, the flow goes through two flow regimes:

a) Linear flow towards the fracture from the fonnation, and then

b) A global radial flow in the fonnation.

These two successive flow regimes are also shown by a 'unifonn flux' fracture (Earlougher, 1977:
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Horne, 1990). A unifonn nux fracture is a fully penetrating vertical fracture with a uniform flow

into the fracture along its length. Both the infinite conductivity and the unifonn nux fracture models

are based on the following assumption:

a) There is no wellbore storage;

b) The fracture is vertical and fully penetrating;

c) Pressure within the fracture and the borehole is the same at all points;

d) The fracture is characterized by a half-length (Xr); and

e) The fracture is in a homogeneous aquifer.

Analysis using these models yields an estimate of:

Fracture half-length

In a finite conductivity fracture model, pressure drop is allowed to take place within the fracture.

For a finite conductivity fracture, the flow goes through three regimes:

a) Linear flow within the fracture;

b) Linear flow toward the fracture and within the fracture (bilinear flow); and

c) Global radial flow.

In this case, the. flow is detennined by the fracture half length as in the case of the infinite

conductivity fracture and also by the product of fracture penneability and fracture width. Fracture

penneability is not a parameter for the case of an infinite conductivity fracture model, since it is

considered to be infinitely large. Analysis with the finite conductivity vertical fracture yields

estimates for:

Fracture half-length
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= Fracture permeability
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None of the Florence tests analyzed so far have shown a response that could be associated to either

of these models. In other words, all of the tests analyzed to date have hydraulic responses typical

of porous media flow.

2.5.2 Formation Flow Behavior

Many theoretical models have been developed to describe the flow of fluids through different types

of formations in the subsurface. Flow models have been developed to account for a multitude of

heterogeneous formation behaviors. These models have increased in complexity in line with the

increased computational and graphical display powers of desktop computers. To discuss all the

models and combinations ofmodels currently available is beyond the scope of this report. Therefore,

only the models that are or might be potentially useful for the analyses of the Florence data are

discussed here, namely; homogeneous and dual porosity flow models.

2.5.2.1 Homogeneous

The homogeneous model is the simplest formation flow model. It describes flow through the pore

spaces of a homogeneous isotropic formation. Analysis with this model in FLOWDIMTM yields

estimates of:

k

s

=

=

permeability; and

skin.

This flow model is typically combined with the wellbore storage and skin (Inner boundary) and

infinite acting (Outer boundary) models to produce the theoretical model of the simplest formation

Golder Associates



November 1995

response.

2.5.2.2 Dual Porosity
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A different method of analysis is applied to fractured formations in which flow occurs through both

the matrix and through a network of fractures. To analyze tests conducted in these formations, a dual

porosity flow model was developed by Warren and Root (1963). They showed that a model which

included two fracture related parameters, in addition to permeability and skin, could be used to

describe the pressure-time behavior of a fractured formation. These additional parameters represent

the storativity ratio of the fractures and the matrix, and the ratio of the matrix permeability to the

fracture permeability. It should be noted that the dual porosity model may also be used to represent

flow in a fracture system, where relatively low conductivity and less well connected 'background

fractures' can be equated with the 'matrix' and more dominant transmissive features with the

'fractures. '

The dual porosity models available in the well testing literature are characterized by the way flow

in the more permeable flow conduits (i.e., the fractures) interacts with that in the less permeable flow

medium (i.e. the ·matrix). There are two types of dual porosity models available vvlthin

FLOWDIMTM depending on the different types of interporosity flow:

a) Restricted Interporosity Flow: In this model there is a skin between the more

permeable medium (the fissures) and the less permeable medium (the matrix blocks)

which restricts flow; and

b) Unrestricted Interporosity Flow: In this model there is no impediment to flow

between the two media and the less permeable medium is assumed to be shaped

either like slabs or spheres.
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Analysis using the dual porosity model in FLOWDIMTM yields estimates of:

kf = permeability ofthe more permeable medium;

s = skin factor of the well;

Sf skin factor between fissures and the matrix;

w = interporosity storativity ratio; and

A = interporosity flow coefficient.

The definitions of permeability and skin are similar to those in Section 2.3.1.3 and 2.5.1.1. The

modifications necessary to fit them into the dual porosity model are noted below. The first of the

parameters specific to the dual porosity model, interporosity storativity ratio 'WI, is defined by:

2.19

This relationship characterizes the relative storage capacity of the two media, fracture and matrix

(characterized by subscripts If and 'm' respectively). The interporosity flow coefficient 'A',

characterizes the ability of the matrix to flow into the fractures and is defined by:

2.20

where 0: is a geometrical factor which depends on the shape of the matrix block. For spherical

matrix blocks of radius rm,

0: =
15

1r; 2.21
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and for horizontal slab matrix blocks of thickness h",.

2.22

The theory of the Warren and Root model (Warren and Root, 1963) is extensively discussed in the

well test literature (Earlougher, 1977; Streltsova, 1988; Home, 1990; Sabet, 1991). Therefore. only

practical aspects and the physical meaning of the dual-porosity flow parameters are discussed below.

The interporosity storativity ratio, w, represents the ratio between storage capacity of the fracture

network and the total storage capacity of the formation. A value of w close to zero corresponds to

a formation with a very small fracture storage capacity; w = 1 represents a reservoir with a single

dominant flow medium. Small values of w «0.1) typically reflect the small storage capacity of

fractures relative to the much larger storage capacity of the rock matrix.

The interporosity flow coefficient, A, represents the dimensionless interporosity flow capacity which

depends, primarily, on the ratio of the matrix permeability to the fracture permeability, k.n/k f . For

a given block shape factor IX, small A values correspond to a large contrast between fracture and

matrix block permeability. A permeability ratio equal to 1 represents a single porosity

(homogeneous) reservoir.

Alternatively, if k.n/kf is known (e.g. k m from laboratory tests and kr from hydraulic testing), it is

possible to estimate the characteristics of the fractures. High IX values mean large contact surface

and consequently smaller matrix blocks (high fracture density). A low value of IX corresponds to a

smaller contact surface, large matrix blocks and consequently low fracture density.

To date, none of the Florence hydraulic test responses have shown a dual-porosity behavior.
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Outer Boundary

2.5.3.1 Infinite Lateral Extent
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The model that simulates an infinite acting formation response requires no additional parameters.

In this model there is no outer boundary response different from the formation flow response.

2.6 Well Test Analysis

Pressure transient testing has been a subject of extensive work both in the field of groundwater

hydrogeology and in the oil industry for the past forty years. Over this period better measuring

devices have become available, providing more reliable field data and this, together with the advent

of powerful desktop computers, has given· rise to the development of more sophisticated

interpretation techniques.

In general, transient well tests can be separated into three basic types based on the nature of the

source signal:

a) constant rate;

b) constant pressure; and

c) slug and pulse tests.

For constant rate and constant pressure tests, the surface rate and the surface pressure, respectively,

are kept constant during the testing period. A slug test is initiated by an instantaneous pressure

change (withdraw or injection) and then the groundwater is allowed to flow to the open borehole and

to return to initial conditions. A pulse test is very similar to a slug test, the only difference is that

the interval is shut-in so that the fluid volume is kept constant. The hydraulic tests conducted at the

Florence site are constant rate type tests.
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Depending on the type of test, different analysis methods have been developed and documented in

numerous papers and manuals. The interested reader is directed to the following summarizing

references: Earlougher (1977), Gringarten (1979), Lee (1982), and Bourdet et al. (1983 and 1989)

for the analysis of constant rate tests, including multi-rate and shut-in tests; Grisak et al. (1985) for

the analysis of wellbore storage dominated pulse and slug, where practical and theoretical aspects

of testing in low permeability formations are also discussed; and Pickens et al. (1987) present some

interesting practical considerations on interpretation of hydraulic tests in low permeability

formations. For detailed descriptions of the various well test analysis methods currently in use, the

interested reader is referred to the following additional references: Streltsova (1988), Sabet (1991)

and Dawson and Istok (1991).

The purpose of this section is to present some aspects of the test analysis methods that are found to

be important for interpretation of the Florence test data. The only tests that will be described in .

detail are the constant rate tests since these are the type of tests used at the Florence site.

The principles governing the test analysis can be considered as a special pattern recognition problem

(Gringarten, 1986). In a well test, a known signal (e.g. pumping rate) is applied to an unknown

system and the response of that system (e.g. the change in water pressure) is measured during the

test. This type of problem is known as the 'inverse problem.' Its solution involves finding a well

defmed theoretical system, whose response to the same input signal is as close as possible to that of

the actual flow system. Normally this solution is not unique, but with reasonable assumptions and

information from other sources like geophysical and geological data, in most cases it is possible to

give at least a confined range of solutions.

2.6.1 Constant Rate Tests

The analysis methods for a constant rate test can be divided into two general classes:
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a) Straight line analysis methods; and

b) Type curve matching.

After plotting the data in specific coordinate systems, straight lines can be fitted to specific segments

of the data set and reservoir parameters determined from the slope and intercept of these lines. This

approach requires the data to be divided into discrete sections representing the near wellbore.

formation, and outer boundary responses. Each section is then analyzed separately.

The type curve matching approach considers the data as a continuous record. In this approach the

data is matched to type curves that represent pressure response models for different combinations

of formation and boundary conditions. The type curves are represented in terms of the dimensionless

parameters which were introduced in Section 2.4. The formation parameters are calculated from the

match points between the measured data and the type curves. These two methods are discussed in

more detail in the sections that follow.

2.6.2 Straight Line Analysis Methods

A commonly used method of obtaining reservoir parameters is by straight line analysis. In this

approach, pressure data is plotted on specialized plots, e.g. versus log(t), and straight lines fitted to

specific portions of the data are used to derive formation parameters. The theory behind straight line

methods, especially semilog Homer and MDH has been extensively described in the literature

(Earlougher, 1977). Therefore only the application of this method will be discussed here.

Straight lines fitted to the early time portion of the data can be used to obtain estimates of the

wellbore storage (pressure versus time or log pressure versus log time) or near well fracture flow

parameters (pressure vs. ( or tI4
). Straight line fits to semilog plots (pressure versus log time), or

log (Homer time) can be used to obtain estimates of wellbore storage, skin, permeability and initial

pressure; Homer time is defined later in this section. Straight lines fitted to multiple periods of
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pseudo radial flow can also be used to identify a dual porosity response and estimate the appropriate

flow parameters (A and w. see nomenclature).

Straight line analysis methods can also be applied to data presented on log-log plots. A horizontal

line fitted to a pseudo radial flow portion of the pressure derivative will provide an estimate of the

formation permeability, similar to the Horner approach. Distances to outer boundaries and the

existence of multiple boundaries can also be estimated by fitting lines to the log-log plot.

The necessary condition for application of the straight line approach to determine initial hydraulic

head and hydraulic conductivity is that the aquifer must be 'infinite acting.' This means that the

pressure response must extend beyond the influence of wellbore storage and skin effects and into a

period of pseudo-radial flow. In the case of heterogeneous behavior, the total system response must

be obtained for the method to be applied. When these conditions are met, the basic reservoir

parameters (e.g. hydraulic conductivity) can be derived. The straight line method was in many cases

not applicable to the Florence test data, even for the estimation of basic formation parameters,

.because many of the hydraulic tests are strongly affected by pumping in nearby irrigation wells,

rendering the pseudo-radial flow period difficult to identify.

Nonetheless, the basic ideas of the straight line analysis are presented here for the benefit of the

reader. A special application of this method is the case of the analysis of a shut-in period after a

constant rate flow period. According to the superposition principle, the solution for this case is

(Horne, 1990):

PoP0 [ tpO + tJ.toJ - PD [tJ.toJ

where tpD is the dimensionless flow period duration and tJ.to is the dimensionless elapsed time from

the start of the shut-in. The dimensionless pressure (Po) and the dimensionless time are defined in

Section 2.5.2. For infinite acting radial flow during both the flow period and the shut-in, Eq. 2.23
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leads to the following solution for the source well in a homogeneous reservoir:
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qB~ t p + ~t
~-:-ln ---
4 rr. kh ~t

2.24

Therefore when the pressure is plotted against the natural logarithm of (tp + ~t)/~t, where tp is the

flow period duration and ~t is the shut-in time, the data will show a straight line with a slope of

m
qB~

4 rr. kh

during a period of infinite acting radial flow. The pressure axis intercept represents the initi~

formation pressure (P) or equivalently the static water level. Such a plot is known as a Homer plot

and (tp + ~t)/~t is referred to as Homer time which is a dimensionless quantity. For a multiple rate

transient test this method can be generalized by plotting (Gringarten et aI., 1980):

n-l n-l
P(~t) VS. 1 [L (qi - qi-l) log [L ~tj + ~t] - (qn-l - qn) log~t] 2.26

Iqn-l - qnl i=l j=l

where ~tJ is the duration of each constant rate event. In Eq, 2.26 the time/rate function is referred

to as the superposition function, and the plot is known as a generalized Horner plot.

2.6.3 Type Curve Matching and Automatic Regression

A transient well test generally comprises an input impulse (e.g. a change in flow rate) which is

imposed on the test interval, and the recorded response (e.g. a change in pressure). The nature and
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shape of the response is governed by test geometry parameters (interval volume, flow rate. etc.), fluid

parameters (viscosity, compressibility, etc), and formation flow parameters (permeability. porosity,

etc.). Some of these are known directly or can be measured either in-situ during the test or in

laboratory tests. However. some of the parameters which control the formation response cannot be

measured directly and must be inferred from the test response. An analytical mathematical model

of the dependence of the formation response on the formation flow parameters can be developed and

solved. Then by matching the measured test response to the model response it can be inferred that

the model parameters have the same values as the actual reservoir parameters. This process is

known as 'Type Curve Matching.'

2.6.4 Theory of Type Curve Matching

We will consider the single constant rate case to present the basic theory of type curve matching.

For a constant rate case, the dimensionless pressureis defined as (Home, 1990):

21tkh
PD = (P - P) = A tlP

qB~ 1

where A is a function of k, h, q, B, and ~.

Re-arranging Eq.' s 2.13 and 2.27, we get:

2.27

2.28

where B is a function of k, h, and~. Or in logarithmic terms:
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LogPD = Log I1P + LogA

t B
Log(-E...) = Log I1t + Log(-)

CD C

953-2908

2.29

2.30

The combination of the dimensionless time and wellbore storage is a way to reduce the number of

independent variables and make the type curves easier to distinguish from each other. Since, by

definition, the dimensionless pressure and time/storage are linear functions of actual pressure and

time, the log of actual pressure change will differ from the log of the dimensionless pressure drop

by a constant amount. The same is also true for the log of actual time. Thus when the appropriate

interpretation model has been selected, the actual pressure vs. (time) curve and the theoretical curve

PD vs. (TJeD) have identical shapes, but are shifted with respect to one and other when plotted on

the same log-log scale.

The objective of this type curve analysis is to evaluate the amount of shift between the two sets of

curves. When the actual data is matched to the theoretical curve on the log-log axes, a match point

is selected and the reservoir parameters obtained by rearranging and substituting PD and I1P, and

(TJcD) and I1t into the above equations as follows:

PD[-] matchpoint = A = permeability
M

tD/CD
[ ] matchpoint = (B/C) + permeability = wellbore storage

I1t
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Originally Po was plotted versus to on a series of distinct curves for welbore storage/skin and infinite

acting radial flow (Agarwal et aL 1970). Manipulation of the dimensionless pressure equation,

created a combined storage and skin variable, Coe"S that could be used to generate a series of type

curves (Gringarten, 1979) for different Coe"S values. The skin factor is obtained by substitution of

the calculated dimensionless storage into the Coe"S value obtained from the type curve that gives the

best match, and the corresponding Coe"S appropriate to that curve. Other type curves have been

developed for fractured reservoirs (see, for example, Bourdet and Gringarten, 1980) and for

formations with composite behavior.

For further details of the theoretical aspects of type curve matching, the interested reader is referred

to Gringarten (1987), Chapter 4 of Sabet (1991), and Section 3.3 of Earlougher (1977).

2.6.5 Dimensionless Type Curves

The solutions to the analytical models can be expressed as a series of dimensionless variables

(Section 2.5.1). These dimensionless variables are important because they simplify the formation

response models by representing the transient test parameters in terms of model parameters which

remain fixed during the test, thus reducing the total number of unknowns which need to be

considered. They" also have the additional advantage of providing model solutions that are

independent of units. The definition of these dimensionless variables assumes that the test

parameters (flow rate, interval volume), the fluid parameters (viscosity, compressibility), and the

reservoir parameters (permeability, compressibility, porosity, and reservoir thickness) all remain

constant throughout the test.

Theoretical models of reservoir behavior can be presented as a family of dimensionless type curves,

expressed in terms of dimensionless pressure (Po), that are a function of to and other dimensionless

variables. Each curve in the family is characterized by dimensionless variables that depend on the

particular model. These parameters are defined as the product of a measured parameter (e.g. pressure
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or time change) and parameters characterizing the reservoir (porosity, permeability, etc.).

The type curves used for the analysis of a pumped withdrawal test in a formation are called

drawdown type curves and are defined as:

The actual data for type curve analysis are defined as:

2.34

The change in pressure (~P) is plotted against the change in time (~t) where ~t is the elapsed time

since the start of the pumping sequence, and ~p is the corresponding pressure reading.

Interpretation models can be obtained by a combination of the appropriate component (inner

boundary, formation behavior, and outer boundary) models which have been developed. Their

dimensionless solutions are superposed (in space and time) to obtain the type curves required for

analysis. Type curves have been published for most of the common reservoir configurations (e.g.

homogeneous, dual porosity, etc).

The drawdown type curves are not strictly valid for analyzing flow periods (drawdowns or build-ups)

after the first drawdown. For each drawdown type curve there exists a 'family' of build-up type

curves that depend on the production period, tp' The corresponding theoretical build-up type curve

is obtained from the appropriate drawdown curve by superposition as follows (Gringarten et ai.,

1980):
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The build-up type curves must be calculated for each test. because they depend upon the test

conditions. For a multi rate (MR) flow test the type curve can be expressed by Eq. 2.16 in Section

J -_.).

2.6.6 Derivative Type Curves

A relatively recent innovation (Bourdet et al., 1983), made much easier with the introduction of

computer aided techniques, is to plot the derivative ofPD with respect to In (tdCp) on the same axes

as the PD vs. TD lCo. The derivative is useful as a diagnostic plot when trying to determine the

different flow regimes that may occur during the test. The advantage of the derivative plot is that

it is able to display in a single graph many separate characteristics that would otherwise require

different plots.

During pure wellbore storage (Earlougher, 1977) showed that:

2.36

then taking the derivative

2.37

During infinite acting radial flow (which does not show a characteristic response on a log-log scale)

in a homogeneous formation (Bourdet et al., 1983):
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2.38

then taking the derivative

2.39

Therefore, both at early and late times, all Po' behaviors are identical and independent of the Coe2S

values. At early time, all the curves merge into a straight line corresponding to Po = 1. At late time

the curves merge into a single straight line of slope = -1, corresponding to Po' = O.5/(tdCo). Between

these two asymptotes, each of the Coe2s curves exhibit a specific shape. It is more useful however,

to plot the type curves as Po! (to/Co) versus (b /~). This is a better choice of axes becau~e the

pressure and time axes are now consistent with the dimensioless pressure axes described earEer.

At early time, the type curves follow a unit slope log-log straight line. When infinite acting radial

flow is reached, the derivative curves become horizontal at Po' (to/CD) = 0.5. Between these two

asymptotes, the type curves and derivatives are distinctly different for the combined 'family' of Cde
2S

curves. This makes it easier to correctly identify the correct Cde
2S curve corresponding to the data.

The derivative shape also provides an improved diagnostic tool for other formation models such as

dual porosity, composite, fracture flow, and outer boundary responses.

Modern well test analysis has been greatly enhanced by the introduction of the pressure derivative

type curves. The advent of computer aided interpretation has made calculation of the derivative of

real data relatively straightforward. The advantage of the derivative plot is that it is able to display

in a single graph many separate characteristics of the flow system that would otherwise require

different plots (Horne, 1990). The power of the pressure derivative arises from the fact that it

magnifies the differences in shapes between the various flow regimes that can be present during a
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given flow period, thereby enhancing the diagnostic capabilities of the analyst by a significant

amount (Gringarten, 1986).

The interpretation method implemented in FLOWDIM, a Golder Associates proprietary software,

takes full advantage of the derivative approach as discussed above. Test interpretation of the aquifer

tests in the Florence study area were conducted using this software. The following section presents

a brief discussion of the interpretation of each test.

Golder Associates



November 1995

3.0 TEST fNTERPRETATION RESULTS
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This section provides a briefdescription of the conditions during each aquifer test, general comments

on the quality of the data, and results from the analytical interpretation. One critical piece of

information during any hydraulic test program is the location of nearby active wells and their

pumping rates and duration of pumping periods. In the case of the Florence aquifer tests, a precise

discharge rate history for nearby agricultural wells is, in general, not available. Complete

interpretation of the affected aquifer tests is not possible without this information, and the resulting

estimated hydraulic conductivity may be inaccurate.

In some cases, boundary effects and abrupt changes in the pumped well discharge rate complicated

the interpretation of the drawdo\\-TI and recovery data, not to mention the effect of nearby agricultural

wells. To the extent permitted by the data, an attempt was made to discern amongst effects produced

by geological controls and those produced by the cycling of nearby agricultural wells .. Information

about the hydraulic tests conducted to date is summarized in Table 1 (See Appendix A). Also shown

in this table are the name designations of the wells participating in a given test, starting and ending

date of the test, and available information regarding geologic formation, screen location, drawdoVvTI

and discharge data.

Table 2 (See Appendix A) presents a summary of the hydraulic conductivity estimates resulting from

our interpretation. Also included in this table is the name of the formation penetrated by the

particular welles), and comments and qualifiers on the conductivity estimates. The available data

are classified into three different categories; fair, acceptable and good. A fair data set is one that is

interpretable but the estimated hydraulic conductivity should be used with caution. An acceptable

data set represents a test with some uncertainty and usually results in an underestimate of the

formation hydraulic parameters. A good data set results in a hydraulic conductivity that is deemed

as a close representation of the formation conductivity.

The following table is considered useful for the understanding of subsequent section ans is therefore
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included in the text. The table provides an abbreviated summary of the estimate hydraulic

Well K
Identification Active/Observation (feeUday)

Basin Fill Deposits
iMI-GL Active 17.3
'M3-GL 'Active 15.9
MI4-GL Active 1.7
MI4-GL3d :Active 0.1
M15-GU 'Active 2.6
M18-GL .Active 19.6

ip28-GL iActive 8.3
028-GL Observation (P28-GL) .,'" .,

I
-.).-

M3-GL iObservation (M4-0) 14,8

iP8-GU ,Active 61.3
Oxide

iM4-0 iActive 0.6
,PW2-1 :Active 1.4
,PW4-1 ;Active 3.8
,PW7-1 'Active 0.2

i OB7-1 'Observation (PW7-1) 0.1
ip12-0 ,Active 0.4
I 012-0 'Observation (Pl2-0) 0.6,

:p19.1-0 !Active 0.3
P19-0 Observation (P 19.1-0) 0.2
P19.2-0 ' ,Observation (P19.1-0) 0.2

iP19.1-03d 'Active 1.00E-02 ;
I

P19-03d iObservation (P 19.1-0) 2.39E-04 i

P19.2-03d ,Observation (P19.1-0) 1.99E-04 i

iP39-0 iActive 0.3
039-0 iObservation (P39-0) 0.3

iP28.1-0 Active 7.7
iP28.1-0 (2) !Active 3.6
I P28.2 -0 ,Observation (P28.1-0) 2.7
:P28.2-0 ·Active 3.1

028.1-0 Observation (P28.2-0) 3.0
P13.1-0 Active 0.3

P49-03d A..~tive/RecoveryData 7.75E-03
P15-0 Active 0.5,------_... - -----

conductivity presented in Table 2 in Appendix A. This abbreviated table divides wells into those

testing the Basin Fill Units. and those testing the mineralized bedrock.
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As seen from this table, the hydraulic conductivity for the Basin Fill Units vary from 1.7 to 61.3 feet

per day (ft/day), whereas that for the quartz monzonite and the granodiorite porphyry vary from 0.1

to 7.7 ft/day (with exception of the 3-D analyses). The maximum conductivity value for the Basin

Fill units was derived from a test in the Upper Unit. The smaller variation in the hydraulic

conductivity suggest a greater degree of heterogeneity than that of the mineralized bedrock.

Appendix A contains a summary sheet for each test interpretation, including a calculation of

hydraulic conductivity in feet per minute (ftlmin), feet/day (ftlday), meter per second (m/sec), and

centimeter per second (em/sec), as well as the estimated value of the skin factor. Appendix B

presents the log-log plots of the type curve selected for the analysis, and observed drawdown versus

time. Appendix C includes report forms from the FLOWDIM interpretation for each test. This form

contains the well name, type of test, and date of the test. Well geometry information, such as well

radius, interval length, formation tested, total depth, as well as discharge rate and test duration are

also included in this form. In addition, this form presents also the model assumptions and numerical

values for hydraulic parameters.

The following paragraphs offer a cursory description of test conditions and hydraulic conductivity

estimates for each test. The first few tests are discussed in detail to provide the reader with a basis

for understanding the remaining tests presented in Appendix A through C. Detailed discussion for

unique and interesting tests is given as warranted by test response.

Aquifer Test on MI-GL

This constant rate test involved a single well with a discharge of 10 gallons per minute (gpm). Well

M I-GL is a monitoring borehole completed within the lower basin fill unit (LBFU). Nearby

agricultural wells BIA-9 and BIA-l OB were reported to be active during the test. The test response

shows a slight "recovery" of the hydraulic head during the test. This effect is responsible for the

decrease in drawdovvTI (circles) in the late time data presented in Figure 1B in Appendix B. Final
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recovery of the hydraulic head resulted in a water elevation higher than the elevation reported at the

beginning of the test; indicating that the observed hydraulic head response is a superposition of more

than one stress on the aquifer (namely; the transient effects from wells BIA-9 and BIA-l OB).

The log-log plot presented in Figure 1B shows both the drawdown data and its derivative with

respect to the natural log of time (triangles) versus time, and the dimensionless type curve that was

selected for interpretation of this test. In this particular case the selected type curve corresponds to

a two-dimensional (notice the asymptotic approach to PD' = 0.5), homogeneous flow model, with a

CDe2S parameter equal to 2 x 10 8 • This value, in turn, results in a skin coefficient of 3.3 (see

summary interpretation in Figure lA in Appendix A) indicating some possible formation clogging

near the well face. Figure IB shows the transient effects produced by nearby pumping, and that the

match between the data and the type curve is poor. The pressure derivative of the data shows a large

amount of random variation in late time, making it difficult to better assess the hydraulic parameters.

The hydraulic conductivity estimate is 17.3 ftlday. It is our opinion that this conductivity value most

likely overestimates the actUal conductivity of the formation in that the observed drawdown appears

to be affected by a recovery trend that limits its final magnitude. The effect of nearby pumping

(recovery) may be responsible for the extremely small estimate of the storage coefficient (8.4 x 10-").

Aquifer Test on M3-GL

Aquifer test on monitoring well M3-GL (Figure 14B) involved wells M2-GU, M4-0 and M5-S as

observation points. Average discharge from M3-GL during this test was reported at 10 gpm. Well

M3-GL is completed in the Lower Basin Fill Unit, while M2-GU and M4-0 are completed in the

Upper Basin Fill Unit (UBFU) and the oxide unit, respectively. Irrigation Well ENGLAND #3 was

on during the test but no information regarding its pumping rate is available. Observation wells M2­

GU and M5-S showed recovery 100 minutes into the test. The hydraulic response for wells M2-GU

and M4-0 is minimal and quite erratic. This small response between M2-GU and M3-GL may

indicate a limited hydraulic connection between the lower and Upper Basin Fill Unit in this area of
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the site. After shut in of well M3-GL, observation wells M2-GU and M4-0 showed a slight recovery

and then began to drop off again which may be the result of cycling of agricultural pumping. The

hydraulic response of well M5-S appears completely independent of pumping on well M3-GL. Due

to the above conditions. the hydraulic responses from the observation wells were considered not

suitable for interpretation.

Data interpretation for this test was accomplished by means of a 2-D, homogeneous model (as

indicated by the approach of the derivative of Po = 0.5) with a Coe2s parameter equal to 1 x 10 6

(Figure 14B). The skin parameter was estimated to be 1.16 (Figure 14A); indicating slight formation

clogging near the well face. The overall fit of the drawdown data and the selected type curve is

relatively good up to about 10 hours into the test. However, the pressure derivative data deviates

sharply from the type curve just after about 0.1 hour into the test. The· estimated hydraulic

conductivity for the Lower Basin Fill Unit is 15.9 ftJday with a storage coefficient of 3 x 10.7
. The

. .
deviation of the data. from the derivative and this small storage coefficient may be an effect produced

by pumping from ENGLAND #3 well.

Aquifer Test on MI4-GL

Well M14-GL was tested under a constant discharge ofabout 10 gpm. This well is completed within

the Lower Basin Fill Unit (LBFU). Well MI5-GU, in the Upper Basin Fill Unit, serves as an

observation well. Irrigation Wells BIA-9 and BIA-l OB were on during the test but no information

is available regarding their pumping rate history. Additionally, MI-GL was pumping during testing.

Very little drawdown was seen in the observation well (MI5-GU). However, a sharp increase in

hydraulic head was observed at about 1,000 minutes after pumping in M14-GL ceased. Recovery

in the pumping well went beyond initial reported static water level. It is suspected that one or both

of the pumping agricultural wells may be responsible for these effects. Field data from the

observation well was not considered suitable for interpretation.
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Two interpretation models were applied to the drawdown data from well M14-GL. First, a 2-D,

homogeneous model (Figure 3A) was used to match the field data. It was seen (Figure 3B) that only

the early data (t < 50 min) closely approximated both the pressure and pressure derivative of the 2-D

type curve. At later times, the derivative of the field data deviated sharply from the type curve. As

discussed in Section 2.6, this type of deviation is characteristic of a 3-D flow regime. Analyses of

these data using a 3-D model (Figures 4A and 4B) shows that the overall fit to both 'pressure and

pressure derivative improved significantly. Given the relatively short length of the screened interval

as compared to the thickness of the Lower Basin Fill Unit in that location, it is not surprising that

the test response suggests 3-D flow (typical of a partially penetrating well). Hydraulic conductivity

estimates from these two different models are reported in Table 2 as well as in Figures 3C and 4C.

The resulting conductivity estimates are 1.7 and 0.1 ftIday for the 2-D and 3-D models respectively.

Although the 3-D type-curve better represents this field data, it is recommended, for the sake of

conservatism, that numerical simulation of flow and transport be conducted with the larger hydraulic

conductivity estimate. As will be discussed later for some of the other tests, 3-D conductivity

estimates are typically smaller than corresponding 2-D estimates.

Aquifer Test on MI5-GU

This constant rate test involved a single pumping well (M IS-GU) discharging at 10 gpm from the

upper consolidated unit (UBFU) and one observation well (MI4-GL) which was completed in the

Lower Basin Fill Unit (LBFU). Irrigation Wells BlA-9 and BlA-I OB were on during the test but no

information is available regarding their pumping rate history. The pumping well recovery rose above

the static water level. It may be that one or both of the irrigation wells were shut off during testing,

causing these effects. Due to the above effects the data form the observation well were not

considered suitable for interpretation. Only the data for MIS-GU was analyzed.

The selected type curve for the pumping well data (M I5-GU) corresponds to a 2-D, homogeneous

flow modeL with a Coecs parameter equal to 10 (see Figure 5C). This value, in turn, results in a skin

Golder Associates'



November 1995 46 953-2908

coefficient of 6.6 indicating (Figure 5A), perhaps, some formation clogging near the well face. As

shoY'm in the log-log plot (Figure 5B), the match between the data and the type curve is good. The

hydraulic conductivity estimate is 2.6 ftIday. The estimate for the storage coefficient is 1.1 x 10- 11

which is clearly too small and another indication of the difficulty involved in modeling marginal

data.

Aquifer Test on MI8-GU

This constant rate test involved a single pumping well (MI8-GU) with a discharge of 10 gpm from

the Upper Basin Fill Unit (UBFU). This was a short duration test with no observation wells. The

data set is fair for interpretation.

The selected type curve for the pumping well data (MI8-GU) corresponds to a 2-D, homogeneous

flow model, with aCoe2s 'parameter equal to 1.0 x 10 15 . This value, in turn, results in a skin

coefficient of 11.4 (Figure 6A) indicating significant formation clogging near the well face. As

shoY'm in the log-log plot (Figure 6B), the match between the data and the type curve is good. The

hydraulic conductivity estimate is 19.6 ftIday. The estimate for the storage coefficient is 8.7 x 10- 16

which is clearly much too small and another indication of only a fair data set.

Aquifer Test on P39-0

This constant rate test involved a single pumping well (P39-0) with a discharge of 55 gpm pumping

from the oxide zone. It had a single observation well (039-0) which was also completed in the

oxide zone. The data appears to be good and suitable for analysis.
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The selected type curve for the pumping well data (P39-0) corresponds to a 2-D. homogeneous now

modeL with a Coe1s parameter equal to 100. This value, in tum, results in a skin coefficient of -1.8

(Figure 7A). As shown in the log-log plot (Figure 7B), the match between the data and the type

curve is good. The hydraulic conductivity estimate is 0.3 ft/day and the estimate for the storage

coefficient is 9.6 x 10-1.

The selected type curve for the observation well data (039-0) corresponds to a 2-D, homogeneous

flow model, with a Coe1S parameter equal to 2.0. As shown in this log-log plot (Figure 8B), the

match between the data and the type curve is good. The hydraulic conductivity estimate is 0.3 ft/day

and the estimate for the storage coefficient is 4.3 x 10-4 (Figure 8C).

Aquifer Test on PW7-1

This constant rate test involved a single pumping well (PW7-1) with a discharge of 38 gpm from the

oxide zone. Observation wells OB7-1 and OB-l are also completed in the oxide zone. Observation

well 03-GL straddles the interface between the basin fill deposits and the oxide. Irrigation wells

BIA-IOB and WW-3 were on during testing and appear to have had some effect on the data as shown

by early recovery in these wells. However, data sets from PW7-1 and OB7-1 appear acceptable and

suitable for analysis.

The selected type curve for the pumping well data (PW7-1) corresponds to a 2-D, homogeneous flow

modeL with a Coe2S parameter equal to 100. This value, in tum, results in a skin coefficient of -2.1

(Figure 17A) which indicates enhanced hydraulic conductivity near the well. As shoVvTI in the log­

log plot (Figure 17B), and in spite of the transient effects produced by nearby pumping, the match

between the data and the type curve is good. The hydraulic conductivity estimate is 0.2 ft/day and

the estimate for the storage coefficient is 1.8 x 10,3 (Figure 17C).

The selected type curve for the observation well data (OB7-1) corresponds to a 2-D. homogeneous
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flow model. As shown in this log-log plot (Figure 9B), and due to the transient effects produced by

nearby pumping, the match between the data and the type curve is fair. The hydraulic conductivity

estimate is 0.1 ftlday and the estimate for the storage coefficient is 1.3 x 10-4 (Figure 9C).

Aquifer Test on P12-0

This constant rate test involved a single pumping well (P12-0) with a discharge of 64 gpm from the

oxide zone. Observation well 012-0 was also completed in the oxide zone whereas observation

well 012-GL was completed within the LBFU. The data appear to show multiple pumping well

effects. Drawdown increased at approximately 500 minutes into the test, recovery was observed at

3,000 minutes, additional drawdown was seen at 7,000 minutes, and more recovery was observed

at approximately 9,000 minutes. Large drawdown variations were also recorded the observation

wells. Due to the above effects, this test is considered marginal for interpretation, and only the. first

3,000 minutes of data from wells P12-0 and 012-0 were used.

The selected type curve for the pumping well data (P12-0) corresponds to a 2-D, homogeneous flow

model, with a CDe2S parameter equal to 3.0. This value, in tum, results in a skin coefficient of -4.3

which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity could

be natural, as resulting from nearby fractures, or it could be due to the drilling and well development

process. As shown in the log-log plot (Figure 19B), the match between the data and the type curve

is fair. The hydraulic conductivity estimate is 0.4 ftlday and the estimate for the storage coefficient

is 4.2 x 10-1
•

The selected type curve for observation well data (012-0) corresponds to a 2-D, homogeneous flow

model. As shov.-n in this log-log plot (Figure lOB), the match between the data and the type curve

is fair. The hydraulic conductivity estimate is 0.6 ftlday and the estimate for the storage coefficient

is 2.2 x 10-3
.
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This constant rate test involved a single pumping well (P28-GL) with a discharge of 75 gpm from

the Lower Basin Fill Unit (LBFU). Observation well 028-GL was completed in the Lower Basin

Fill Unit (LBFU) and observation wells P28.1-0, P28.2-0 and 028.1-0 were completed in the oxide

zone. Observation well 028.2-S was completed in the sulfide zone. Irrigation Wells BIA-9 and

BIA-10B were on during the test but no information is available regarding their pumping rate history.

Additionally ENGLAND #3 and WW-3 were on briefly for sampling toward the beginning of the

test, and P8-GU was also pumping during this test. The test results appear good and suitable for

analysis, however, only data from P28-0 and 029-GL were interpreted.

The selected type curve for the pumping well data (P28-GL) corresponds to a 2-D, homogeneous

flow model, with a Coe2s parameter equal to 1.0 x 10 6
. This value, in turn, results in a skin

coefficient of 1.3 which may indicate some formation damage near the well face. As shown in the

log-log plot (Figure 29B), and in spite of the transient effects produced by nearby pumping, the

match between the data and the type curve is good. The hydraulic conductivity estimate is 8.3 ft/day

and the estimate for the storage coefficient is 3.4 x 10-7
.

The selected type curve for the observation well data (028-GL) corresponds to a 2-D, homogeneous

flow model, with a Coe2s parameter equal to 2.0. As shown in this log-log plot (Figure lIB), and

in spite of the transient effects produced by nearby pumping, the match between the data and the type

curve is fair. The hydraulic conductivity estimate is 23.2 ft/day. The estimate for the storage

coefficient is 2.7 X 10-5.

Aquifer Test on P28.2-0

This constant rate test involved a single pumping well (P28.2-0) with a discharge of 77 gpm

pumping from the oxide zone. Observation wells P28-GL and 028-GL were completed in the Lower
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Basin Fill Unit (LBFU), observation well 028.1-0 and P28.1-0 were completed in the oxide zone.

and observation well 028.2-S was completed in the sulfide zone. Irrigation Wells BIA-9 and

BIA1O-B were on during the test but no information is available regarding their pumping rate history.

These wells did affect the data in all observation wells as evidenced by decrease in the drawdown

at later time in all observation wells. Also, the recovery in the pumping well went beyond static

water level, indicating that the observations in the pumping well are not ideal for interpretation.

However, overall, the test is judged to be acceptable for interpretation.

The selected type curve for the pumping well data (P28.2-0) corresponds to a, 2-D, homogeneous

flow model, with a CDe2s parameter equal to 10. This value,.in turn, results in a skin coefficient of

-6.5 which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity

could result from nearby fractures, or it could be due to the drilling and well development process.

As shown in the log-log plot (Figure 33B), and due to the transient effects produced by nearby

pumping, the match between the data and the type curve is only fair. The hydraulic conductivity

estimate is 3.1 ft/day. The estimate for the storage coefficient turns out to be 3.8 which is clearly

unreasonable (S is a dimensionless quantity smaller than one). This unreasonable storage coefficient

estimate results, most likely, from a data set affected by pumping from wells BIA-9 and BIA 10-8.

The resulting storativity estimates are, therefore, not reliable.

The selected type curve for the observation well data (028.1-0) corresponds to a 2-D, homogeneous

flow model, with a CDe2S parameter equal to 2.0. As shown in this log-log plot (Figure 12B), and

in spite of the transient effects produced by nearby pumping, the match between the data and the type

curve is acceptable. The hydraulic conductivity estimate is 3.0 ft/day. The estimate for the storage

coefficient is 1.1 x 10.3 (a much better result than was obtained from the pumping well).

Aquifer Test on PW2-1

This constant rate test involved a single pumping well (PW2-l) and one observation well OB2-1,
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both on the oxide unit. Only the drawdown data for PW2-l was analyzed: however. the observation

well data appear suitable for analysis.

The selected type curve for the pumping well data (PW2-1) corresponds to a 2-D, homogeneous flow

model, with a CDe2S parameter equal to 2.0 x 108
. The estimated skin coefficient is 4.3 indicating,

perhaps, some formation clogging near the well face. As shown in the log-log plot (Figure l3B). the

match between the data and the type curve is good. The hydraulic conductivity estimate is 1.4 ftJday.

Interestingly, the estimated storage coefficient (3.2 x 10'9) seems too small compared to that

computed for other tests on the oxide unit.

Aquifer Test on PW4-l (Test 1)

This constant rate test involved a single pumping well (PW4-1) and one observation well OB4-1.

Only the drawdown data for PW4-1 was analyzed; however, the observation data appear to be good

.and suitable for analysis.

The selected type curve for the pumping well data (PW4-l) corresponds to a 2-D, homogeneous flow

model, with a CDe2s parameter equal to 2.0 x 108 which results in a skin coefficient of4.6

indicating (Figure l5A), perhaps, some formation clogging near the well face. As shown in the log­

log plot (Figure 15B), the match between the data and the type curve is good. The hydraulic

conductivity estimate is 3.8 ftlday, however the estimate for the storage coefficient seems to small

(2.5 x 10.9
).

Aquifer Test on M4-0

The aquifer test on monitoring well M4-0 involved wells M2-GU, M3-GL and M5-S as observation

points. Average discharge from M4-0 during this test was reported at 15 gpm. Irrigation Well
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ENGLAND #3 was on during the test but no information is available regarding its pumping rate

history. Little or no drawdown was seen in any of the observation wells. However, at about 550

minutes into the test, the hydraulic head in all the wells shows a sharp decrease. After turning the

pump off in well M4-0. the observation wells in the unconsolidated unit showed some partial

recovery and then, at about 1,900 minutes, show a sharp drawdown. The hydraulic connection

between the oxide unit and the overlain unconsolidated units seems limited at this location.

Observation well M5-S (completed in the sulfide unit) did not show any drawdown, but instead

recovered throughout the test indicating a very limited connection to the oxide unit. Due to these

conditions, the test response from the observation wells M2-GU and M5-S was not considered

suitable for interpretation.

FLOWDIM interpretation for the pumping well results in a fair match (Figure 16B) between the

homogeneous 2-D model (CDe2s = 2 x 108
) and the field data. The hydraulic conductivity estimate

is 0.6 ft/day, with a skin factor of 3.8. The hydraulic conductivity is, however, deemed an

underestimation of the actual formation conductivity due to the effect of pumping well ENGLAND

#3.

Interpretation of observation well M3-GL used a 2-D model and resulted in a permeability estimate

of 14.8 ft/day, and storativity of 8.8 x 10-2
. The match to the selected type curve is presented in

Figure 2B.

Aquifer Test on P8-GU

This aquifer test involved a single pumping well (P8-GU) with a discharge of 85 gpm from the

Upper Basin Fill Unit (UBFU). Four observations wells (P8.1-0, P8.2-0, 08-0, and 08-GL) were

monitored. Irrigation wells BIA-9 and BIA-I0B were on during the test but no information is

available regarding their pumping rate history. Additionally, irrigation well WW-3 was turned on

briefly for sampling toward the beginning of testing, and P28-GL was also pumped during testing.

These wells did affect the measurements in the observation wells as evidenced by their lack of
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recovery when the pumping in P8-GU was stopped at about 3200 minutes into the test. Also. the

recovery in the pumping well did not reach static water leveL indicating that the observations in the

pumping well are only fair for interpretation.

Field data interpretation was attempted with a type curve for the drawdown data (P8-GlJ)

corresponding to a 2-D, homogeneous flow model, with a CDe2S parameter equal to 1.0 x 106
. This

value, in tum, results in a skin coefficient of 0.9 indicating, perhaps, only minor formation clogging

near the well face. As shown in the log-log plot (Figure 18B), the match between the data and the

type curve is fair. The hydraulic conductivity estimate is 61.3 ftIday and the estimate for the storage

coefficient is 3.2 x 10.6.

Aquifer Test on P13 :1-0

This constant rate test involved a single pumping well (P13.1-0) with a discharge of 46 gpm. All

irrigation wells are reported to be off during the test. Observation well P13-GL data shows some

irregularity, but the pumping well and observation well P 13 .2-0 appear suitable for analysis.

Observation well 013-0 showed no response during this test.

The selected type curve corresponds to a 2-D, homogeneous flow model, with a CDe2s parameter

equal to 1 x 106
. This value, in turn, results in a skin coefficient of -3.4 which indicates enhanced

hydraulic conductivity near the well. This enhanced conductivity could be the result of natural

fractures or it might be due to the drilling and well development process. As shown in the log-log

plot (Figure 20B), there is a good match between the data and the type curve so results of this test

are judged to be good. The hydraulic conductivity estimate is 0.3 ftIday which is a typical value for

the oxide zone and the storage coefficient estimate is 4.7 x 10.7
.

The hydraulic response for observation well P13.2-0 shows a strong 3-D component (Figure 21B).

Analyses of these data result in a hydraulic conductivity of 1.3 x 10-1 ft/day and a storativity of 7.0
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This constant rate test involved a single pumping well (PlS-0) with a discharge of 60 gpm.

However, irrigation Wells BIA-9 and BIA-I0B were on during the test but no information is

available regarding their pumping rates. These wells did affect observation wells (P15-GL and 0 IS­

O) as evidenced by the sudden change in drawdown near the end of the test. The sudden change in

drawdown is superimposed upon the drawdown due to P15-0 and is difficult to separate. These

irregularities indicate that the observation wells are not suitable for interpretation. The pumping well

is suitable, however.

The selected type curve corresponds to a 2-D, homogeneous flow model, with a CDe2s parameter

equal to 1 x 102
• This value, in tum, results in a skin coefficient of -5.0 which indicates enhanced

hydraulic conductivity near the well. As shown in the log-log plot (Figure 22B), there is a fair match

between the data and the type curve so results of this test are judged to be acceptable when

considering the complications introduced by additional pumping wells (BIA-9 and BIA-l OB). The

hydraulic conductivity estimate is 0.5 ftlday which is a typical value for the oxide zone and the

storage coefficient estimate is 1.3 x 10-2
•

Aquifer Test on PI9.1-0

This constant rate test involved a single pumping well (P19.1-0) with a discharge of 24 gpm

pumping from the oxide zone. Observation wells P19-0 and PI9.2-0 were also completed in the

oxide zone. Two additional observations wells were also monitored during this test (OI9-GL and

well 138). The data from these two wells were strongly affected by pumping in irrigation wells BIA­

10B and WW-3. However, the data sets for the oxide wells appear acceptable for analysis.
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The selected type curve for the pumping well data (P19.1-0) corresponds to a 2-D, homogeneous

flow model, with a Coe2s parameter equal to 2.0 x 10 8
. This value, in tum, results in a skin

coefficient of 5.1 indicating some formation damage or clogging near the well face. As sho\V11 in

the log-log plot (Figure 25B), the match between the data and the type curve is acceptable. The

hydraulic conductivity estimate is 0.3 ftJday and the estimate for the storage coefficient is 6.2 x 10-10
.

The selected type curve for observation well data (P19-0) corresponds to a 2-D, homogeneous flow

model, with a Coe2s parameter equal to 3.0. As shown in this log-log plot (Figure 23B), the match

between the data and the type curve is good. The hydraulic conductivity estimate is 0.2 ftJday and

the estimate for the storage coefficient is 7.7 X 10-4.

The selected type curve for observation well data (P19.2-0) corresponds to a 2-D, homogeneous

flow model, with a Coe2S parameter equal to 2.0. As shown in this log-log plot (Figure 27B), the

match between the data and the type curve is fair. The hydraulic conductivity estimate is 0.2 ft/day

and the estimate for the ~torage coefficient is 1.5 x 10-4.

The above analyses show that the data deviates strongly from the 2-D flow model. Therefore, these

data were reinterpreted using a 3-D model. For this interpretation, the selected type curve for the

pumping well data.(P 19.1-0) corresponds a Coe2s parameter equal to 10. As shown in the log-log

plot (Figure 26B), the match between the data and the type curve is slightly better than that obtained

with the 2-D model. The estimated skin coefficient is -3.3 which indicates enhanced hydraulic

conductivity near the well as opposed to the formation clogging indicated by the 2-D interpretation.

The hydraulic conductivity estimate is 0.01 ftJday and the estimate for the storage coefficient is 5.6

x 10-3
.

The selected 3-D type curve for observation well data (P19-0) corresponds a Coe2s parameter equal

to 3.0. As show11 in this log-log plot (Figure 24B). the match between the data and the type curve

is only slightly better than that obtained with the 2-D model. The hydraulic conductivity estimate

is 2.4 x 10-4 ftJdav and the estimate for the storage coefficient is 1.4 x 10-6
.. ~
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The selected 3-D type curve for observation well data (PI9.2-0) corresponds a CDe2s parameter equal

to 3.0. As shown in this log-log plot (Figure 28B), the match between the data and the type curve

is acceptable. The hydraulic conductivity estimate is 2.0 x 10"" ftIday and the estimate for the storage

coefficient is 3.4 x 10-7
•

Aquifer Test on P28.1-0 (Test #1)

This constant rate test involved a single pumping well (P28.1-0) with a discharge of28 gpm from

the oxide zone. Observation wells P28-GL and 028-GL were completed in the Lower Basin Fill

Unit (LBFU) and observation wells P28.2-0 and 028.1-0 were completed in the oxide zone.

Irrigation 'Well England #3 was on during the test but no information is available regarding its

pumping rate history. Also, the recovery in the pumping well went beyond static water level. Test

interPretation included only the data set from the pumping well.

The selected type curve for the pumping well data (P28.1-0) corresponds to'a 2-D, homogeneous

flow model, with a CDe2S parameter equal to 10. This value, in turn, results in a skin coefficient of

-6.7 which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity

could be natural, as resulting from nearby fractures, or it could be due to the drilling and well

development process. As shown in the log-log plot (Figure 30B), and due to the transient effects

produced by nearby pumping, the match between the data and the type curve is only fair. The

hydraulic conductivity estimate is 7.7 ft/day. The estimate for the storage coefficient is 5.2 which

is clearly unreasonable (S is a dimensionless quantity smaller than one). This impossible storage

coefficient estimate results from a data set affected by pumping from irrigation well England #3.

This data set is hard to match with a type curve.

Aquifer Test on P28.1-0 (Test #2)
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This constant rate test involved a single pumping well (P28.1-0) with a discharge of 86 gpm from

the oxide zone. Observation wells P28-GL and 028-GL were completed in the Lower Basin Fill

Unit (LBFU) and observation wells P28.2-0 and 028.1-0 were completed in the oxide zone.

Irrigation Well BIA-9 was on during testing, as was well P8.1-0. However, the data appear well­

behaved and suitable for analysis.

The selected type curve for the pumping well data (P28.1-0) corresponds to a 2-D, homogeneous

flow model, \V1th a CDe2s parameter equal to 10. This value, in tum, results in a skin coefficient of

-4.2 which indicates enhanced hydraulic conductivity near the well. This enhanced conductivity

could be natural, as resulting from nearby fractures, or it could be due to the drilling and well

development process. As ShO\Vl1 in the log-log plot (Figure 31B), and in spite of the transient effects

produced by nearby pumping, the match between the data and the type curve is good. The hydraulic

conductivity estimate is 3.6 ft/day and the estimate for the storage coefficient is 3.4 x 10-2
•

The selected type curve for the observation well data (P28.2-0) corresponds to a2-D, homogeneous

flow model, with a CDe2s parameter equal to 2.0. As shown in this log-log plot (Figure 32B), and

in spite of the transient effects produced by nearby pumping, the match between the data and the type

curve is good. The hydraulic conductivity estimate is 2.7 ft/day. The estimate for the storage

coefficient is 2.9 X 10-4.

Aquifer Test on P49-0

The aquifer test conducted on well P49-0 consisted of a constant discharge of about 40 gpm. Two

observation wells were monitored during this test; well 049-0, completed in the oxide unit, and well

049-GL completed in the Lower Basin Fill Unit. More than 180 ft of drawdown in the pumping

well rendered the pressure transducer dry. Pressure response on the observation wells was relatively

clean, with well 049-0 showing a drawdown of about 95 ft, and a drawdown in the basin fill well

of about 0.5 ft. No other wells were reported in operation during this test, so the quality of the data
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is good. As mentioned before, only partial data was collected during drawdown in the pumping welL

so the hydraulic conductivity for this test was estimated from the shut in data.

The log-log plot (Figure 34B) for this test shows that a 3-D model represents the observed data quite

well. A type-curve parameter CDe2S of 0.3 produces and estimated hydraulic conductivity value of

7.8 x 10,3 ftJday and a skin coefficient of -7.7. The estimated storage coefficient is however

surprisingly high (0.8). The reason for this extreme value is not apparent at this time.
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The hydraulic conductivity estimates from aquifer tests in the basin fill are quite variable. ranging

from 0.1 to 61.3 ftlday and, as expected, they are about an order of magnitude larger than the

hydraulic conductivity estimates for the oxide zone. The majority of hydraulic conductivity

estimates in the Basin Fill and oxide zone are reasonable. A large variation in storativity is observed

and some of these estimates are unrealistically small. The smallest values are usually derived from

interpretation of pumping well data. As commonly found in most filed tests, and also indicated by

the Florence data, test analyses in observation wells tend to give more reasonable storativity

estimates than analyses of pumping well data.

Analyses of many of the tests described above show the effects from multiple pumping wells with

unknown pumping rate history. It is our opinion that further analyses of these tests would be better

accomplished by inverse techniques that use available drawdown data to simultaneously estimate

the -unknown flow' rate history in the agricultural wells and the aquifer parameters. Golder

Associates has initiated work to accomplish these analyses. The actual effect of additional pumping

from wells in the vicinity of a test on the magnitude of the estimated hydraulic parameters is not well

understood. It would depend on whether a particular well is pumping or shut in after some period

of pumping. When a nearby well is pumping, the estimates would more likely underestimate the

actual aquifer parameters. The true effect needs, however, to be evaluated through analytical studies

that simulate typical conditions observed in the field.

Several of the hydraulic responses for the tests analyzed in this report seem to be better interpreted

by assuming a 3-D flow geometry. However, the estimated hydraulic conductivity and storativity

obtained through the 3-D analysis are two or three orders of magnitude smaller than those obtained

from the traditional 2-D radial flow model. The reason for the smaller hydraulic parameters is clear

when one considers the area available for flow under each of these models. Under the 2-D radial

flow model this area increases as a linear function of the distance from the pumping well, whereas

for the 3-D modeL it increases with the square of this distance.
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In terms of predicting the producing capacity of a welL the distinction between alternative flow

geometries is not crucial. However, for evaluation of transport of solutes through the aquifer this

distinction becomes extremely relevant. It is important to notice, however, that for the simulation

of solute transport in the context of the APP process. use of the 2-D hydraulic parameters results in

conservative estimates of solute migration. By using a "reduced" area for solute transport

(interaction) one would necessarily overestimate the potential migration of solutes. It is

recommended that numerical simulations of flow and transport be carried out with the 2-D hydraulic

parameter estimates.

Of paramount importance for the in-situ operation and for environmental protection, is the

distinction between porous media flow and that resulting from discrete features. So far, the available

field data indicate that flow at the Florence Site can safely be simulated with a porous media

approach such as that built within numerical flow models like MODFLOW.

Golder Associates will continue interpreting the available hydraulic test data to support potential

needs for the APP process and future mining needs. The next phase of aquifer test interpretation will

concentrate on data from observation wells using inverse procedures as briefly described above.

The three-dimensional model does not seem to fit the data sets any better than the two-dimensional

model. Again, for the sake of conservatism, and due to the large uncertainty in the interpretation of

these tests, it is recommended that the values obtained from the 2-D model be used for subsequent

numerical simulations.
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