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ABSTRACT

Distribution

Category UC-721

Two groups of core samples from the Cu1ebra Dolomite Member of the Rustler
Formation at and near the Waste Isolation Pilot Plant were analyzed to provide
estimates of hydrologic parameters for use in f1ow-and-transport modeling.
Whole-core and core-plug samples were analyzed by helium porosimetry,
resaturation porosimetry, mercury-intrusion porosimetry, electrical-resistivity
techniques, and gas-permeability methods.

Seventy-nine (79) helium-porosity determinations indicated that the distribution
of Cu1ebra porosities was skewed toward lower porosity values with an arithmetic
mean and standard deviation of 0.153 and 0.053, respectively.

The vertical heterogeneity of porosity was indicated by 21 pairs of he1ium­
porosity determinations where each sample of the pair was separated by
approximately 5 cm. The porosity differences between the samples in the pairs
varied from 0.050 to 0.093.

Water-resaturation-porosimetry results showed a near 1-to-1 correlation with the
results from helium-porosity determinations. In some cases, the resaturation
porosities were slightly larger than the helium porosities, possibly due to
mineral dissolution by the resaturation fluid (deionized water) or to the
experimental reproducibility of the two measuring techniques.

*The work described in this report was done for Sandia National Laboratories
under Contract No. 32-1025.



Endpoint mercury pore-volume saturations for 25 samples ranged from 66.7% to
99.9%, with an average endpoint pore-volume saturation of 95.4%. The endpoint
pressure was 207 MPa. The median pore-throat radius varied over an order of
magnitude from 0.077 IJm to 0.588 IJm, with an arithmetic average value of
0.315 IJm. Eighty-four percent of the pore-throat radii in the samples analyzed
were between 0.1 IJm and 0.5 IJm. The average mercury- intrusion porosity was
0.148, as compared with the helium-porosity average of 0.154.

Seventy-three (73) grain-density measurements indicated a skewed distribution
toward larger values of grain density with an arithmetic average of 2.82 g/cm3
and a standard deviation of 0.019 g/cm3 . The most common value of grain density
was 2.83 g/cm3 , which was also the median of the distribution.

Electrical-resistivity measurements of 15 saturated core plugs were used to
calculate estimates of formation factor and tortuosity. Formation-factor values
were log-normally distributed and values ranged from 12 to 407, with a geometric
mean of 58.8. Tortuosity ranged from 0.04 to 0.33, with an arithmetic average
of 0.14 and a median of 0.12. The results show a general trend nf increasing
tortuosity with increasing porosity. The diffusion porosities and diffusion
tortuosities determined by Dykhuizen and Casey (1989) agree with the lower range
of the values determined by this core-analysis study.

Sixty-six (66) horizontal-permeability measurements ranged from 7. 9E-18 m2 to
3.6E-13 m2 , and the distribution had an arithmetic avera~e of 6.2E-15 m2 , a
geometric mean of 4. 5E-16 m2 , and a median of 2. 7E-16 m. Twenty- six (26)
vertical-permeability measurements ranged from 8.4E-18 m2 to 5.2E-14 m2 , with an
arithmetic mean of 5.lE-15 m2 , a geometric mean of 9.0E-l6 m2 , and a median of
3.5E-16 m2 . Plots of the 10glO of permeability versus porosity indicated a weak
correlation between the loglO of permeability and porosity. A plot of loglO of
horizontal permeability versus the median pore-throat radii determined for the
same samples indicated that the loglO horizontal permeability is directly
related to median pore-throat radius.

11



CONTENTS

1.0 INTRODUCTION AND FRAMEWORK FOR INVESTIGATION 1-1

2.0 METHODOLOGY AND THEORY FOR ANALYSES 2-1
2.1 Standard Porosimetry 2-2

2.1.1 Helium Porosity.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-2
2.1.2 Water-Resaturation Porosity 2-3

2.2 Mercury-Intrusion Porosimetry 2-3
2.3 Formation Factor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2-4

2.3.1 Formation-Factor Determinations 2-4
2.3.2 Tortuosity................................................. 2-5
2.3.3 Formation Factor and Its Relation to Diffusive Flux

in Porous Media. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 2 - 6
2.4 Gas Permeability............................................... 2-9

3.0 SAMPLE SELECTION AND ANALYSES PERFORMED 3-1
3.1 Sample Selection and Sample Nomenclature 3-1
3.2 Standard Porosimetry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 - 2

3.2.1 Helium Porosity 3-2
3.2.2 Water-Resaturation Porosity 3-3

3.3 Mercury-Intrusion Porosimetry 3-4

3.4 Formation Factor 3-5

3.5 Gas Permeability............................................... 3-5

4.0 CORE ANALYSIS RESULTS 4-1
4.1 Standard Porosity Analyses , 4-1

4.1.1 Helium Porosity 4-1
4.1.2 Water-Resaturation Porosity 4-6

4.1.3 Grain Density 4-8
4.2 Mercury-Intrusion Porosimetry 4-8
4.3 Formation-Factor Results 4-11

4.4 Gas-Permeability Results 4-15

5.0 CONCLUSIONS...................................................... 5-1

6 . 0 REFERENCES....................................................... 6-1

iii



CONTENTS (Continued)

APPENDICES

APPENDIX A: Sample Descriptions A-I

APPENDIX B: Summary of Results Received from
Core Laboratories, Inc.................................. B-1

APPENDIX C: Terra Tek Core Services Report e-l

APPENDIX D: K & A Laboratories Report D-l

iv



FIGURES

1.1 Site Location for the Waste Isolation Pilot Plant Showing the
Observation-Well Network for Regional-Hydrogeologic-
Characterization Studies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-5

2.1 Comparison of Tortuosity as Defined by Bear (1972) and
Collins (1961) 2-13

4.1
4.2
4.3

4.4
4.5

4.6
4.7

4.8

4.9

4.10

4.11
4.12
4.13

4.14

4.15
4.16

4.17

4.18

4.19

Relative-Frequency Histogram for Phase 1 Helium Porosities , 4-19
Cumulative Relative-Frequency Curve for Phase 1 Helium Porosities .. 4-20
Comparison of Porosities Between Core-Plug Samples Taken in Close
Vertical Proximity 4-21
Laboratory Comparison of Helium Porosity for Identical Samples 4-22
Relative-Frequency Histogram for Phase 2 Core-Plug Helium
Porosities 4-23
Relative-Frequency Histogram for Phase 2 Helium Porosities 4-24
Cumulative Relative-Frequency Curve for Phase 2 Helium
Porosities 4-25
Relative-Frequency Histogram for Phase 1 and Phase 2 Helium
Porosities 4-26
Cumulative Relative-Frequency Curve for Phase 1 and Phase 2
Helium Porosities 4-27
Comparison Between Phase 1 and Phase 2 Cumulative Relative-
Frequency Curves for Helium Porosity 4-28
Comparison Between Helium and Resaturation Porosities 4-29
Relative-Frequency Histogram for Sample Grain Density 4-30
Relative-Frequency Histogram for Formation Factor Determined
from Electrical-Resistivity Measurements 4-31
Relative-Frequency Histogram for LoglO of Formation Factor
Determined from Electrical-Resistivity Measurements 4-32
Relative-Frequency Histogram for Calculated Tortuosity Values 4-33
Comparison Between Helium Porosity and Tortuosity Determined
from Electrical-Resistivity Measurements 4-34
Comparison Between the Formation Factor Determined from
Electrical-Resistivity Measurements and the Formation Factor
Predicted by Archie's Equation 4-35
Comparison Between Tortuosity Determined from Electrical-
Resistivity Measurements and Diffusion Tortuosity 4-36
Relative-Frequency Histogram for LoglO Horizontal Permeability
for Phase 1 and Phase 2 Core Studies 4-37

v



FIGURES (Continued)

4.20 Relative-Frequency Histogram for LoglO Vertical Permeability for
Phase 1 and Phase 2 Core Studies 4-38

4.21 Horizontal Permeability Versus Porosity for Phase 1 and Phase 2
Whole-Core and Plug-Core Analyses 4-39

4.22 Vertical Permeability Versus Porosity for Phase 1 and Phase 2
Whole-Core and Plug-Core Analyses '" 4-40

4.23 Horizontal Permeability Versus Median Pore-Throat Radius for
Phase 2 Plug-Core Samples 4-41

vi



3.1
3.2

3.3

Summary
Summary
Study
Summary

TABLES

of Analyses Performed as Part of the Phase 1 Core Study ....
of Whole-Core Analyses Performed in the Phase 2 Core

of Plug-Core Analyses Performed in the Phase 2 Core Study ..

3-7

3-8
3-9

4.1 Results from the Phase 1 Core Study 4-42
4.2 Results from Whole-Core Samples, Phase 2 Core Study 4-43
4.3 Results from Plug-Core Samples, Phase 2 Core Study 4-44
4.4 Summary of Porosities Determined Using Boyle's Law Technique on

Culebra Core Samples During Phase 1 and Phase 2 Core Studies 4-47
4.5 Summary of Endpoint Saturations and Median Pore-Throat Radii from

Mercury-Intrusion Porosimetry , 4-50
4.6 Summary of Formation-Factor and Tortuosity Results 4-51
4.7 Results from Diffusion Studies Performed on the Culebra by Sandia

National Laboratories 4-52

A.l Core-Sample Descriptions for the Phase 1 Core Study A-3
A.2 Core-Sample Descriptions for the Phase 2 Core Study A-5



1.0 INTRODUCTION AND FRAMEWORK FOR INVESTIGATION

The following report presents the results of the analysis of core samples

from the Culebra Dolomite Member of the Rustler Formation obtained from

drill holes at and near the Waste Isolation Pilot Plant (WIPP) site in

southeas tern· New Mexico (Figure 1.1). The WIPP is aU. S. Department of

Energy research-and-development facility designed to demonstrate safe

disposal of transuranic radioactive waste resulting from the United States'

defense programs. The WIPP underground repository is being constructed in

the bedded halite of the Salado Formation, approximately 655 meters below

land surface. The core holes from which the core samples were obtained

were drilled at the WIPP and the surrounding area from 1980 through 1984.

The core holes were drilled as part of the hydrogeologic characterization

of the Rustler Formation which overlies the Salado Formation. The core

analyses were contracted by INTERA Inc. of Austin, Texas for and under the

technical direction of Sandia National Laboratories (SNL) of Albuquerque,

New Mexico.

The Culebra dolomite is the most transmissive confined unit above the

proposed waste repository and therefore is considered the most likely

transport path by which radionuclides could travel to the accessible

environment over time spans of interest to regulatory agencies (Lappin

et al., 1989). Because of the Cu1ebra's importance as a possible transport

pathway to the accessible environment, hydrogeologic and transport

characterization of the Culebra forms a very important part of the overall

site characterization of the WIPP. Hydrologic data from over

40 observation wells in the vicinity of the WIPP site (Cauffman et al.,

1990) are being used to calibrate and validate a ground-water-flow model of

the Culebra dolomite (LaVenue et a1., 1990). Figure 1.1 shows the location

of the observation-well network in the vicinity of the WIPP site.

As part of SNL's WIPP-site characterization program, INTERA contracted two

separate core-analysis studies of core samples from the Culebra dolomite.
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The first study, performed in late 1985 to early 1986, is referred to as

the Phase 1 core study. The second, more comprehensive study, which was

performed from late 1987 to June 1988. is referred to as the Phase 2 core

study. This report contains estimates of the physical properties of the

Cu1ebra dolomite from both Phase 1 and Phase 2. The Phase 1 core study

was initiated to determine values of the Culebra matrix parameters,

porosity and permeability. for transport and hydraulic- test inter­

pretations. Using these data and hydraulic data from the WIPP site, Reeves

et al. (1987) performed a parameter- sensitivity analysis of regional

double-porosity transport within the Cu1ebra. Under the conditions and

assumptions of that study, it was concluded that matrix porosity was the

most sensitive and important parameter governing double-porosity far-field

transport in the Culebra. These results identified the need for a better

understanding of the physical properties of the pore structure of the

Culebra. specifically the porosity and tortuosity. and prompted the

initiation of the Phase 2 core-characterization study.

The Cu1ebra is a finely crystalline, vuggy dolomite which is often

argillaceous and is fractured over a large part of the WIPP-site area

(Beauheim, 1987). The Culebra is very heterogeneous. as indicated by the

six order-of-magnitude variation in transmissivity estimates for this unit

in the vicinity of the WIPP site. Beauheim (1987) states that the Culebra

behaves hydraulically as a double-porosity medium for regions which have a

transmissivity greater than 1 x 10 -6 m2/s. Conservative tracer tests

performed in these regions. including tests at the H-3 and H-11 hydropads

(Figure 1.1), have also required double-porosity conceptualizations to

model the observed tracer-breakthrough data (Kelley and Pickens. 1986;

Saulnier et al., 1989). The estimated hydrologic travel pathways in the

Culebra leading offsite from above the WIPP repository's waste-panel area

are within that part of the Cu1ebra characterized as a fractured, double­

porosity formation (Reeves et al .• 1987; Lappin et al., 1989). The matrix­

parameter data base for the Culebra before the results presented in this

report was extremely limited. This report augments the Culebra data base

for site-characterization and performance-assessment studies.
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Physical core parameters determined and presented in this report are

poro si ty, formation factor, tortuosity, grain dens i ty, pore - size

distributions, and gas permeability for selected samples. The matrix

porosity and tortuosity are important parameters because of their direct

effects upon solute transport. The grain density is also important because

it is a parameter in the retardation equation.

Section 2 will briefly describe the methods used in determining the

physical parameters of the Culebra core samples. In addition, the

theoretical relationships from which these parameter determinations were

derived will be presented. Section 3 identifies the samples which were

analyzed and the analyses performed on each sample. In addition, Section 3

presents the rationale for sample and analysis selections. Section 4

presents the results from the Phase 1 and Phase 2 core studies and the

appropriate parameter distributions and dependent-parameter relationships.

Section 5 presents general conclusions based on the results of the core

studies.
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2.0 METHODOLOGY AND THEORY FOR ANALYSES

Five different analyses were performed to characterize the physical

properties of Culebra core samples. They were:

(1) Boyle's Law helium porosimetry;

(2) resaturation porosimetry;

(3) mercury-intrusion porosimetry;

(4) formation-factor determinations (to estimate tortuosities); and

(5) gas permeability.

Analyses (1) and (2) were used to determine the porosity of the samples.

Because helium can access much smaller pore spaces than those which water

can access, both techniques were used on selected core samples in an effort

to characterize the differences between these methods. The porosity

determinations also provided estimates of the grain density of the material

in most samples. Mercury- intrusion porosimetry is designed to determine

the pore-size distribution of a given sample. This type of data is very

important when considering the effective porosity of a porous medium. The

formation factor provides an empirical approach to determining the

tortuosity of a porous medium. The appropriate relationships and their

application are discussed fully in Section 2.3. Gas permeability was used

to determine the intrinsic permeability of the dolomite matrix. Gas­

permeability determinations were performed with standard, steady-state

techniques for both horizontal and vertical permeabilities of selected

samples.

The Phase 1 core study included Boyle's Law helium porosity and gas

permeabilities of selected samples. These analyses were performed by Core

Laboratories, Inc., Aurora, Colorado. During the Phase 2 study, all five

of the above analyses were performed by Terra Tek Core Services, Salt Lake

City, Utah, except the mercury-intrusion porosimetry, which was performed

by K & A Laboratories, Tulsa, Oklahoma. The following sections will
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briefly discuss the techniques used for each analysis and the parameters

determined using these methods.

2.1 Standard Porosimetry

The total porosity of a sample is equal to the total void volume divided

by the total bulk volume. To calculate porosity, two of the three

variables, bulk volume, pore volume, or grain volume must be determined.

The effective porosity is defined as the connected void volume divided by

the bulk volume. Because the size of the helium molecule is small, the

helium method of determining porosity provides an approximate estimate of

the total porosity. In addition to Boyle's Law helium-porosity

determinations, water-resaturation porosities were measured for some of

the samples. Resaturation porosities are considered to provide a better

estimate of the connected porosity for ground-water-flow and solute­

transport modeling, and also have the advantage of determining the void

volume when the mineral samples are wet, as is the case in situ.

2.1.1 Helium Porosity

Boyle's Law helium porosimetry has the advantage of being: (1) very

accurate; (2) fairly rapid except for extremely low-permeability

« 1.OE-18 m2 ) samples; and (3) the method is non-destructive, allowing

the samples to be reused for other analyses. However, Boyle's Law

porosimetry can yield erroneously high poros ity values when the

permeating gas adsorbs on the rock surfaces. Helium is preferred for

Boyle's Law porosimetry because helium is non-adsorbing and has a

minimum deviation in behavior from that of an ideal gas. Boyle's Law

porosimetry determines either the pore volume or the grain volume of a

sample through either expansion of a gas out of, or compression of a

gas into, the pores of the sample. The bulk volume of the sample is

then calculated using caliper measurements or by displacement of the

sample in a liquid of a known density. The grain density is calculated

using the dry weight of the sample and the grain volume.
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2.1.2 Water-Resaturation Porosity

Because gas -porosimetry measurements can yield erroneously high

porosity estimates due to gas adsorption, the Phase 2 core study

included analysis of both Boyle's Law helium porosity and resaturation

porosity for selected samples to determine if these methods give

significantly different values for the same sample. The resaturation

technique also has the advantage of providing a porosity measurement

under saturated conditions similar to those found in situ.

In resaturation porosimetry, the first step is calculation of the bulk

volume and the dry weight of the sample. The pores of the sample are

then filled with a fluid of a known density. The increase in the

weight of the sample is divided by the fluid density to obtain the void

volume. The void volume divided by the bulk volume yields porosity.

2.2 Mercury-Intrusion Porosimetry

Mercury-intrusion porosimetry was used on selected samples in the Phase 2

core study to define the sample pore-size distributions. The method

requires enclosing a sample in an air-tight mercury chamber which is then

evacuated to a low pressure. Mercury is then intruded into the sample's

void spaces in successive steps of increased stabilized pressure and the

amount of mercury inj ected into the core for each pressure step is

recorded. The mercury-intrusion stage is referred to as the drainage

cycle because the air in the sample is displaced by the non-wetting

mercury. The K & A Laboratories mercury-intrusion apparatus can inject

mercury up to a pressure of 207 MPa. At this pressure, the mercury

invaded an average of 95.5% of the pore space for the 24 samples analyzed

in the Phase 2 study.

Mercury-intrusion porosimetry results can also be used to estimate a

sample's pore-diameter distribution. Knowing the physical properties of
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the non-wetting phase (mercury), one can calculate the average pore size.

The theoretical pore diameter can be calculated from the Washburn

equation (Walter, 1982):

d - 4 T cos 9 / P (1)

where d is the theoretical pore diameter; T is the surface tension of

mercury (typically 484 dynes/em); 9 is the contact angle for mercury

(typically 140 0
); and P is the mercury-intrusion pressure. Studies

performed by Terra Tek Core Services indicate that the constants in this

equation are ideal and quickly change in magnitude as the mercury comes

in contact with the sample. The values used to calculate the results

presented in this report were a contact angle of 180 0 and a surface

tension value of 360 dynes/cm (Rakop and Little, 1988) (see Appendix D).

Using the sample's initial void volume, the cumulative volume of mercury

intruded into the sample can be used to calculate both the pore-size

distribution of the sample and the cumulative pore-size distribution.

Mercury-intrusion porosimetry determines the connected porosity, the

correct porosity for transport calculations. The pore-size distribution

is also used to determine the fraction of the sample pore space

accessible to a diffusing solute. Dykhuizen and Casey (1989) have used

mercury- intrusion-porosimetry results to provide complex pore-geometry

models using data from diffusion experiments performed on core and

excavated-rock samples of the Culebra.

2.3 Formation Factor

2.3.1 Formation-Factor Determinations

The electrical resistivity of a saturated porous medium is directly

related to the resistivity of the fluid which saturates the porous

medium. The constant of proportionality relating the resistivity of

the formation and its saturating fluid is called the formation factor

(F ~ 1.0) and is equal to

2-4



(2)

where Rb is equal to the resistivity of the porous media saturated with

fluid of resistivity Rw. The fluid used to saturate the medium is

usually a sodium-chloride (NaCl) solution with a concentration higher

than 10 gil (Bear, 1972). Values of formation factor were determined

for 15 individual core plugs during the Phase 2 core study by Terra Tek

Core Services. The samples were first saturated in a 100 gil sodium­

chloride solution of known electrical resistivity (Rw). Then the

formation electrical resistivity of the saturated core plugs (Rb) was

measured while the samples were placed under an ambient pressure of

1.4 MPa.

2.3.2 Tortuosity

The formation factor can be related to the physical properties of

saturated porous media and, as derived from geophysical logging data,

is a standard parameter used by the petroleum industry (Schlumberger,

1972). The electrical resistivity (Rb) of a saturated porous medium is

controlled by the volume fraction of the pore cross section normal to

current flow and by the connectivity of the pore volume (Touloukian et

al., 1981). Because there are no analytical solutions for the concept

of tortuosity, it has been described empirically. The best known

description is the empirical relationship known as Archie's Law of

total porosity:

F - C I ¢>ID (3)

where C, sometimes called the tortuosity factor, and m, the cementation

factor, are empirical constants which vary depending upon the porous

medium's lithology, and ¢> is porosity expressed as a decimal fraction.

The following table gives ranges of C and m for various lit:hologies

(Katsube and Hume, 1987).
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Lithology C m

Carbonates 1 2

Unconsolidated sand 0.62 2.15

Typical sandstone 1.45 1.54

Shaly sandstone 1.65 1. 33

Granites 5.9E-3 2.21

All of the formation-factor formulas assume that the electrical current

is conducted through the pores, and that surface conduction of the

current on the pore walls is minimal. For rocks with varying degrees

of clay, the clay may act as a highly conductive portion of the rock

and reduce the bulk resistivity of the rock. In these cases, the

formation factor represents more than the pore structure of the rock

and the resistivity of the saturating fluid. In shale or shaly sands,

surface conduction and cation-exchange capacity significantly modify

Archie's equation (Hill and Milburn, 1956; Waxman and Smits, 1968).

The factors complicating the measurement of formation factor are more

easily controlled in the laboratory than when making in situ logging

measurements in the field.

2.3.3 Formation Factor and Its Relation to Diffusive Flux in Porous

Media

The effective molecular diffusion coefficient (De) in a porous medium

is defined as:

(4)

where Do is the free-water diffusion coefficient evaluated at infinite

dilution; tP' is the matrix porosity; and 1" is the matrix tortuosity.

Bear (1972) defines tortuosity as

(5)
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where L is the sample length and Le is the actual tortuous f10wpath

length that a fluid particle would take passing through a sample of

length L. The range of tortuosity is 0 < r ~ 1, where a value of 1

would be a medium where all the pores were parallel capillary tubes.

Another generally accepted expression for tortuosity is that defined by

Collins (1961):

r - (Le / L) (6)

Bear (1972) does not agree with this definition because it does not

express tortuosity as affecting both the velocity and the driving force

within a porous medium. This core-analysis report adopts the

definition for porosity given by Equation (5). Because diffusion

studies performed at SNL by Dykhuizen and Casey (1989) report

tortuos i ty as de fined by Equation (6), Figure 2.1 shows the

relationship between the two definitions.

Another empirical geometrical variable which effectively decreases the

free-water diffusivity in porous media is S, the constrictivity factor,

(0 < S ~ 1) (van Brake1 and Heertjes, 1974). Because tortuosity and

constrictivity cannot be independently determined by experimental

means, the following discussion lumps constrictivity with tortuosity.

Klinkenberg (1951) was the first to deduce that, from a theoretical

viewpoint, the same factors that impede electrical conductance through

a porous medium are also the same factors which impede diffusion of a

conservative solute. Based upon the conclusion of K1inkenberg (1951)

that diffusion should be analogous to conduction in a porous medium, an

analogous equation to Equation (2) is

(7)
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From Equation (2), F can then be rewritten as

F - 1 / (1" 4J) (8)

Therefore, by determining a medium's porosity and formation factor, the

tortuosity can be estimated as

1" - 1 / (F 4J) (9)

For Equation (9) to be appropriate, it is assumed that flow of the

electrical current is only through the saturated void space. Using

Equations (4) and (9), the formation factor can be used to calculate

the effective molecular diffusion coefficient (De) of a porous medium.

The formation factor becomes the reduction factor by which the free­

water diffusion coefficient is divided to yield De. Therefore,

expressing Equation (4) in terms of formation factor,

De ,. (Do / F) (10)

Through diffusion studies, one can determine values for porosity and

tortuosity which are often differentiated from those determined by

other methods and can be referred to as diffusion porosity and

diffusion tortuosity. From Equation (10) it becomes apparent that an

effective diffusion formation factor can be calculated from diffusion

studies. Other investigators (Skagius and Neretnieks, 1986: Katsube

et al., 1986) have found that the formation factor determined from

diffusion studies is generally higher than the formation factor

determined through resistivity measurements. Skagius and Neretnieks

(1986) found that the formation factor determined using values of

electrical resistivity was not only a function of the rock, but also of

the permeating ions. They recognized the importance of electrical

resistivity as a tool to yield approximate formation factors with

orders of magnitude less effort than through diffusion studies, which

are susceptible to experimental difficulties and uncertainties.
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2.4 Gas Permeability

Gas -permeabili ty measurements were made on most core samples in both

Phase 1 and Phase 2 studies. The measurements were made in a permeameter

using standard steady-state techniques. The measurement of permeability

utilizes a form of the Darcy equation which states that the flow through

a porous medium of cross section (A) and length (L) is

Q - K A dh/dL (11)

where dh is the head (pressure) drop across the sample of length dL and K

is the hydraulic conductivity of the medium. The hydraulic conductivity

is dependent upon the fluid properties density (p) and viscosity (~), and

can be expressed in terms of intrinsic permeability (k) by the relation

K-kpg/~ (12)

Using Equations (11) and (12), where g is the acceleration due to

gravity, the flow rate (Q) can be expressed in terms of intrinsic

permeability by the expression

Q-kpgAdh/~dL (13)

Using a permeameter, one can measure the downstream head, the upstream

head, and the flow rate through the sample, and use the following

relationship to calculate the intrinsic permeability:

k-Q~dL/pgAdh (14)

Gas-permeability measurements presented in this report were performed on

intact (whole) core samples collected in the field, and on 2. 5-cm

diameter by 5-cm long cylindrical samples (core plugs) cored 'from the

samples in the laboratory. Where possible, the permeability measurements
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in Phase 1 were made in both vertical and horizontal directions. In

Phase 2, the gas permeability was measured in the direction coincident

with the maximum dimension of the right-cylinder core plugs, thus corre­

sponding to a horizontal-permeability measurement. For the whole-core

samples, three measurements of permeability were obtained. The vertical

measurement was made similar to the core-plug permeability determination.

The horizontal-permeability measurements were made first in the estimated

direction of the maximum or primary permeability axis (0°) and then in

the estimated direction of the minimum permeability axis (90°).

For the permeability measurements made in Phase 1 and Phase 2, the

permeating substance was helium gas. Gas-permeability measurements are

generally performed under a confining pressure because: (1) the

permeability of unconsolidated core material changes with confining

pressure; (2) confining pressure retards sample bypass; and (3) confining

pressure retards gas slippage. For well-cemented rocks, gas permeability

is relatively insensitive to confining pressure with maximum deviations

of 10% for confining pressures from atmospheric pressure to 14 MPa (Core

Laboratories, 1973). Generally, a confining pressure is selected which

is jus t enough to prevent sample bypass. The gas -permeabi1i ty

measurements for this report were performed under ambient conditions of

2.1 MPa net effective stress and 22.2°C.

The phenomenon known as gas slippage, or the Klinkenberg effect, causes

the permeability determined using a gas to be larger than a liquid

permeability. Gas slippage occurs when the diameter of the pores

approaches the mean free path of the gas which is a function of the

molecular weight and the kinetic energy of the gas. The kinetic energy

is in turn a function of the mean pressure of the gas. Gas slippage

causes the amount of flow through a sample to be greater than that

predicted by Darcy's Law. The gas-slippage effect is decreased as the

mean pressure on the gas is increased and the mean pore diameter of the

sample is increased. Thus, the K1inkenberg effect becomes more
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pronounced as the permeability decreases. K1inkenberg corrections can be

used to estimate what an equivalent liquid permeability would be for a

sample. In the Phase 1 study, two K1inkenberg permeabi1ities were

performed on two low-permeability core samples to assess the error

inherent in gas-permeability determinations in low-permeability media.

Typical 1iquid-to-he1ium permeability ratios for the range of permeabil­

ities tested in this study are 0.6 to 0.8 (Core Laboratories, 1973).
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3.0 SAMPLE SELECTION AND ANALYSES PERFORMED

3.1 Sample Selection and Sample Nomenclature

For all boreholes cored during the characterization of the WIPP site, the

representative core samples were cataloged and stored in the WIPP Core

Library located at the WIPP site. The goal of sample selection for the

analyses presented in this report was to select objectively, from the

available Culebra core samples, a complete distribution of Culebra

physical textures. The factors which were used in deciding which

borehole locations to sample were: (1) availability of core samples; and

(2) whether or not the available core samples were sufficiently competent

for analysis.

Core samples from 20 different boreholes were chosen for analysis.

Hydropads H-2, H-3, H-4, H-S, H-6, H-7, and H-ll (see Figure 1.1) are

locations which have at least three wells penetrating the Culebra. Core

samples from one or more wells at hydropads H-2, H-3, H-7, and H-ll were

analyzed for this report. Where possible, whole -core samples were

analyzed. The majority of samples analyzed were 2. S-cm-diameter core

plugs, 5 cm long. In Phase 1, 3 whole-core samples and 21 core plugs

were analyzed. In Phase 2, whole-core samples from 10 different

boreholes and 51 core plugs from 15 different locations were analyzed.

Combining the results from Phase 1 and Phase 2, 15 whole-core samples and

72 core-plug samples were analyzed.

The Phase 1 core-analysis reports from Core Laboratories were not

presented in a summary document, but were reported in three separate

analysis summaries (Appendix B). Therefore, the sample numbers used in

this report for Phase 1 represent an identifier designating the suite of

analyses and the sample numbers used by Core Laboratories. For example,

sample number 2-3 represents Core Laboratories sample 3, reported in the

second results summary. Some samples were reanalyzed and are designated

3-1



by two sample and result numbers, separated by a slash (i.e., 2-3/3-3).

Thus, one sample may have two parameter estimates.

The results of the Phase 2 core study were reported in summary reports

from Terra Tek (Appendix C) and K & A Laboratories (Appendix D). These

samples are designated with an alphanumeric well identifier followed by a

number indicating the number of the sample chosen. For example, H2a-l

indicates that H2a is the well identifier and 1 is the sample identifier.

Core plugs that were used to determine formation factor have an F

following the sample identifier (i.e., W-26-1F). Because some whole core

samples contained contrasting matrix textures, more than one core plug

was obtained from the same core sample in order to study the small-scale

vertical heterogeneity in the Culebra. For these paired core plugs, the

sample numbers are differentiated from one another by the addition of a

lower-case letter a or b (i.e., W-12-la and W'-12-lb). In the following

sections, core samples will be described on an analysis- by- analysis

basis. Tables 3.1 through 3.3 summarize which samples received what

analysis during the Phase 1 and Phase 2 core studies.

3.2 Standard Porosimetry

3.2.1 Helium Porosity

Table 3.1 summarizes the analyses performed in the Phase 1 core study.

Helium-porosity determinations were made for 3 whole-core samples, and

26 helium-porosity measurements were performed on 16 different core

plugs. Table 3.1 shows that 12 different core plugs were reanalyzed.

Six of the core plugs were reanalyzed at an ambient overburden stress

of 2.4 MPa, and 6 were reanalyzed using the immersion method rather

than the caliper method for determining bulk volume.

Tables 3.2 and 3.3 summarize the analyses performed in the Phase 2 core

study. All of the 12 whole-core samples were analyzed for helium
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porosity, gas permeability, and resaturation porosity. Boyle I s Law

helium-porosity determinations were performed for 51 core plugs. Terra

Tek performed 45 of these analyses, and K & A Laboratories analyzed

6 other core plugs which were not analyzed by Terra Tek. K & A

Laboratories reanalyzed 18 of the Terra Tek samples as part of the

mercury-intrusion tests. The 18 samples which were analyzed for helium

porosity by both laboratories offer a comparison between laboratories,

and an independent check of the Terra Tek results.

3.2.2 Water-Resaturation Porosity

For resaturation-porosity determinations, samples must be initially dry

and then be saturated fully with a fluid of known density. Because all

the core samples were stored dry in the WIPP Core Library, and because

most samples have been in the library for years, drying of the core

samples was judged unnecessary. However, the resaturation fluid choice

was complicated.

The available Culebra core samples were all desaturated. The Culebra

is composed predominantly of dolomite with lesser ~ounts of gypsum and

halite (Core Laboratories, 1986), minerals which are susceptible to

precipitation and dissolution. The possible choices of fluids used to

resaturate the core were: (1) formation fluids from the wells from

which the core samples were obtained; (2) an average Culebra formation

fluid; (3) deionized water; or (4) some organic solvent such as

tolulene or methanol. Ideally, one would use a formation fluid which

would be at equilibrium with the minerals in each of the core samples.

Because the core samples were obtained from a large number of locations

wi th different formation-water chemistries, this approach was not

considered to be practical because too many different fluids would be

required. Also, a fluid with an average formation-water chemistry

might not be at equilibrium in any of the samples and could affect

results in an inconsistent manner. Organic solvents were considered to
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be undesirable because these liquids would not wet the minerals in the

samples in the same manner as water would in the formation.

Recognizing that none of these liquids would be ideal, it was decided

that deionized water be used as the resaturation fluid for all samples

because it would be the simplest procedure and provide a consistent

fluid for all samples and would not provide additional contamination

(F.J. Pearson, personal communication, 1987).

Resaturation porosity was not determined for any core samples from

Phase 1 (Table 3.1). Resaturation porosity was determined for all

12 whole-core samples and 18 of the core plugs analyzed in the Phase 2

core study (Tables 3.2 and 3.3). Because helium porosities were also

determined for all of these samples, 30 sample .results are available to

compare helium-porosity versus resaturation-porosity methods. In

addition, 4 of these 18 core plugs were also analyzed by the mercury­

intrusion method, thus giving a method of comparing the porosities

determined by all three methods. While the sample group including all

three porosimetry methods is too small to render quantitative

conclusions, the comparison gives an intuitive grasp of the differences

between the results of these methods. Mercury-intrusion porosimetry

was not performed on more of the samples which had undergone

resaturation testing because of the concern that the resaturation might

have changed the pore structure of the sample through dissolution

and/or precipitation.

3.3 Mercury-Intrusion Porosimetry

Mercury-intrusion porosimetry provides estimates of a sample's connected

porosity and also yields the pore-throat-diameter distribution for a

sample. In petroleum engineering, the results of mercury- intrusion

porosimetry are used to define capillary-pressure curves for given

formations. Twenty-four (24) core plugs were analyzed by the mercury-
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intrusion method by K & A Laboratories (Table 3.3). In many cases, core

plugs from the same piece of core were analyzed to give an indication of

the heterogeneity of pore-size distributions over vertical scales of a

few centimeters.

3.4 Formation Factor

Formation factors were estimated from electrical-resistivity measurements

for 15 core plugs in the Phase 2 core study (Table 3.3). The formation

factor results were used to calculate 15 estimates of matrix tortuosity.

3.5 Gas Permeability

In the Phase 1 core study, gas-permeability determinations were performed

for 3 whole-core samples (Table 3.1). In addition, 20 gas-permeability

determinations were performed on 16 core plugs. In the Phase 2 core

study, 12 whole -core samples were analyzed for gas permeability

(Table 3.2). The whole-core samples were analyzed twice for horizontal

permeability: once in the direction thought to have the maximum

permeability (e.g., along a fracture), and once in the direction 90° from

the maximum. Vertical gas permeabi1ities were also determined using core

plugs from each of these same samples. In the Phase 2 core study, gas

permeability was determined for 51 core plugs (Table 3.3).
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<======= Yhole Core =======> <======== Plug Core =======>

===============================================================:======= ============================

Yell
No.

SaIlll le
No.

Depth
(m)

length x Gas
Diameter(cm) Permeability

Heliun
Porosity

Gas
Permeability

Hel ium
Porosity

H-2b 1-1 192 12.7 X 8.9
l-1H * 192 12.7 X 8.9
l-1V * 192 12.7 X 8.9
2-1/3-1 193.8-193.9 11.4 X 8.9

1-2 194.3 6_4 X 8.9
2-213-2 195.0-195.1 12.7 X 8.9

H-3b2 1-3/3-3V 207.6 7.6 X 8.9
-4/3-4V 210.1 10.2 X 8.9

H-3b3 2-3/3-3 204.6-204.7 7.6 X 8.9
2-4/3-4V 204.7-204.8 7.6 X 8.9
1-6/3-6V 210.1 10.2 X 8.9
2-5/3-5 210.3-210.5 7.2 X 8.9

H-4b 1-9 156.4 na
2-6/3-6V 157.6-157.7 7.6 X 8.9

H-6b 2-7 187.2-187.3 3_6 X 8.9
2-8 187.4-187.5 3.6 X 8.9
1-7 187.8 na

1-8/3-8V 191.4-195.1 na

1 (a) {1}

1 (a) {1}

1 1, [1]

1 1
1 1, [1]

1, {1} 1, {1}

1, {1} 1, {1}

1 1, [1]
1 1, [1]

1, {1} 1, {n
1 1, [1]

1 1, [1 J

1 1
1 1
1 1

1, {n 1, {n

======================================================================= =============================

*
(a)

{ }

[ ]

Drown by

Denotes that the analysis was performed for that sample.
Denotes that the sample is a subsample of the piece of core listed immediately above.
Klinkenberg permeability.
Denotes an ambient stress of 350 psi during testing.
Denotes a heliun porosity measurement where the bulk volume is determined by fluid
displacement.

Dote

Checked by

Revisio'"lS

#105000R019

Dote

Dote

1217/89

Summary of Analyses Performed

as Part of the Phase 1 Core Study

INrtIL'\ Technologies Table 3.1
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<========= IIhole Core Analyses ==========>

lIell Sa~le Oepth length x Gas Boyle's law Resaturation
No. No. (m) Diameter(cm) Permeabi l i ty Porosity Porosity

=======================================================================================

H-5b H-5b-3 274.7-274.8 13.7 x 11.4 1 1 1

H-7b2 H-7b2-2 79.2-79.6 43.2 x 8.9 1 1 1

H-l0b H-l0b-3 423.1-.2 20.3 x 11.4 1 1 1

H-ll H-ll-1 222.9-223.0 12.7 x 8.9 1 1 1

H-llb3 H-llb3-3 226.1-226.2 16.5 x 8.9 1 1 1

\HPP-12 IJIPP-12-3 253.6-253.7 13.9 x 11.4 1 1 1

IIIPP-25 IIIPP-25-1 138.3-138.4 25.4 x 8.9 1 1 1

IIIPP-26 IJIPP-26-2 58.4-58.5 15.2 x 11.4 1 1 1

IIIPP-28 IJIPP-28-2 129.9-130 15.2 x 11.4 1 1 1
IJIPP-28-3 130.4-130.5 15.2 x 11.4 1 1 1

loll pp-30 IJIPP-30-1 197.4-197.5 10.2 x 11.4 1 1 1
IJIPP-30-2 -194.6 10.2 x 11.4 1 1 1

======================================================================================
1 Denotes that the analysis was performed for that sample.

Drawn by

Checked by

Revisions

#105000R019

Dcrte

Dcrte

Dcrte

10/18/90

Summary of Whole-Core Analyses
Performed in t he Phase 2 Core Study

INrt1t..'\ Technologies
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<••••••••••••••••••••••••••• Plug Core • ••••K •••••••••••••••••••••~

Well Sa""le Depth Length x Gas Boyle's Law Resaturation Mercury Formation
No . No. (m) Diflllleter(cm) PeNneabi I ity Porosity Porosl ty Intrus i on Fector

.......••...•••........••••••.....•..•••••••.........••••••••.•...•...••.•••••.......••••••••.......••..•••••..••..
H·2e H2a-l 188.7 6.1x8.9 1 1 1

H2a-2 169.6'169.7 12.9 Jl 8.9 1 1 1
H-2bl H2bl·1 194.3-194.4 8.9 x 8.9 1 1 1

H2bl-H 194.3-194.4 8.9 x 8.9 1 1 1
H2b1·2 -195 9.9 It 6.9 1 1 1
H2bl·3 -195.5 6.1 It 8.9 1 1 1

H-5b H'5b-la 275.2-275.3 17.8 )( 11.4 1 1 1
H-5b'lb 275.2-275.3 17.8 Jl 11.4 1 1 1
H-5b'2 278.J-278.6 11.4 It 11.4 1 1 1
H-5b-2F 278.3-278.6 11.4 )( 11.4 1 1 1

H-7bl H·7bl·1 76.6-76.7 8.9 x 11.4 1 1 1
H-7bl-H 76.6'76.7 8.9 x 11.4 1 1 1
H·7b1·2a -81.7 10.2 x 11.4 1 1 1
H'7b1-2b -81.7 10.2 x 11.4 1 1 1

H-7b2 H-7b2-1 -83.8 10.2 Jl 8.9 1 1 1 1
H-7c H-lc'la 82.6-82.8 17.6 ]I( 11.4 1 1 1 1

H-7c-lb 82.6-82.8 17.6 )( 11.4 1 1 1
H·7c·H 82.6'62.8 17.8 )( 11.4 1 1 1

H-l0b H'10b-l 425· .1 12.7 )( 11.4 1 1 1
H-l0b-2 416.8-418.9 11.2 )( 11.4 1 1 1
H'10b-2F 418.6'418.9 11.2 ]I( 11.4 1 1 1

H-ll H·II·2 NA 6.9 ]I( 8.9 1 1 1 1
H-"-2F NA 8.9 X 8.9 1 1 1

H-llb3 H·l1b3·1 230.5-230.6 6.4 ]I( 8.9 1 1 1 1
H-11b3'H 230.5-230.6 8.4 ]I( 6.9 1 1 1
H-llb3-2 -229.5 11.4 )( 8.9 1 1 1
H-llb3-2F -229.5 11.4 )( 8.9 1 1 1
H·IIb3·4 226.9-227.2 9.9 ]I( 8.9 1 1 1
H-l1b3-4F 226.9·227.2 9.9 )( 8.9 1 1 1

1 Denotes thet the analyses was performed for that sa""le.

INTER.."
Summary of Plug -Core Analyses Performed

Table 3.3Technologies in the Phase 2 Core Study

#105000R019 12/7/89



<D.:=:ZZ~ZZ=Z::Z=K~z~a~:==.: Plug Core %Z~=Z:22==E=~E.S •••••E.Z.:Z>
Well Sa~le Deptn Lengtn x Gas Boyle's Law Resaturation Mercury FOrmllt ion

No. No. (m) Diameter(cm) Permeabi l i ty Porosi ty Porosi ty Intrusion Factor
=============Z===~========================m====.===================================================z::z=z====z:====

WIPP-12 WIPP-12-1a 250.4-250.5 15.2 x 11 .4 1 1 1
WIPP·12-1b 250.4-250.5 15.2 x 11 .4 1 1 1
WIPP-12-2 254.3-254.4 14.7 x 11.4 1 1 1 1
WIPP-12-2F 254.3-254.4 14.7 x 11.4 1 1 1

WIPP-13 WIPP-13-1 -216.4 13.9 x 11.4 1 1 1
IIIPp-13-2 -220.5 12.7 x 11.4 1 1 1
III pp. 13-2F -220.5 12.7 x 11 .4 1 1 1
IIIPP-13-3a 215.6-215.8 22.9 x 11.4 1 1 1
WIPP·13-3b 215.6-215.8 22.9 x 11.4 1 1 1

WIPP-26 IIIPP-26-1 58.1-58.2 9.6 x 11.4 1 1 1
IIIPP-26-1F 58.1-58.2 9.6 x 11.4 1 1 1

\.AJ
WIPP-26-3 158.5·59.1 12.7 x 11 .4 1 1 1

WIPP-28 WIPP·28-1a -131.1 7.6 x 11.4 1 1 1t-'
0 WIPP-28-1b -131.1 7.6 x 11.4 1 1 1

IIIPP-28-3F 130.4 -130.5 15.2 1\ 11.4 1 1 1
WIPP-30 IIIPP-30-3a 194.1-194.2 15.2 x 11.4 1 1 1

IIIPP-30-3b 194.1-194.2 15.2 x 11.4 1 1 1 1
IIIPP-30-3F 194_1-194.2 15.2 x 11.4 1 1 1
WIPP-30-4 193.6-193.7 10.2 x 11.4 1 1 1

AEC-8 AEC-8·1 -258.8 10.2 x 11.4 1 1 1
AEC-8-H -258.8 10.2 x 11 .4 1 1 1
AEC-8·2 -260.3 10.2 x 11.4 1 1 1

1 Denotes tnat tne analysis was performed for tnat se~le.

INrtIl.'\ Technologies

# 105000RQ19 12/7/89

Summary of Plug-Core Analyses Performed
In the Phase 2 Core Study Table 3.3 (can't.)



4.0 CORE ANALYSIS RESULTS

A summary of the results of the analyses performed by Core Laboratories can

be found in Appendix B. Laboratory reports from Terra Tek and K & A

Laboratories are presented in Appendices C and D, respectively. An errata

page with correct sample numbers is included with the Terra Tek report.

The following section will discuss the analyses performed by these

laboratories grouped by parameter estimated and test method. The

presentation of the results will include discussions of parameter

distributions and relationships between parameters when possible.

Table 4.1 summarizes the results of the Phase 1 core study, Table 4.2

presents the results of the Phase 2 whole-core analyses, and Table 4.3

summarizes the Phase 2 plug-core results.

4.1 Standard Porosity Analyses

Helium porosity was determined for both whole-core and plug-core samples

in both Phase 1 and Phase 2. Results from both studies will be reviewed

separately and then combined to increase the sample size for statistical

analysis. Data presented in Davis (1969) and Freeze (1975) indicate that

porosity is a normally distributed parameter. To determine whether or

not the porosity of the Culebra dolomite is also normally distributed,

the porosity distributions of the analytical data from the Phase 1 and

Phase 2 core-analysis studies are presented in the form of relative­

frequency histograms. In some cases, cumulative-frequency distributions

of porosity are also included in the discussion of the results.

4.1.1 Helium Porosity

Table 4.1 summarizes the results from the Phase 1 core study. Note

that for some samples, more than one value is listed for porosity (see

Section 3.0). In general, the bulk volume for most samples was

determined by the caliper method and volumetric relationships. Because
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of concerns that the bulk volume of some samples might be in error

because the samples were not perfect right cylinders, six samples

(denoted in square brackets in Table 4.1) had bulk volumes determined

by fluid displacement. Where this is the case, the two reported

porosities determined for that sample have been averaged and the

average value is used in the frequency distributions and other

statistical analyses. For six other samples, porosity was determined

with an ambient pressure of 2.4 MPa. All other Boyle's Law helium­

porosity determinations (for both Phase 1 and Phase 2 core studies)

were performed at atmospheric conditions. For well-consolidated rocks,

the effect of overburden pressures is negligible (Core Laboratories,

1973). Because all other porosity measurements were performed without

simulated overburden pressure, the measurements performed with a

2.4 MPa pressure (denoted with a set bracket) are not included with the

other values when presenting distribution statistics.

In the Phase 1 core study, three samples were analyzed for whole-core

porosity (Table 4.1). Of these three, sample 1-5, from H-3b3, is not

representative of the Culebra dolomite because the sample is dominantly

composed of gypsum. In addition, because the sample was excessively

dried, some or all of the gypsum may have been converted to anhydrite,

thus providing a non-representative porosity for the gypsum interval.

Because there are only 2 whole-core porosities, they are lumped with

the plug-core data. Excluding porosities determined with a simulated

overburden pressure, there are 16 helium-porosity determinations from

the Phase 1 core study. Figure 4.1 is a relative-frequency histogram

of the Phase 1 helium porosities. The distribution in Figure 4.1 does

not display a normal distribution. Given the low number of samples (N)

used for the relative-frequency histogram (N - 16), it is not

surprising that the distribution is non-ideal. The arithmetic mean (~)

of the porosity data is 0.175 with a standard deviation (a) of 0.057.

Figure 4.2 is a cumulative relative-frequency curve for Phase 1 helium

porosities. The median (Md) of a distribution is defined as that value

4-2



having a cumulative relative frequency equal to 0.5. which indicates

that one half of the observations has a value less than the median and

one half of the observations has a value greater than the median.

Figure 4.2 shows that the median of the Phase 1 helium porosities is

0.174.

The Culebra is a massive, laminated dolomite with pronounced vertical

heterogeneity, as can be seen in core samples and on outcrops. such as

at Culebra Bluff on the Pecos River. 20 miles west of the WIPP site. As

part of the Phase 2 core study, multiple core plugs were obtained from

some Culebra samples because of a lack of available core samples for

the desired suite of analyses and to characterize heterogeneity between

closely spaced samples (see Section 3.0). Twenty-one (21) pieces of

Culebra core had two plugs cored over vertical distances of less than

10 cm. Figure 4.3 is a bar chart of helium-porosity data for core

plugs from the same core sample. The helium porosity of one core plug

is compared to the porosity of its close neighbor. The chart

illustrates that differences in porosity measured in samples within 5

to 10 cm of each other vertically can be as small as 0.005 and as high

as 0.093. and demonstrates the heterogeneity of porosity in the

Culebra. Because of this heterogeneity, all of these 42 independent

porosity measurements were treated as point values.

Eighteen of the 24 core plugs analyzed by K & A Laboratories using

mercury- intrus ion porosimetry were first cored and analyzed for

porosity by Terra Tek using Boyle' s Law helium porosimetry. These

samples were shipped from Terra Tek to K & A Laboratories where helium

porosity was remeasured, thus allowing a laboratory-to-laboratory

comparison. Figure 4.4 plots K & A Laboratories helium porosity versus

Terra Tek helium porosity for the 18 samples measured by both

laboratories. In general, the porosity values are nearly identical
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with the R2 of the linear regression of these data equal to 0.93.

Figure 4.4 and Table 4.3 show that the K & A Laboratories porosities

are usually 0.005 to 0.01 larger than the Terra Tek porosities, with a

maximum observed difference of 0.056. This data gives an estimate of

the reproducibility of the Boyle's Law helium porosity. The

discrepancies are probably the result of difficulty in the precision of

estimating bulk volume and possible differences in the techniques used

by the two laboratories in estimating bulk volumes. Because the

correct helium porosity cannot be discerned, the arithmetic average

between the two reported porosities is the value used in further data

reduction and reporting.

In the Phase 2 core study, 51 core plugs were analyzed for helium

porosity by the Boyle's Law method. Figure 4.5 is a relative-frequency

histogram of these porosity determinations. The distribution of

porosities is not a normal distribution, and is skewed toward the lower

values of the range of porosities determined during the Phase 2 core

study. The arithmetic average of these determinations is equal to

0.149, and the standard deviation is equal to 0.055. Because the

distribution is skewed, the mean does not coincide with the peak of the

distribution (Figure 4.5). The median core -plug porosity for the

helium porosities obtained in the Phase 2 study is 0.138.

Twelve whole-core helium-porosity measurements were performed in the

Phase 2 core study. Figure 4.6 is a relative-frequency histogram

combining all 63 helium-porosity measurements (whole-core and core-plug

analyses combined) from the Phase 2 core study. The addition of the

whole-core porosities did not significantly affect the distribution of

plug-core porosities shown on Figure 4.5. Again, the distribution of

porosity is not normal and skewed. The arithmetic mean is equal to

0.147 with a standard deviation of 0.051. Figure 4.7 is a cumulative

relative-frequency curve for all the Phase 2 helium porosities. The

median value is 0.134.
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All helium porosities for the Culebra dolomite determined during both

the Phase 1 and Phase 2 core studies using Boyle's Law techniques are

summarized in Table 4.4. Table 4.4 also lists an arithmetic-average

porosity value for any samples for which more than one determination

was made. Figure 4.8 is a relative-frequency histogram combining all

79 helium porosities measured from both Phase 1 and Phase 2. Helium­

porosity values are normally distributed and are slightly skewed toward

the lower part of the range of porosities presented, with an arithmetic

mean of 0.153 and a standard deviation of 0.053. The mean porosity

does not coincide with the peak of the distribution, quantitatively

confirming the skewed nature of the distribution. Figure 4.9 is a

cumulative relative-frequency curve for both Phase I and Phase 2 helium

porosities, and shows that the median porosity is 0.141.

Figure 4.10 compares the cumulative relative-frequency curves of the

Phase 1 and Phase 2 helium-porosity results. Two differences between

these curves are indicated. First, the Phase 2 results create a much

smoother distribution, which is not surprising, considering that the

sample size for the Phase 2 helium porosities was approximately 4 times

greater than that of Phase 1. The second observation is that the

median porosity for the Phase 1 helium porosities is 4% larger than

that of the Phase 2 data.

It was noted in Section 1.0 of this report that two hydrologic regimes

appear to be present in the vicinity of the YIPP site. One regime acts

hydraulically as a fractured medium with transmissivities greater than

or equal to 1. OE-6 m2/s and exhibits double-porosity behavior. The

other hydrologic regime has transmissivities less than 1. OE-6 m2 and

fluid-pressure responses to hydraulic tests generally do not display

double-porosity behavior (Beauheim, 1987). LaVenue et a1., (1990)

indicate that the estimated fastest travel path from the center of the

YIPP si te to the YIPP- si te boundary includes the H- 3 and H-ll

hydropads. The average porosity for core samples from H-3 and H-ll is
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0.173, or two percent higher than the overall average YIPP-site Culebra

porosity of 0.153. Comparing the porosity values on Table 4.4 with the

transmissivity data for the Culebra in YIPP-site wells shown in

Beauheim (1987, Figure 6.1) indicates that some locations exhibiting

higher permeability and double-porosity behavior have reported porosity

values higher than the YIPP-site average Culebra porosity and lower

permeability locations such as the H-2 hydropad, have porosity values

less than the YIPP- site average Culebra porosity. However, data

comparison also shows the heterogeneous distribution of porosity within

the Culebra even at the hydropad scale. Thus, while the average YIPP­

site Culebra porosity may underestimate the porosity of the fastest

offsite flow path, general conclusions concerning the relationship

between permeability and porosity are not warranted using the data

presented in this report. The porosity and permeability data should be

compared on a site-by-site or area-by-area basis for any particular

area under investigation.

The quantity and quality of samples recovered during core drilling at

YIPP-site wells contributes a further uncertainty to the relationship

between Culebra permeability and porosity. For many YIPP-site wells,

the large amount of lost core in apparently porous and fractured parts

of the Culebra indicates that the most porous material may have been

destroyed and not recovered during coring and is, therefore, not

represented in the final porosity distribution. Thus, the parameter

dis tributions shown on Figures 4.8 and 4.10 represent selected

determinations for helium porosity of the Culebra in the vicinity of

the YIPP site. The degree to which these distributions remain affected

by sample selection is unquantifiable.

4.1.2 Yater-Resaturation Porosity

As discussed in Section 3.2.2, deionized water was the fluid used to

determine resaturation porosity. In an attempt to quantify the effect
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of using deionized water as the resaturation fluid, a pair of core

plugs was removed from a single piece of core from well H-5b (sample

H-5b-l). Helium porosities were measured for each sample and then

compared to the resaturation porosities for each sample, one analyzed

using deionized water, and one analyzed using a laboratory

approximation of the H-5b formation fluid. The core from well H-5b was

used in this study because well H-5b had a large number of core

samples, a relatively high formation-fluid density (1.102 g/cm3), and

several dissolved-solid determinations with similar values (Robinson

and Lambert, 1987).

Core-plug sample H-5bl-la had a helium porosity of 0.1078 and a

resaturation porosity of 0.1068 measured with deionized water. Core

plug H-5bl-lb had a helium porosity of 0.1245 and a resaturation

porosity of 0.1207 measured with formation fluid. It thus appears that

the use of deionized water as the resaturation fluid can have minimal

effects, although this does not imply that this result can be

extrapolated to all the resaturation porosities.

All samples which were analyzed by resaturation techniques were

examined after analysis for any outward signs of mineral dissolution.

Eighteen (18) core plugs and 12 whole-core samples were analyzed. Of

the 30 samples analyzed, 8 showed signs of mineral dissolution as a

result of the resaturation-porosity determinations. Figure 4.11 is a

plot of resaturation porosity versus the associated helium porosity for

all 30 samples. The R2 of the linear regression of these two sets of

data is 0.99. The difference between the porosity measurements is only

greater than 0.01 for two samples, with the average difference being

less than 0.005. In general, the results of the resaturation

porosimetry are similar to those obtained using Boyle's Law helium

porosimetry. However, Figure 4.11 indicates that the resaturation

porosities in the majority of these samples are larger than the helium

porosities. The differences in these results can be explained by two
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arguments. Either dissolution was important and altered and enlarged

the pore volume of the samples during analysis, or the experimental

standard error for both methods is greater than the resolution of the

results. The differences are likely best explained using both

arguments. Because dissolution was not observed to be universally

active on all samples, the experimental standard of error probably best

explains the variation in the results.

4.1.3 Grain Density

In poros ity calculations, two of the three sample parameters (bulk

volume, pore volume, and grain volume) must be determined. For the

porosity determinations discussed thus far, both bulk volume and pore

volume were determined. From this data base, calculation of rock grain

density is a standard procedure for the analyzing laboratories.

Figure 4.12 is a relative-frequency histogram of 73 grain-density

determinations from both Phase 1 and Phase 2 core studies. The

distribution is skewed toward the larger values of grain density, with

an arithmetic mean of 2.82 g/cm3 and a standard deviation of

0.019 g/cm3 . The median of the distribution of grain densities is

2.83 g/cm3 . If grain density were a normally distributed parameter,

one would expect the best estimate for grain density to be 2.82 g/cm3 .

From viewing Figure 4.12, it is apparent that 2.83 g/cm3 is the most

common grain density, which is consistent with the non-normal, skewed

nature of the distribution.

4.2 Mercury-Intrusion Porosimetry

K & A Laboratories used mercury- intrusion porosimetry to analyze

25 Culebra dolomite samples and determine endpoint mercury saturation,

mercury-intrusion porosity, and pore-throat radii. The samples analyzed

included 24 core plugs and one segment of a core plug, and th& results

are summarized in Table 4.5, along with the helium porosities determined
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by K & A Laboratories. The median pore-throat radii were calculated from

cumulative-frequency plots of the K & A mercury-intrusion data. The

core -plug segment was obtained from sample H-lOb-l and was analyzed

because the analysis of the complete core sample indicated an anomalously

low endpoint mercury saturation. The samples were subjected to

incremental pressure changes up to 207 MPa. The K & A Laboratories

report containing the complete set of results is presented in Appendix D,

and includes relative-frequency histograms of pore-throat radius and

capillary-pressure curves for each sample where mercury is the non­

wetting fluid. The pore-size distributions determined using mercury­

intrusion porosimetry are based on the simplified capillaric model,

indicated by Equation (1), that does not rigorously satisfy the complex

pore geometry of geologic media (Scheidegger, 1974).

Discussion of the mercury-intrusion-porosimetry determinations presented

in this report is limited to a comparison between the porosities deter­

mined by the intrusion technique and to calculation of median pore-throat

radii for each sample. All samples reached 50% mercury saturation at

pressures less than or equal to 10.3 MPa. The helium porosities,

endpoint saturations, median pore-throat radii, and mercury- intrusion

porosities for the 25 samples analyzed are listed in Table 4.5. The

mercury-intrusion porosity for each sample is calculated by multiplying

the endpoint saturation by the helium porosity. The endpoint saturations

range from a low of 66. 7% to a high of 99.9%. The average endpoint

mercury saturation at 207 MPa is 95.4%. The average helium porosity for

these samples is 0.154 and the average mercury-intrusion porosity is

0.148. The low endpoint mercury saturation of 66.7% for sample HlO-lb-l

when compared to the near-average value of 95.2% determined for a segment

of this core plug (Table 4.5) could indicate that pore-throat sizes in

this sample of the Culebra may be heterogeneously distributed

(Appendix D). The air-permeability values determined for sample H10-lb-l

were also lower for the complete core sample than for the core-plug

segment, a further indication of heterogeneity.
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There are several possible explanations for the endpoint mercury

saturations being less than 100% for most samples. The most obvious

explanation is that all non-saturated pore spaces have radii less than

the radius accessible to mercury at 207 MPa. Another possible

explanation lies in the sequence of laboratory procedures. K & A Labora­

tories determined helium porosity before conducting mercury- intrusion

porosimetry and then used that porosity to define sample pore volume.

Figure 4.4 shows that K & A Laboratories consistently determined a higher

helium porosity than Terra Tek when testing the same core-plug samples.

If Terra Tek' s values were actually more representative of the true

porosity, this fact could explain the less than 100% endpoint mercury

saturations reported. Alternatively, if large pore spaces were only

accessible by extremely small pore radii, it is conceivable that the

larger pores could not be accessed by mercury intrusion.

Median pore-throat radii calculated from the cumulative-frequency plots

of the results of mercury-intrusion porosimetry range from a low of

0.077 ~m to a high of 0.588 ~m. The arithmetic mean of the calculated

median pore-throat radii is 0.315 ~m. Given the assumptions implicit to

mercury-intrusion porosimetry, 50% of the pore-throat radii for the

25 samples are greater than 0.315 ~m. The distributions of pore-throat

radii for the samples analyzed by K & A Laboratories (Appendix D)

indicate that the pore-throat radii are distributed differently between

samples. However, most pore radii generally range between 0.05 and

O. 6 ~m and the median pore radii for all samples have a range of

approximately one order of magnitude.

In the Phase 2 core study, some plug-core samples were taken from the

same. larger piece of core and were separated generally by 5 to 10 cm.

These samples are those which have sample numbers which differ only by

the addition of an (a) or a (b) at the end of the sample number, as

indicated on Table 4.4. The variation in pore-throat-radius distribution

between these closely spaced sample pairs can be as heterogeneous as
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samples taken from different wells. For example, the distributions of

pore-throat radii for samples H-7bl-2a and H-7bl-2b are significantly

different (Appendix D). The median pore radii of the two samples are

different while the modal pore radii of the samples are the same. Also,

sample H-7bl-2b has a significant percentage of its pore volume occupied

by large-diameter pores that are immediately accessible to the external

edges of the sample. For some pairs of samples, the variations in the

distributions of pore-throat-radii are negligible and the median pore­

throat radii are equal (samples H-5bl-la and H-5bl-lb).

The results of mercury- intrusion porosimetry indicate the heterogeneous

nature of porosity distribution in the Culebra dolomite. The values and

variations in endpoint mercury saturation and the distribution of pore­

throat radii between samples illustrate this heterogeneity. In general,

the distribution of pores within the Culebra can vary significantly over

small vertical distances. However, the values of the median pore-throat

radii range over only one order of magnitude between all samples, and in

the majority of samples, the range is much less.

4.3 Formation-Factor Results

Terra Tek Core Services determined formation factors for 15 separate core

plugs (Table 4.6). Values range from a low of 12 to a high of 407.

Figure 4.13 is a relative-frequency histogram showing the distribution of

formation-factor values. Although a value of zero is represented on the

abcissa of the histogram, the theoretical lower limit for formation

factor is 1. The arithmetic mean of the formation-factor values is 96.1.

The distribution appears to be log-normal. Figure 4.14 is a re1ative­

frequency his togram of the log of the formation- factor values. The

geometric mean of this distribution is 58.8, and the histogram approxi­

mates a log-normal distribution. Because the formation factor is a

function of the pore geometry and non-normal pore-size distribution, it

might be expected that the distribution of formation-factor values would

be non-normal.
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Table 4.6 presents tortuosity values calculated using formation-factor

values for 15 samples using Equation (9). The formation-factor values in

Table 4.6 were calculated with Equation (2) from electrical-resistivity

data. Figure 4.15 is a relative-frequency histogram of the calculated

tortuosity values. The distribution is not well-defined due to the small

sample size. The arithmetic average of calculated tortuos i ty is 0.14,

the standard deviation is 0.08, and the median is 0.12. The values of

tortuosity ranged from 0.03 to 0.33. Table 4.6 lists the values of

formation factor and tortuosity for each of the samples measured.

Figure 4.16 is a plot of the helium porosity of each sample versus the

tortuosity of the sample, and indicates a general trend of increasing

tortuosity with decreasing porosity. It thus appears that as the

fraction of pore space decreases, the intersection of these pore spaces

also decreases.

Terra Tek (see Appendix C) calculated the constants for Archie's equation

(Equation (3), Section 2.3.1). Using these results, the formation factor

for the Culebra can be related to porosity by the relationship

F - 1. 0 I 4»2.13 (15)

where 2 .13 represents the cementation factor. Figure 4 .17 plots the

formation-factor values determined from electrical-resistivity measure­

ments for each sample against the formation factor calculated for each

sample using the sample porosity and Equation (15). The plotted data

have an R2 for the linear regression of 0.77.

The use of resistivity studies to determine matrix diffusivities has

proven to be effective and results indicate that the formation factor

determined using electrical-resistivity measurements is usually smaller

than that determined by diffusion studies (Skagius and Neretnieks, 1986;

Katsube et a1., 1986). For example, Katsube et a1. (1986) determined

that the diffusion-flux formation factor for a crystalline granite was
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1.9 times greater than the electrical-resistivity formation factor. The

differences between these two methods used to estimate formation factor

are most likely due to dead-end pore space, constrictivity, and grain-to­

fluid interface phenomena.

Sandia National Laboratories (SNL) performed diffusion experiments on

four samples of the Culebra dolomite, and the results have been released

in a series of internal technical memorandUms and a Sandia National

Laboratories report (Casey and Stockman, 1988a; Casey and Stockman,

1988b; Casey and Stockman, 1988c; Casey and Stockman, 1989; Dykhuizen and

Casey, 1989). Nine different diffusion experiments were performed on

four different samples from three different locations. Four experiments

were performed on a rock sample of the Culebra dolomite from core

recovered from well WIPP-19 (sample WIPP-19). Three experiments were

performed on one subsample of the Culebra dolomite from a slab of the

Culebra dolomite from the WIPP-site exhaust shaft (sample ESM-143-2), and

another experiment was performed on a different subsample of that slab

(sample ESM-143-l). One experiment was performed on a rock sample of the

Culebra dolomite from the WIPP-site air-intake shaft (sample A1S-SNL-16).

The diffusion porosity and diffusion tortuosities were determined using

methods described in Katsube et al. (1986) (Dykhuizen and Casey, 1989).

Table 4.7 summarizes the results of these diffusion experiments. When

calculating mean values from these data, if a rock sample was used for

more than one diffusion experiment using different tracers, the results

from all experiments on the same sample were averaged to give an average

tortuosity and diffusion porosity for that rock sample. All experimental

values were then averaged to arrive at a mean value for the four rock

samples. This procedure incorporates the variation within one sample,

yet prevents that variation or anyone sample from dominating the

average.

The results of the SNL diffus ion experiments indicate a range in

diffusion tortuosity of 0.03 to 0.17, with a mean value of 0.1 (N - 4).
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The diffusion porosity ranged from 0.01 to 0.13, with a mean value of

0.07 (N - 4). The average diffusion formation factor is 239 (N - 4),

which is nearly 2.5 times greater than the mean formation factor of 96.1

calculated from electrical-resistivity measurements. This result is not

surprising, given that the porosities of the samples used in the

diffusion experiment are on the average much less than the porosities of

the samples from which the electrical-resistivity formation factors were

calculated. Because of the limited sample sizes, no conclusions or

correlations were developed between the results of the diffusion experi­

ments and the results derived from electrical-resistivity calculations.

Figure 4.18 combines the results from the electrical-resistivity

calculations and the diffusion experiments. The diffusion tortuosities

are plotted as a function of both diffusion porosity (open symbols) and

helium porosity (filled symbols). All experiments on the same sample are

indicated by the same symbol to indicate the experimental uncertainty in

the results for that sample. Figure 4.18 shows that the variability in

results for a given sample is high but the results from the diffusion

experiments generally fall within the scatter of the values derived from

electrical-resistivity measurements. The data presented in Table 4.7

show that the diffusion porosity is generally less than porosity

determined by other methods. Dykhuizen and Casey (1989) indicate that

this difference is due to the inadequacies of simple versions of Fick's

First Law of Diffusion for solutes in a porous medium. The differences

may also be due to incomplete resaturation of the pore spaces with the

fluid used in the diffusion experiments (Casey and Stockman, 1989) and

the low number of samples (4). Also, heterogeneity can contribute

significant differences in porosity over distances of several centimeters

using various subsamples of a given rock sample, as shown on Figure 4.3.
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4.4 Gas-Permeability Results

Freeze (1975) reported that permeabilities are log-normally distributed

within a formation and presented many potential reasons for this

distribution pattern. The most reasonable explanation for a log-normal

distribution of permeability appears to be that permeability is dependent

upon pore-size distributions, and pore-size distributions of rocks and

sediments are frequently log-normally distributed. Because this study

assumed a log-normal probability-distribution function of permeability

and uniform two-dimensional flow, the average permeability was assumed to

be equal to the geometric mean of the permeability data (Matheron, 1967).

For a log-normal distribution, the geometric mean should coincide with

the median. The geometric mean is defined as

i-l

Gm - Log-l « ~ Log k) / n)

n

(16)

The permeabilities presented in this report appear to be, in most cases,

representative of the matrix, as opposed to the formation as a whole,

which may be fractured. Portions of the Culebra with transmissivities

greater than 1.OE-6 m2/s are generally thought to be fractured (Beauheim,

1987). LaVenue et al. (1988) indicate that an intrinsic permeability of

1.3E-14 m2 corresponds to a transmissivity of 1.0E-6 m2/s, assuming a

fluid density of 1000 kg/m3 , a viscosity of 0.001 Pa- s, a formation

thickness of 7.7 m, and a vertically homogeneous formation. A few

permeabilities greater than 1.3E-14 m2 were measured during Phase 1 and

Phase 2 core-analysis studies (see Tables 4.1 through 4.3), and will be

used to calculate permeability averages and distributions in this report.

Therefore, core-sample analyses yielded values of permeability in the

range of values that have been attributed to the effects of fracturing

according to well-test analyses.
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In the Phase 1 core study, 9 measurements of horizontal permeability were

made. One measurement was performed on a whole-core sample, and the rest

on plug cores. The values ranged from 7. 9E-l8 m2 to 9. 9E-lS m2

(Table 4.1) for this small sample (N - 9). Analysis of these data

indicated a non-normal distribution with a geometric mean of 1.6E-lS m2

and a median permeability value of 7.9E-17 m2 . The Phase 1 core study

included 14 measurements of vertical permeability (Table 4.1), 12 from

plug cores, and 2 from whole-core samples. The permeabi1ities ranged

from 8. 4E-18 m2 to S. 2E-14 m2 . Analysis of the vertical-permeability

data indicated a more well-defined distribution than that for horizontal

permeabilities because of the increased sample size. The distribution

appears to approach a log-normal distribution, although the geometric

mean is 4.8E-16 m2 and does not equal the median, which was determined to

be S.4E-16 m2 .

In Phase 2, horizontal permeabi1ities were determined for 4S plug-core

samples. The permeability ranged from a minimum of 2. OE-17 m2 to a

maximum of S.7E-14 m2 (Table 4.3), with a geometric mean of 3.7E-16 m2

and a median of 2.6E-16 m2 . Figure 4.19 is a relative-frequency

histogram of the log10 of all horizontal permeabi1ities measured in

Phase 1 and Phase 2 (N - 66). For the 12 whole-core samples which had a

maximum and a minimum horizontal permeability measured (Table 4.2), the

arithmetic average between the two values was used. The lowest

horizontal permeability measured was 7. 9E-18 m2 and the highest was

3.6E-13 m2 . The permeability distribution appears to be log-normal with

an arithmetic mean of 6.2E-1S m2 , a geometric mean of 4.SE-16 m2 , and a

median of 2.7E-16 m2 .

Figure 4.20 is a relative -frequency histogram of the log10 of all

vertical permeabi1ities measured in both core studies (N - 26). The

lowest vertical permeability measured was 8.4E-18 m2 and the highest was

5.2E-14 m2 . The permeability distribution is log-normal .with an
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arithmetic mean of 5.1E-15 m2 , a geometric mean of 9. OE-16 m2 , and a

median of 3.5E-16 m2 .

Figure 4.21 is a plot of the 10g10 of 72 horizontal-permeability

determinations from the Phase 1 and Phase 2 core studies versus the

he1ium-porosi ty values for the same samples (Tables 4.1 to 4.3). The

values plotted on Figure 4.21 include the results of both the plug-core

and whole-core analyses. The horizontal permeability plotted for the

whole-core samples is the arithmetic average of the two values shown on

Table 4.2. Figure 4.21 shows that although the 10glO of horizontal

permeability tends to increase with porosity, higher- than- average

permeability values were also determined for samples with average

porosity values.

Figure 4.22

determinations

is a plot of the 10g10 of 25 vertical-permeability

from the Phase 1 and Phase 2 core studies versus the

helium-porosity determinations for the same samples (Tables 4.1 to 4.3).

(The vertical-permeability value for sample H-3b3 1-5 was not included in

the plot because the porosity was considered to be unrepresentative as

indicated on Table 4.1.) Figure 4.22 generally shows that the 10g10 of

vertical permeability increases with increasing porosity. Figure 4.23 is

a plot of the 10glO of 23 horizontal-permeability determinations from

Phase 2 plug-core samples versus the median pore-throat radii calculated

from mercury-intrusion porosimetry for those same samples. Figure 4.23

shows that the 10g10 of horizontal permeability is apparently directly

related to the median pore-throat radius. A comparison of Figures 4.21

and 4.23 indicates that the 10g10 of horizontal permeability appears to

be more directly related to median pore-throat radius than to porosity.
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Grain Gas Gas
\lell San.,le Helh.l1l Density Permeability Permeabi l i ty San.,le Report

No. No. Porosity (g/cm3) (Horizontal) (Vertical) Type (1) Date
(m"2) (m"2) (mo-clay-yr)

=========================================================================================================

H-2b 1-1 0.141 2.80 2.0E-16 2.0E-16 \lC 11-13-85

3-1H * {0.115} 8.0E-18 (a) PC 01-29-86

3-W * {0.066} (0.073) 8.4E-18 (a) PC 01-29-86
2-113-1 0.165 [0.142] 2.78 6.9E-17 9.9E-18 PC 12-9-85/1-29-86

1-2 0.118 2.81 PC 11-13-85
2-2/3-2 0.070 [0.136] 2.78 1.9E-17 3.7E-16 PC 12-9-85/1-29-86

H-3b2 1-3/3-3V 0.188 {0.202} 2.84 4.1E-15 {4.4E-15} PC 11-13-85/1-29-86
1-4/3-4V 0.168 {0.113} 2.79 3.3E-15 {4.0E-15} PC 11-13-85/1-29-86

H-3b3 1-5 (b) 0.004 2.33 <9.9E-18 2.0E-17 WC 11-13-85
2-3/3-3 0.185 [0.174] 2.83 9.9E-15 PC 12-09-85/1-29-86
2-4/3-4V 0.209 [0.195] 2.82 1.2E-15 PC 12-09-~5/1-29-86

1-6/3-6V 0.244 {0.241} 2.82 5.2E-16 {4.6E-16} PC 11-13-85/1-29-86
2-5/3-5 0.213 [0.196] 2.84 2.1E-15 5.5E-16 PC 12-09-85/1-29-86

H-4b 1-9 0.297 2.85 5.2E-14 \lC 11-13-85
2-6/3-6V 0.195 [0.220] 2.84 5.2E-15 PC 12-09-85/1-29-86

H-6b 2-7 0.108 2.83 4.9E-17 PC 12-09-85
2-8 0.116 2.83 7.9E-17 6.9E-17 PC 12-09-85
1-7 0.107 2.83 3.9E-17 4.9E-17 PC 11-13-85

1-8/3-8V 0.255 {0.204} 2.86 1.7E-15 {1.6E-15} PC 11-13-85/1-29-86

=========================================================================================================

(1)

*
(a)

(b)

{ >
[ ]

( )

\Ie Ileans whole-core s8lJ1)le, and PC llleans plug-core s8lJ1)le.
Denotes that the sample is a subsample of the piece of core listed ianediately above.
Klinkenberg permeability.
Mineralogic c~sition of this sample was GypsYll and, due to dehydration during testing, was
converted to anhydrite. The porosity value is therefore considered to be unrepresentative.
Denotes an ambient stress of 2.4 MPa during testing.
Denotes 8 hel fUll porosity measurement where the bulle volune is deteMlfned by fluid
di splacement.
Denotes 8 re-run.
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<========================== Whole Core ====================================>

Grain Gas Penneabil ity (m"2) Boyle's Law Resaturation
\leI I Saq>le Density Vertical Horiz. (1) Horiz. Porosity Porosity

No. No. (g/cm3) o degrees 90 degrees
======================================================:=============================================

H-5b H-5b-3 2.82 7.9E-17 2.2£-16 2.7E-16 0.133 0.128

H·1b2 H-1b2-2 2.83 2.5E-16 9.9E-17 8.9E-17 0.118 0.129

H-10b H-10b-3 2.80 2.1E-16 6.2E-16 4.3E-16 0.112 0.106

H-11 H-11-1 2.83 1.4E-16 4.9E-17 4.9£-17 0.155 0.153

H-11b3 H-11b3-3 2.84 2.4E-15 5.8E-15 5.9E-17 0.130 0.126

\lIPP-12 \lIPP-12-3 2.82 1.6E-15 1.9E-14 2.4E-14 0.134 0.130

IlIPP-25 IlIPP-25-1 2.80 1.9E-16 3.6E-13 1.1E-16 0.115 0.120

IlIPP-26 \lIPP-26-2 2.82 5.1E-14 2.9E-14 6.9E-17 0.126 0.126

\lIPP-28 \lIPP-28-2 2.81 2.0E-15 3.6E-15 3.3E-15 0.187 0.188
\lIPP-28-3 2.83 2.7E-16 3.0E-16 3.1E-16 0.170 0.169

\lIPP-30 \lIPP-30-1 2.83 4.6E-16 7.8E-14 9.2E-15 0.128 0.124
IlIPP-30-2 2.83 3.2E-16 3.9E-16 1.9E-16 0.150 0.152

====================================================================================================

(1) The 0 degrees core orientation was chosen visually to be the maxinun permeabil ity direction.

The 90 degrees orientation is measured 90 degrees to the 0 degrees orientation.
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<======================================= Plug Core ===========================>

Grain Gas Boyle's Law Resaturation Mercury Formation

Well Slll11>le Density Permeability Porosity Porosity Intrusion Factor

No. No. (g/cm3) (mA 2) Porosity (1)

=======================================================================================================

H-2a H2a-1 2.82 2.5E-16 0.116 0.113

H2a-2 2.80 9.9E-18 [1.4E-16] 0.119 [0.125] 0.111

H-2b1 H2b1-1 2.82 2.4E-16 0.082 0.088
H2b1-1F 2.83 3.0E-17 0.105 326.77

H2b1-2 2.78 6.1E-16 [1.2E-151 0.135 [0.1481 0.148

H2b1-3 2.82 2.7E-16 0.153 0.158

H-5b H-5b-1a 2.82 4.9E-17 [4.1E-1n 0.125 [0.1301 0.124

H-5b-1b 2.83 7.9E-17 [6.8E-1n 0.157 [0.1551
H-5b-2 2.81 3.6E-15 0.228 0.237
H-5b-2F 2.80 1.3E-14 0.248 12.20

H-7b1 H-Tb1-1 2.84 1. 1E- 16 0.177 0.181
H-7b1-1F 2.84 9.9E-17 0.149 73.49

H-Tb1-2a 2.84 9.9E-17 [1.1E-161 0.196 [0.215] 0.197
H-Tb1-2b [5.1E-16] [0.2781 0.277

H-7b2 H-7b2-1 2.83 3.1E-16 [2.9E-16] 0.144 [0.173] 0.148 0.167

H-7c H-7c-1a 2.83 6.9E-17 [9.7E-1n 0.125 [0.134] 0.129 0.133

H·7c-1b [7.3E-1n [0.165]

H-7c-1F 2.83 1.1E-16 0.138 79.61

H·10b H-10b-1 2.80 3.9E-17 [1.2E-1n 0.069 [0.108] 0.072
H-10b-2 2.76 7.7E-15 0.115 0.117
H-10b-2F 2.82 1.4E-16 0.066 406.78

H-11 H-11-2 2.78 2.0E-17 [3.8E-1n 0.099 [0.11] 0.113 0.103
H-11-2F 2.81 3.9E-17 0.104 94.82

=======================================================================================================-

(1) The mercury porosity is equal to the endpoint mercury saturation, expressed as a fraction,

multiplied by the helium porosity of the sample.

[] Denotes additional permeability and helium porosity measurements perfonAed by K & A Laboraotories

as part of the mercury-intrusion porosimetry.
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<======================================= Plug Core ===========================>

~ell

No.
S8/1l>le

No.

Grain
Density
(g/cm3)

Gas
Permeabi l i ty

(11I"2)

Boyle's law
Porosity

Resaturation

Porosity

Mercury

Intrusion
Poros i ty (1)

Formation

Factor

=======================================================================================================

H-11b3 H-11b3-1 2.84 4.5E·15 [1.3E-15J 0.275 [0.331] 0.275 0.331

H-11b3-1F 2.84 1.6E-15 0.223 36.35

H-11b3-2 2.84 4.9E-17 0.099 0.103

H-11b3-2F 2.83 3.3E-16 0.123 101.93

H-11b3-4 2.83 2.7E-16 [1.8E-16J 0.156 [0.148] 0.148

H-11b3-4F 2.83 7.9E-15 0.224 32.74

IoIIPP-12 IoIIPP-12-1a [2. lE-16] [0.028]

\lIPP-12-1b 2.79 1.7E-16 [8.5E-m 0.116 [0.112] 0.112

~IPP-12-2 2.82 9.5E-16 [1.4E-15] 0.116 [0.136] 0.119 0.135

\lIPP-12-2F 2.82 5.lE-14 0.135 47.30

\lIPP-13 \II PP-13-1 2.83 5.9£-15 0.143 0.152
\lIPP-13-2 2.84 3.5E-15 0.219 0.226
\lIPp-13-2F 2.84 4.5E-15 0.260 13.26

~IPP-13-3a 2.83 3.6E-15 [4.9£-15] 0.167 [0.190] 0.185

~IPP-13-3b [3.lE-m [Q.09n

\lIPP-26 \lIPP-26-1 2.82 3.9E-17 0.124 0.122
\lIPP-26-1F 2.81 3.9£-17 0.112 68.n
\lIPP-26-3 2.82 4.9£-17 [3.8E-1n 0.128 [0.125] 0.125

~IPP-28 ~IPP-28-1a [3.3E-m [0.142]

~IPP-28-1b 2.83 4.9£-17 [3.8E-m 0.130 [0.130] 0.122
\lIPP-28-3F 2.83 4.0E-16 0.179 26.30

\lIPP-30 \lIPP-30-3a [9.6E-15] [0.176] 0.176
\lIPP-30-3b 2.79 5.4E-16 [3.4E-15] 0.139 [0.158] 0.139 0.145
\lIPP-30-3F 2.80 2.5E-15 0.149 31.49
~IPP-30-4 2.83 8.2E-15 [1.8E-14] 0.224 [0.254] 0.245

======================================================================================================

(1) The mercury porosity is equal to the endpoint IIlercury saturation, expressed as a fraction,

~ltiplied by the helium porosity of the s8/1l>le.
[] Oenotes additional permeabil ity and hel ium porosity measurements performed by K & A laboraotorie~

as part of the IIlercury-intrusion porosimetry.
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<======================================= Plug Core ===========================>

Well

No.
Saq>le

No.

Grain
Density
(g/cm3)

Gas
Permeabi l ity

(m"2)

Boyle's Law
Porosity

Resaturation
Porosity

Mercury
Intrusion

Poros ity (1)

Formation
Factor

=======================================================================================================

AEC-8 AfC-8-1

AEC-8-1F

AEC-8-2

2.83
2.82
2.82

2.6E-16

5.9E-17
3.1E-16

0.07'9

0.122

0.109

0.086

0.106

90.09

=======================================================================================================

(1) The mercury porosity is ~l to the endpoint mercury saturation, expressed as a fraction,
multiplied by the helium porosity of the sample.

(] Denotes additional permeability and helium porosity measurements performed by K &A Laboraotories
as part of the mercury-intrusion porosimetry.
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Borehole Sample Porosity

NlIllber NUlber

=========================================================================================================:

H-2a

H-2b

H-2b1

H-3b2

H-3b3

H-4b

H-5b

H-6b

H-7b1

H-2a-1 0.116
H-2a-2 0.131 *

1-1 0.141
2-1/3-1 0.154 **

1-2 0.118
2-213-2 0.103 **

HZb1-1 0.082

H2b1·1F 0.105
H2b1-2 0.142 *
H2b1-3 0.153

1-3 0.188
1-4 0.168

2-3/3-3 0.180 **
2-4/3-4V 0.202 **
1-6/3-6V 0.244
2-5/3-5 0.205 **

1-9 0.297

2-613-6V 0.208 **

H-5b-1a 0.128 *
H-5b-1b 0.155
H-5b-2 0.228
H-5b-2F 0.248

H-5b-3 0.133

2-7 0.108

2-8 0.116
1-7 0.107

1-8/3-8V 0.255

H·7b1-1 0.1n

H-7b1-1F 0.149
H-7b1-2a 0.206 *
H-7b1-2b 0.278
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Borellol e Saq:> le Poros i ty

N~r N~r

=========================================================================================================

Drawn by
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H-7bZ

H-7e

H-1Ob

H-11

WIPP-12

WIPP-13

Date

Date

Date

12/7/89

H-7bZ-1 0.159 *
H-7bZ-2 0.118

H-7e-1a 0.130 *
H-7e-1b 0.165

H-7e-1F 0.138

H-10b-1 0.089 *
H-10b-2 0.115

H-10b-2F 0.066

H-1-b-3 0.112

H-"-' 0.155

H-"-2 0.105 *
H-1'-2F 0.104

H-11b3-1 0.303

H-11b3-1F 0.223
H-11b3-2 0.099

H-11b3-2F 0.123
H-11b3-3 0.130

H-11b3-4 0.152 *
H-11b3-4F 0.224

\1-12-1a 0.028

W-12-1b 0.114 *
W-12-2 0.126 *
W-12-2F 0.135
W-12-3 0.134

W-13-1 0.143

W-13-2 0.219
W-13-2F 0.260
W-13-3a 0.179 *
W-13-3b 0.097

Summary of Porosities Determined Using
Boyle's Law Technique on Culebra Core Samples

During Phase 1 and Phase 2 Core Studies
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Borehole
NUlber

Porosity

=========================================================================================================

Io/IPp-25

IoIIPP-26

WIPP-28

WIPp-30

AEC-8

10/-25-1 0.115

10/-26-1 0.124

1o/-26-1F 0.112

10/-26-2 0.126

10/-26-3 0.127 *

W-28-1a 0.142

1o/-28-1b 0.130 *
10/-28-2 0.187

10/-28-3 0.170

W-28-3F 0.179

10/-30-1 0.128

10/-30-2 0.150

1o/-3O-3a 0.176

1o/-30-3b 0.149 *
1o/-30-3F 0.149

10/-30-4 0.239 *

AEC-8- 1 0.079

AEC-8-1F 0.122

AEC-8-2 0.109

=========================================================================================================

NUllber of s8q)les = 79
Average porosity =0.153
Standard deviation =0.053
Range =0.028 - 0.303

* Represents an average value from porosity detenllinations from
Terra Tek Laboratories and K &A Laboratories.

** Represents an average of porosity values determined using sample
bulle volUlle estill8ted from pressured s~le dimensions and from

fluid displacement.
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Endpoint
Laboratory Sanple Hel iun Mercury Mercury- Median Pore-
S8IIlple No. Porosity Saturation Intrusion Throat Radius

Nunber (X) (1) Porosity (m x 10~-6) .
======================================================================================================

1 H-2A-2 0.125 88.5 0.111 0.165
2 H-2b1-2 0.148 99.7 0.148 0.376
3 H-5b1-1a 0.130 95.0 0.124 0.257
4 H-5b1-1b 0.155 95.3 0.148 0.265
5 H-7b1-2a 0.215 91.6 0.197 0.345
6 H-7b1-2b 0.278 99.5 0.277 0.521
7 H-7b2-1 0.173 96.5 0.167 0.417
8 H-7C-1b 0.165 94.8 0.156 0.296
9 H-7C-1a 0.134 98.9 0.133 0.305

10 H-10b-1 0.108 66.7 0.072 0.077
10a H-10b-1 (2) 0.090 95.2 0.086 0.245
11 H-11-2 0.110 93.3 0.103 0.086
12 H-11b3-1 0.331 99.9 0.331 0.518
13 H-11b3-4 0.148 99.9 0.148 0.257
14 \I-12-1a 0.028 98.2 0.027 0.313
15 \I-12-1b 0.112 99.9 0.112 0.283
16 \1-12-2 0.136 99.4 0.135 0.359
17 \I-13-3a 0.190 97.5 0.185 0.532
18 \I-13-3b 0.097 99.6 0.097 0.272
19 \1-26-3 0.125 99.9 0.125 0.225
20 \I-28-1a 0.142 95.3 0.135 0.114
21 \I-28-1b 0.130 93.8 0.122 0.179
22 \I-30-3a 0.176 99.8 0.176 0.588
23 \I-30-3b 0.158 91.6 0.145 0.399
24 \1-30-4 0.254 96.3 0.245 0.474

Mean = 0.154 95.4 0.148 0.315 m x 10"-6
Std. Oev.= 0.062 0.063 0.137 m x 10"-6

======================================================================================================

(1) Endpoint Mercury saturation is evaluated at a ~ximum pressure of 207 MPa.

(2) This sanple was analyzed twice due to the a~lous endpoint saturation.
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S~le

NlJllber

Mel i UlI

Porosity
Formation

Factor Tortuosity •
========================================================================================================

AEC-8-1F 0.122 90.09 0.091

H-2b1-1F 0.105 326.n 0.029

H-5b-2F 0.248 12.2 0.331

H-7b1-1F 0.149 73.49 0.091

H-7C-1F 0.138 79.61 0.091

H-10b-2F 0.066 406.78 0.037

H-11-2F 0.104 94.82 0.101

H-11b3-1F 0.223 36.35 0.123

H-11b3-2F 0.123 101.93 0.080

H-11b3-4F 0.224 32.74 0.136

1l-12-2F 0.135 47.3 0.157

1l-13-2F 0.26 13.26 0.290

1l-26-1F 0.112 68.n 0.130

1l-28-3F 0.179 26.3 0.212

1l-30-3F 0.149 31.49 0.213

====================:===================================================================================

• Tortuosity calculated froq Equation (9) using formation factor
determined from electrical-resistivity measurements.
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
SAMPLE SAMPLE DATE TRACER Do SAMPLE HELll.'l MERCURY DIFFUSION ERROR TORTUOSITY TORTUOSITY DIFFUSION
Nl.'lBER NAME REPORTED ION (cm2!s) VOL (an3) POROSITY POROSITY POROSITY .-/- (BEAR) (COLLINS) FORM. FACTOR

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

1 ~IPP-19 3/23/88(1) 22 Na 7.50E-06 19.68 0.1550 0.0860 0.040 0.020 0.043 4.80 5n

~IPP-19 3/23/88(1) 3 H 1.31E-05 19.68 0.1550 0.0860 0.060 0.020 0.025 6.30 409

~IPP- 19 3/23/88(1) 129 I 1.00E-05 19.68 0.1550 0.0860 0.020 0.006 0.104 3.10 625

WIPP-19 3j23/88( 1) 22 Na 7.50E-06 19.68 0.1550 0.0860 0.040 0.010 0.066 3.90 395

2 ESM' 143- 1 6/23/88(2) 22 Na 7.50E-06 3.00 o.om 0.087 0.060 0.101 3.15 107

3 ESM- 143-2 6/23/88(3) 129 I 1.00E-05 41.61 0.0975 0.0715 0.012 0.003 0.088 3.37 150

ESM- 143-2 6/23/88(3) 22 Na 7.50E-06 41.61 0.0975 0.0715 0.011 0.002 0.093 3.28 714

ESI4- 143-2 11/21188( 1) 3 H 1.31E-05 41.61 0.0975 0.0715 0.040 0.005 0.033 5.50 437

4 A1S-SNL-16 6/30/89(4) 3 H 1.31E-05 0.35 0.1950 0.1500 0.130 0.340 0.170 2.40 44

••••••••••••••••••••••••••••••••••z••••••••••••••••••~=•••z.z••s.aas==zz•••••• s ••••••••• E •••••••••••••••••••••Z••K.Z.Z•••~z•••••z====

NOTE: Do • free-water dIffusIon coefficient.

The data were taken from (Casey and Stockman (1) 1988a, (2)1988b. (3)1988c, (4)1989, and Oykhulzen and Casey 1989).

INrtlL'\ TechnologIes
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5.0 CONCLUSIONS

The Phase 1 and Phase 2 core studies of selected core samples of the

Culebra dolomite from WIPP-site observation wells provided useful data in

the parameterization of ground-water flow-and-transport modeling of the

Culebra at the WIPP site. The samples were analyzed by helium porosimetry,

resaturation porosimetry, mercury- intrusion porosimetry, electrical­

resistivity techniques, and gas permeability. The analyses were conducted

on whole-core and core-plug samples. This section presents general

conclusions based on the combined results of these core studies.

The combined results from the 79 Phase 1 and Phase 2 helium-porosity

determinations indicated that the distribution of Culebra porosities was

skewed toward lower porosity values. The arithmetic mean and standard

deviation of the 79 helium porosities are 0.153 and 0.053, respectively.

The vertical heterogeneity of porosity within the Culebra was evaluated

using the results of core analysis of 21 pairs of core plugs, where each

core plug in a pair was taken within about 5 to 10 em of the other. The

results using helium-porosity determinations showed that differences in

porosity between the sample pairs ranged from as little as 0.05 to as high

as 0.093. The paired data indicated significant vertical-permeability

differences on this scale.

The water-resaturation-porosimetry results showed a near 1-to-l correlation

wi th the resul ts from he lium-porosi ty determinations. The linear

correlation coefficient between helium porosity and resaturation porosity

for 30 samples was 0.99. The correlation between the two sets of results

was not expected to be good because water cannot normally access pore space

as easily as helium. In some cases, the resaturation porosities were

slightly larger than the helium porosities. It is possible that the

results of the resaturation porosimetry may have been affected by. mineral

dissolution from the deionized water which was used as the resaturation
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fluid. It is also possible that the actual differences between the

porosities determined by both methods were within the experimental

reproducibility of the two measuring techniques.

The endpoint mercury pore-volume saturations for the 25 samples analyzed

ranged from 66.7% to 99.9%, with an endpoint pressure of 207 MPa. The

average endpoint pore-volume saturation was 95.4%. The median pore-throat

radii varied over an order of magnitude from 0.077 ~m to 0.588 ~m with an

arithmetic average value of O. 315 ~m. Eighty-four percent of the pore­

throat radii in the samples analyzed were between 0.1 ~m and 0.5 ~m. The

average mercury-intrusion porosity was 0.148, as compared with the helium­

porosity average of 0.154. The mercury- intrusion porosimetry analyses

confirmed the heterogeneity of pore structure within the Culebra, even over

vertical distances of 10 cm.

Seventy-three (73) grain-density measurements were made on the Culebra

dolomite. The distribution of grain densities is skewed toward larger

values of grain density with an arithmetic average of 2.82 g/cm3 and a

standard deviation of 0.019 g/cm3 . Because of the skewed grain-density

distribution, the most common value of grain density is 2.83 g/cm3 , which

is also the median of the distribution.

The results of electrical-resistivity measurements of saturated core plugs

yielded 15 estimates of formation factor and tortuosity. The distribution

of formation factor was log-normal and values ranged from 12 to 407 with a

geometric mean of 58.8. The 15 values of tortuosity calculated from the

formation-factor data ranged from 0.03 to 0.33 with an arithmetic average

of 0.14. The median tortuosity was 0.12. The results show a general trend

of increasing tortuosity with increasing porosity. The diffusion

porosities and diffusion tortuosities determined for diffusion experiments

on four rock samples by Dykhuizen and Casey (1989) agree with the lower

range of the values determined by electrical-resistivity methods used in

this core-analysis study.
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Gas-permeability measurements were performed on plug-core samples in both

the horizontal and vertical directions. Sixty-six (66) horizontal­

permeability measurements were made in both Phase I and Phase 2 core

studies. The permeability values ranged from 7.9E-18 m2 to 3.6E-13 m2 , and

the distribution had an arithmetic average of 6.2E-IS m2 , a geometric mean

of 4.SE-16 m2 , and a median of 2.7E-16 m2 . Twenty-six (26) vertical­

permeability measurements were made during both Phase 1 and Phase 2 core

studies. The permeabilities ranged from 8.4E-18 m2 to S.2E-14 m2 , with an

arithmetic mean of S.lE-IS m2 , a geometric mean of 9.0E-16 m2 , and a median

of 3. SE-16 m2 . Plots of the loglO of permeability versus porosity

indicated a weak correlation between the loglO of permeability and

porosity. In general, the loglO of vertical permeability appeared to be

more directly correlated with porosity than did the loglO of horizontal

permeability. A plot of the loglO of horizontal permeability versus median

pore-throat radius indicated that the loglO of horizontal permeability is

directly related to median pore-throat radius.
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APPENDIX A

SAMPLE DESCRIPTIONS
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Well No./
Sample No.

H2b/I-I, 1-lH,
I-IV

H2b/2-3, 3-1

H2b/1-:2

H2b/2-2, 3-2

H3b2/1-3, 3-3v

H3b2/1-4, 3-4v

H3b3/1-5

H3b3/2-3, 3-3

Depth Cft,)

630.0

635.8-636.2

637.5

639.8-640.2

681

689.2

667.7-668.1

671.4-671.7

Core-Sample Descriptions

finely vugular dolomite

very vuggy dolomi te , some gypsum­
filled fractures, some up to 15 mm,
in diameter, some are gypsum filled

finely porous and vuggy dolomite

finely vugular dolomite, some
calcite fillings, has a brown silt
(perhaps dri lling mud) allover
core, has a corroded appearance in
areas.

porous dolomite

very vuggy and porous dolomite

massive gypsum

finely vugular, finely fractured
dolomite, Some (less than 10%) vugs
and frac ture s are fi lled wi th
gypsum. fractures are tight

H3b3/2-4, 3-4v 671.7-672.0 vuggy dolomite,
fracture, seems to
some large voids,
gypsum filled

tight vertical
be gypsum filled,
20% or more are

H3b3/1-6, 3-6v

H3b3/2-5, 3-5

H4b/-9

H4b/2-6, 3-6v

Drawn by

Checked by

Revisions

689,3

690.0-690.6

513

517.0-517.3

Date

Date

Date

finely vugular, porous dolomite

very finely vugular, porous core,
large 25 by 40 rom gypsum fill

porous dolomite

very silty, finely porous dolomite,
friable in sections

Core-Sample Descriptions for the Phase 1
Core Study

INrtlLl\ Technologies
Table A,l
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Well No.1
Sample No.

H6b/2-7

H6b/2-8

H6b/1-7

H6b/1-8, 3-8v

Depth (ft.)

614.3-614.6

615.0-615.3

616.0

628-640

Core-Sample Descriptions

massive dolomite

very dense, massive dolomite, has
brown spotty precip on outside, one
noticeable void, open, ~ 5 by 3 rom

massive dolomite

very porous dolomite

Drawn by

Checked by

Revisions

Date

Date

Date

Core-Sample Descriptions for the Phase 1
Core Study

11'frt.R..1\ Technologies
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Well No.;
Sample No.

H-2a-l

H-2a-2

H-2b1-1

H-2bl- 2

H-2b-3

H-5b-1

H-5b-2

H-5b-3

H-7bl-l

H-7bl-2

H-7b2-1

H-7b2-2

H-7c-l

Drawn by

Checked by

Revisions

Depth (ft.)

619

622-622.4

637.6-637.8

<>! 640

"" 641. 5

903-903.6

913 "" 914

901. 3-901. 7

251.5-251.9

"" 268

"" 275

260-261. 25

271.1-271.7

Date

Date

Date

Core-Sample Descriptions

irregular, tight dolomite, some
microfractures, some filled vugs ~6

cm. in length

tight, slightly vuggy dolomite;
full length vertical frac, gypsum
filled, irregular edges

very vuggy dolomite, most unfilled,
the remainder are gypsum-filled

vuggy dolomite, some gypsum filled

slightly vuggy dolomite, vugs are
not filled

massive dolomite with open vugs

hairline horiz. fractures, finely
vugular dolomite

massive dolomite, vuggy near top of
sample

open vugs, otherwise well­
consolidated massive dolomite

very vuggy dolomite, vugs are
unfilled and average 1 cm diameter

vuggy dolomite

massive dolomite, some vertical
fractures, and occasional isolated
empty vugs

dolomite with large vugs, average
diameter is approximately 2 cm

Core-Sample Descriptions for the
Phase 2 Core Study

INrtJt.1\ Technologies
Table A.2

A-5



Well No.1
Sample No.

H-lOb-1

H-10b-2

H-10b-3

H-ll-l

H-1l-2

Depth (ft,) Core-Sample Descriptions

1394.5-1395.1 brecciated vuggy (filled) dolomite,
contains a layer with fine clay
infilling

1374-1347.4 consolida ted dolostone, slightly
fractured, contains fine vugs

1388,1-.8 vuggy dolomite

731. 5-731. 9 competent dolomite with fine vugs
which are not filled

NIA competent do lomi te wi th filled
hairline fracture, one gypsum-filled
vug, ovoid in shape, 3cm. in
diameter

H-llb-3-l

H-llb3-2

H-llb3-3

756.3-756.5

"" 753

741.8-742.3

silty dolomite, vuggy and very
porous

vuggy dolomite with hairline
fractures, vugs are open,

competent dolomite, a few vugs
filled and not filled

H-llb3-4

WIPP-12-l

WIPP-12-2

WIPP-12-3

WIPP-13-1

Drawn by

Checked by

Revisions

Date

Date

Date

744.46-745.33 finely vugular dolomite, micro vugs
not filled

821.5-822 vuggy, silty dolomite

834.3-834.8 vuggy dolomite, with some vugs
filled with gypsum, also vertical
fractures, some filled, others not

832,3-832.8 fractured dolomite with few vugs,
fractures are tight

"" 710 massive dolomite, a few open
hairline fractures; core only 3/4
round so have to take plug sample

Core-Sample Descriptions for the
Phase 2 Core Study

I.NrtlLl\ Technologies
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Vlell No.1
Sample No.

VlIPP-13-2

VlIPP-13-3

VlIPP-25-1

VlIPP-26-1

VlIPP-26-2

VlIPP-26-3

Depth (ft.)

"" 723.5

707:5-708.1

454-454.8

190.7-191

191.5-192

?

Core-Sample Descriptions

vuggy dolomite

vuggy silty dolomite

massive dolomite

massive dolomite with a few sma11­
diameter, open vugs

massive dolomite with open vugs

vuggy silty dolomite I vugs open,
only good piece; all core below
destroyed, hard to determine exact
footage

VlIPP-28-1 ""430

VlIPP-28-2 426.5-427

VlIPP-28-3 427.9-428.4

VlIPP-30-1 647.7-648

VlIPP-30-2 ""638.5

VlIPP-30-3 636.7-637.2

VlIPP-30-4 635.1-635.4

AEC-8-1 ""849

AEC-8-2 ""854

finely vuggy dolomite

fragmented silty dolomite

massive silty dolomite, no obvious
laminations or structure

vuggy dolomite with vertical
fractures, some filled

finely vugular dolomite

very vuggy dolomite

vuggy, silty dolomite, vugs not
filled with gypsum

massive finely vugular dolomite

massive dolomite with very large
vugs

Drawn by

Checked by

Revisions

Date

Date

Date

Core-Sample Descriptions for the
Phase 2 Core Study

INrt.R..1\ Technologies
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APPENDIX B

SUMMARY OF RESULTS RECEIVED FROM

CORE LABORATORIES, INC.

Note: Laboratory Sample Number 5 from the November 13, 1985

report is a sample of the Tamarisk Member of the

Rustler Formation. Analyses performed on this sample

are not included in the Gulebra sample set presented

in this report.

B-1



CORE LABORATORIES, INC.
Petroleum Re!ervolr Engilleering

DALLAS, TEX.AS

CORE ANALYSIS REPORT

FOR

INTERRA TECHNOLOGIES

WIPP SITE



CORE LABORATORIES. INC.
Ptlroltum Rtur.oir En,inttrill'

DALLAS, TI:Jl:AS

PAGE 1

INTERRA TECHNOLOGIES
WIPP SITE

DATE 13-NOV-85
FORMATION I
DRLG. FLU I D.:
LOCATION I

CONVENTIONAL CORE ANALYSIS

FILE NO. 38060-7829
LABORATORY AURORA. COLORA
API WELL NO.:
ELEVATION

SAMPLE DEPTH PERM MD PERM MD He GRAIN
NUMBER FEET HORIZ Ka V~RT KCl POR DEN M DESCRIPTION
------ ------------ -------- -------- ----- ----------------------------------------------

1 630.0 0.02 0.02 14 • 1 2.80 H2B
2 637.5 ** 11.8 2.81 H2D
3 601.0 4.2 la.8 2.84 H302., 689.2 3.3 16.0 2.79 H3B2

700.5 UNSUITflBLE FOR ANfl'-YSIS
702.9- 3.5 UNSUITABLE FOR ANALYSIS

~ 667.7-68.1 <0.01 0.0.2 0.4 2.33 H3fl3..J

6 689.3 0.53 24.4 2.82 H3B3
tiel 7 616.0 0.04 0.05 10.7 2.83 6D
I

8 628.0-AO.0 1.7 25.5 2 ,(36 6B~

9 513.0 53. 29.7 2.85 HIlB

**UNSUITABLE FOR PERMEABILITY MEASUREMENT
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CORE LABORATORIES, INC.
Petroleum ReJtrJiofr Enrfneerlng

DALLAS, TEXAS
PAGE 1

INTERRA TECHNOLOGIES DATE 09-DEC-85
FORMATION
DRJ..G. FLUID:
LOCATION

CONVENTIONAL CORE ANALYSIS

FILE NO. 38060-7852
LABORATORY AURORA, COLORADO
API WELL NO.:
ELEVATION

SAMPLE [lEf'TH PERM MD PERM MD H~ GRAIN
NUMBER FEET HOr,IZ Ka VERT Ka POR [lEN M [lESCRIPTION_.... _--- ------------ _.. ------ -------- ----- ------------------------------------------------

1 635.8-36.2 0.07 <0.01 16.5 2.81 H-2B
~ 639 . 8'- ,4 0 • 2 O. 19 0.37 7.0 2.78 H-2D
3 671.4-71.7 10. 1130 5 2.83 H-3B3 'I ,

" .. I ~., , I

4 671,7-72.0 1.2 20.9 2.82 H-3B3
5 690.0-90.6 2.1 0.56 21.3 2.84 H-3B31 ,
6 517.0-17.3 5.3 19.5 2.84 H-4B
7 614.3-14.6 0.05 10.8 2.83 H-6B ,;',}/yc' -.,-"

t::J;l
8 615.0-15.3 0 • .98 0.07 11.6 2.83 H-6B ii"~ ~ ~jl'I

a-



L__

SPECIAL OJRE ANALYSIS STUDY

for

WIPP SITE
FILE NtlMBER: SC1\L 203-850073

-- --'-'--~--------- S:Jecial Core Analys.s
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JaI'Il.lal:Y 29, 1986

7501 STEMMONS FREEWAY, BOX 47547•• DALLAS, TEXAS 75247 • 214163HI270

CORE LABORATORIES. INC. •

Intera Technologies
6580 .Austin center Boulevard
SUite 300
.Austin, TX 78731

Attention: Mr. George saulnier:

SUbject:

Special COre Analysis study
WIPP site
File NUmber: SCAL 203-850073

Gentlemen:

Rep!y To:
10703 E. BETHANY DRIVE

AURORA. COLORADO 80014

On December 12, 1985 Mr. George Saulnier of Intera Technologies requested the
following special core analyses on core material recovererl from the subject
well:

1) Penneability to Air an:i Porosity.

2) Kli.nkenberg Fenreability (Gas Slippage Corrected) .

Enclose:l are the final results of these analyses.

Six, one inch di.aIneter core plugs were obtained from Intera Technologies for
this study. Penneability to air an:i helium porosity values utilizin:J Boyle IS

law technique were obtained with the resultant data presented on Pages 2 an:i
3. '!he scmples are identified as to depth ani are lithologically described
on Page 1.

The Klinkenberg permeability (gas slippage corrected) was requested for
sample numbers lH, lV, an:i 8V. '!hese samples were measured at an effective
overl>urden pressure of 350 psi by the non-steady state nethod. 'll1e results
of this test are presented on Page 2 in conjunction with the permeability to
air arrl porosity detenni.nations.

A bibliographic reference for this procedure is:

Freeman, D. and Bush, D. Low Permeability Laboratory Measurements by
Non-Steady state an::! Conventional Methods. SPE Technical Paper 10075.

B-8



Intera Technologies
January 16, 1986
Page two

An additional group of sanples were examined after o::urg;>letion of the initial
study. '!he core samples li.st:e::l on Page 2 were re-examined for PJrosity
measurements. A special procedure was utilized for m:::>re accurate PJrosity
determination. '!he parameters used for PJrosity calculation are PJre volume,
grain volume ani l:lUlk volume. '!he vuggy nature of many of the core sanples
len::ls to erroneous bulk volume values by the len:Jth X area fonml1a. As a
result, all bulk volume values were remeasured usin; a different technique.
Teflon tape was wrapped aroun:i each sample, isolati.n;J the wgs. A mercury
bulk volume, ani measurement was obtained. '!he teflon tape was remJVed ani
its bulk volume was dete:cnined ani subtracted from the initial bulk volume
value. Porosity was recalculated givi.n;J generally lCMer porosity values as
COIl"pared to the original COnventional COre Analysis data.

It has been a pleasure worki..rq with Intera Technologies on this study.
Should you have any questions pertaining to these test results or if we may
be of further assistance, please do not hesitate to contact us at (303)751­
9334.

Very truly yours,

CX>RE IAOORAroRIES, Inc.

(~~jJ)+
Mercer L. Brugler
Special COre Analysis SUpervisor

MI.B/sso
4 co addressee
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CORE LABORATORIES, INC.
Special Core A llal)'JiJ

Page 1 of 3
File 203-850073

IDENl'IFICATION :AND I.J:'I'H:)IOOIcro:. DESCRIPl'ION OF S1\MPLES

Corrpany: Intera Resources Well: WIPP site

5anple
Identification Depth, feet

1H 630.0

lV 630.0

3V 681.0

4V 689.2

6V 689.3

8V 682-640

B-I0

Lithological Description

OOL,bu,pkst,wl irrl,slily lmy,vug,frac
w/ca1c ant

OOL,bu,pkst,wl irrl,slily lmy,vug, frac
w/ca1c ant

OOL,bu,pkst,wl irrl,slily lmy,vug,frac
w/calc ant

OOL,bu,pkst,wl irrl,slily lmy,vug

OOL,bu,pkst,wl irrl,slily lmy,vug w/cl
inf

OOL,bu,pkst,wl irrl,psool,slily lmy,
vug



CORE LABORATORIES, INC.
Special Core Allalpis

Page 2 of 3
File 203-850073

PERMEABILITY TO AIR, roR:>SITY' AND KLINKENBERG PERMEABILITY
1\8 A F"tnCrION OF OVERBURDEN PRFSSORE

Corrpany: Intera Resources Well: WIPP site

Effective 0\Terl:urden Pressure, psi 350

Permeability
Sample Depth, ·to Air Porosity IG.inkenberg Penneability**

I.D. feet Millidarcys Percent Millidarcys

1H 630.0 <0.01 11.5 0.00801

IV 630.0 0.02 6.6 (7.3)*** 0.00847

3V 681.0 4.5 20.2 *

4V 689.2 4.1 11.3 *

6V 689.3 0.47 24.1 *

8V 628-640 1.6 20.4 0.61229

00NVENrI0NM. OORE MmLYSIS DM'A - FILE N:l. 3806-7852

Sample Depth, Porosity
I.D. feet Percent

1 635.8-36.2 14.2

2 639.8-40.2 13.6

3 671.4-71. 7 17.4

4V 671. 7-72.0 19.5

5 690.0-90.6 19.6

6V 517.0-17.3 22.0

* In::licates sample not requested for measurement.
** Penneability to Nit.ro;en
*** Remeasure::1 value

B-ll



Page 3 of 3
File 203-850073

PERMEABILITY vs. POROSITY10.0...-- .;.....;.. .....;... --, WIPP SITE
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TERRA TEK CORE SERVICES REPORT
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ERRATA

(Prepared by INTERA Inc.)

Some sample numbers are incorrect on some tables in the Terra Tek

report. Refer to the following corrections when comparing these data

to those presented in data tabulations in the report.

Table 1. H-2B-lF should read H-2Bl-1F

H-5B-l should read H-5B-1A

H-7B2-1F should read H-7C-1F

W-12-2B should read W-12-2

Table 2. H-5Bl-3 should read H-5b-3

Table 4. H-5bl-2 should read H-5b-2

H-5bl-3 should read H-5b-3

Table 6. H-5bl-2F should read H-5b-2F
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Final Report

SPECIAL CORE ANALYSIS STUDY
OF THE CULEBRA DOLOMITE

by

K. C. Rakop
T. Little

Submitted to:

INTERA TECHNOLOGIES, INC.
6850 Austine Cent~r Boulevard

Suite 300
Austin, Texas 78731

Attn: Van A. Kelley

TR 88-48 Rl
April, 1988
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P~OGRAM SUM(~ARY

This program was designed to characterize core material from tne Culebra

dolomite formation. Information received indicated this formation to be

naturally fractured with secondary, dissolution-type porosity.

The samples submitted for use in the cnaracteri zat i on study were taken

from various core holes throughout the reservoir. Information supplied with

the cores indicated the core material to be predominantly dolomite with a

gypsum content that averaged 2-3% with a high of approximately 18%. It was

also reported that .the cores contained low concentrations of several clays and

about 2% halite. All of the cores were 3-5 years old and had not been sub­

jected to any type of preservation procedure prior to storage.

Specific characterization tests requested included the following: 1)

permeability, 2) helium porosity, 3) re-saturation porosity, and 4) formation

factor. All of the testing was performed at ambient conditions. For the

permeabil ity ana formation factor medsur~rnents, this is defined as 300 psi net

effective stress and room temperature (approximately 72°F). For the porosity

measurements, ambient is defined as atmospheric conditions and room tempera­

ture. X-ray di ffracti on analyses were al so requested on three speci al sam­

ples.

Table 1 summarizes the characterization data, including permeability and

helium porosity data, for the 1 inch diameter samples. Due to the vugular

nature of the samples, all of the bulk volumes were determined using caliper

measurements of the core dimensions. The helium porosity was measured by gas

expansion using Boyle's law. Tne helium porosity values ranged from 6.6-27.5%

with an average val ue of 14.9%. Permeabil ity was measured using standard

steady-state techniques and ranged from 0.02-58.0 md with an average value of

C-6



3.7 md even though approximately 70~ of tne samples had permeabilities less

than 1 md.

Table 2 summarizes the characterization data, including the permeability

and nelium porosity data, for tne wnole core samples. Although these samples

were whole core, not plugs. it should be notea that the diameter of the sam-

ples ranged from 2.25 to 4.25 inches. The bulk volumes were determined using

caliper measurements of the length and diameter of the cores with three excep-

tions, samples Hll-l. HIIB3-3 and H7B2-2. These samples contained no second-

ary porosity (vugs), but each sample had deep scribe marks running the length

of the core which needed to be omitted from both the bulk and pore volume mea-

surements. For this reason, the bulk volumes were determined using an Archi-

medes techni que wi th tol uene. Tol uene was used because of the presence of

water sensitive clays and salts in the core. The helium porosity values for

the Whole core samples ranged from 11.2 to 18.7% with an average value of

13 .8%.

Vertical permeability of tne samples rangea from 0.081-52 md. The hori­

zontal permeability of the samples varied from 0.046 to 368 met. All of the

nori zontal permeabil i ty measurements were performed usi ng standard steady-

state tecnniques with 90 degree screens placed on either side of the sample.

According to Collins* and his comformal mapping code, the correction factor to

account for the path of flow is 1.0. The location of the screens was chosen

arbitrarily; although. where possible, the directions of maximum and minimum

permeability were chosen. The presence of natural fractures was used to

determine these directions. The observed high variation in horizontal perme-

*Collins, R.E •• "Flow of Fluid Tnrough Porous Media," The Petroleum Publishing
Company, Tulsa, 1976.

C-7



aoil ity is due primarily to the presence of these natural fractures in the

core samples.

After the helium porosities and the gas permeabilities were measured,

selected samples were to have their porosity remeasured using Archimedes re­

saturation technique. Intera Technologies requested that these measurements

be perfonned with deionized water. This decision was based upon information

that chemical analyses performed on various brine samples taken across the

field revealed significant varlations in brine composition. This problem was

further complicated by the fact that Intera Technologies did not have brine

samples from all of the zones of interest in this study, and could not supply

brine or brine compositions for some of the zones from which the core samples

were taken. In addition, because of the wide variation observed in brine

composition, they did not feel comfortable in specifying a IIgeneric" brine.

Intera Technologies, therefore, decided to perfonn the porosity measurements

by resaturation witn deionized water.

Terra Tek was somewhat concerned about usi ng dei oni zed water in these

tests due to the water sensitive clays and salts present in the reservoir.

For this reason, it was suggested that a comparison be made between the per­

fonnance of dei oni zed water and simul ated reservoi r bri ne wi th some of the

core samples to detennine if any clay swelling or salt dissolution occurred

with the deionized water. Table 3 details the data gathered from this test on

twin plugs taken from the H5Bl-la and Ib samples. These samples were chosen

by Intera Technologies because it came from an area of the reservoir for which

a representative brine analysis was available. It should be noted in passing,

however, that this sample may not be representative of most of the sampl es

tested because it contained no obvious fractures or gypsum stringers. As can

De seen, the sample saturated with deionized water had only a 0.1% difference
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in the porosities measured with helium and water. The important thing to note

here, however, is that the resaturation porosity is less tnan the helium

porosity. This is indicative of nominal salt dissolution. There is no indica­

tion of significant clay swelling either. The latter conclusion is based upon

the small difference observed between the two measured porosity val ues. The

resolution of the porosimeter used is tl't; therefore, the difference in ob­

served porosity is within experimental error.

On the other hand, the resaturation porosity measured using the simulated

reservoir brine had a nigher difference than the deionized water did, 0.4%.

Tne simulated brine is representative of this reservoir section and should

have no adverse reactions with the reservoi r rock materi al • The difference

observed between the" performance of the dei oni zed water and that of the simu­

lated reservoir brine cannot oe explained with the data available. Through

discussions with Intera Technologies, it was decided that the remaining tests

would be performed using deionized water.

Tables 4 and 5 detail the nelium porosity and resaturation porosity

values for bOth the plugs and the whole core, respectively. Also reported is

whether or not any dissolution of the sample was observed. In most cases this

dissolution was only slight, but in one case, W-28-2, it was severe. In those

cases in which dissolution was observed, it appeared primarily in samples with

obvious gypsum stringers or along fractures. It was not possible to determine

dissolution of the interior of the samples by visual inspection. Although no

dissolution was observed in the pilot brine/deionized water comparison tests

on the H5Bl samples, there was also no obvious fractures or gypsum stringers

in these samples. Based on the data from those tests, however, there was no

evidence of adverse effects caused by the deionized water.
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In approximately 57% of the samples, the resaturation porosity was great­

er than the helium porosity. This is not normally the trend observed in data

of tnis type and is most likely due to dissolution of gypsum in those samples.

Because of the small mol ecul ar SlZe of hel; um, thi s gas can normally access

more pore volume tnan water can. For this reason, as a general rule, the

observed hel ium porosity is greater than the resaturuation porosity. The

average deviation between the two measured values was 0.4%.

Table 6 and Figure 1 sunmarize the formation factor data for the 15

sampl es tested. The electrical samples were tested at ambient conditions

saturated with a representative reservoir brine. The brine chemistry supplied

was as follows:

Calcium
Magnesium
Potassium
Sodium
Alkalinity (HC03)-1
Chloride
Sulfate

1,400 mg/l
1,100 mg/l

720 mg/l
38,000 mg/l

52 mg/l
65,000 mg/l

6,100 mg/l

The bri ne was made foll owi ng the above chemi stry wi th the excepti on of the

sulfate. Since sulfate has the tendency to precipitate, it was omitted. Tne

resistivity of the brine was 6.9 ohm-em.

The cementation factor calculated for each individual sample was based on

an intercept of 1/1 and the measured formation factor. The cementation factor

ranged from 1.79 to 2.57. The composite cementation factor for the Culebra

dol om; te ; s 2.13• The variations observed in the cementation values are

probably due to the various quantities of halite, gypsum and clays. The

degree of secondary porosity will also contribute to the variations observed.

Results from tests on the three sampl es submitted for X-ray diffracti on

are summarized in Table 7. These data reveal that Samples 1 and 3 contain

significant amounts of calcite, aragonite, and brucite. Sample 3 also con-
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tai ns a 1arge amount of gypsum; Sampl e 1 contai ns none. The presence of

brucite is not well understood. ~rucite is a magnesium hydroxide clay mineral

commonly associated with metamorphosed carbonate rocks. This sample may have

come from tne aquifer host rock. Sample 2 is dominantly halite with only

minor amounts of gypsum and calcite.

Tne Appendix includes a copy of our Quality Assurance Manual. Also

included is a one page summary of the specific quality control checks taken in

tne measurements performed in this program.
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Table 1

Summary of Characterization Data
One Inch Diameter Samples

Bulk. Pore Grain
.Sampl e Volume Volume Porosity Volume Permeaoility

1.0. (ee) (ee) ('.t) (9m/ ee) (md)

AEC-8-1 25.038 1.986 7.9 2.83 0.26
AEC-8-1F 25.261 3.0l:!2 12.2 2.82 0.06
AEC-8-2 25.038 2.731 10.9 2.82 0.31
H2A-1 22.307 2.594 11.6 2.82 0.25
H2A-2 23.606 2.810 11.9 2.80 0.10

H2B-1F 25.191 2.645 10.5 2.83 0.03
H2B1-1 23.592 1.939 8.2 2.82 0.24
H2Bl-2 23.558 3.182 13.5 2.78 0.62
H2B1-3 23.606 3.615 15.3 2.82 0.27
H-5B-1 21.893 2.726 12.5 2.82 0.05

H-5Bl-2 24.936 5.693 22.8 2.81 3.60
H-5B1-2F 25.151 6.237 24.8 2.80 13.00
H-5B1-1B 24.949 3.913 15.7 2.83 0.08
H-7B1-1 24.811 4.385 17.7 2.84 0.11
H-7B1-1F 25.191 3.753 14.9 2.84 0.10

H-7Bl-2A 24.924 4.873 19.6 2.84 0.10
H-7tJ2-1 24.177 3.479 14.4 2.83 0.31
H-7B2-1F 18.882 2.606 13.8 2.83 0.11
H-7C-1A 25.038 3.134 12.5 2.83 0.07
H-10B-1 24.949 1.728 6.9 2.80 0.04

H-10B-2 24.936 2.879 11.5 2.76 7.80
H-10B-2F 25.191 1.663 6.6 2.82 0.14
H-11-2 24.288 2.402 9.9 2.78 0.02
H-11-2F 25.201 2.621 10.4 2.81 0.04
H-11B3-1 24.885 6.841 27.5 2.84 4.60

H-11B3-1f 25.152 5.609 22.3 2.84 1.60
H-llB3-2 24.936 2.474 9.9 2.84 0.05
H-11B3-2F 25.201 3.100 12.3 2.83 0.33
H-11B3-4 24.949 3.903 15.6 2.83 0.;0
H-llB3-4F 25.191 5.643 22.4 2.83 8.00

H-12-2F 25.191 3.401 13.5 2.82 58.00
W-12-1B 23.488 2.727 11.6 2.79 0.17
W-12-28 24.424 2.834 11.6 2.82 0.96
W-13-1 25.676 3.678 14.3 2.83 6.00
W-13-2 24.999 5.487 21.9 2.84 3.50

W-13-2F 25.191 6.550 26.0 2.84 4.60
W-13-3A 24.823 4.140 16.7 2.83 3.60
\11-26-1 25.050 3.095 12.4 2.82 0.04
W-26-1f 25.191 2.821 11.2 2.81 0.04
W-26-3 25.766 3.295 12.8 2.82 0.05

W-28-1B 24.999 3.254 13.0 2.83 0.05
W-28-3F 25.191 4.509 17.9 2.83 0.41
W-30-3B 24.974 3.472 13.9 2.79 0.55
\11-30-3F 25.191 3.753 14.9 2.80 2.50
W-30-4 24.936 5.586 22.4 2.83 8.30
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Table 2

Summary of Characterization Data
Whole Core Samples

Bulk Pore Grain Permeability (md)
Sample Volume Volume Porosity Density Hod zontal

1.0. (cc) (cd (% ) (gm!cc) Vertical 0 +90

Hll-1 219.33 33.99 15.5 2.83 0.14 0.05 0.05
H-7B2-2 231.46 27.26 11.8 2.83 0.25 0.10 0.09
H-l1B3-3 256.29 33.32 13.0 2.84 2.47 5.88 0.06
H-5Bl-3 469.03 62.35 13 .3 2.82 0.08 0.22 0.27
H-10B-3 398.38 44.70 11.2 2.80 0.21 0.62 0.44
W-25-1 260.70 29.92 11.5 2.80 0.19 367.62 0.11
W-26-2 625.21 78.68 12.6 2.82 52.06 29.01 0.07
W-28-2 466.14 87.21 18.7 2.81 2.06 3.61 3.36
W-28-3 546.78 92.78 17.0 2.83 0.27 0.30 0.31
W-30-1 626.85 80.52 12.8 2.83 0.47 79.16 9.30
W-30-2 469.64 70.66 15.0 2.83 0.32 0.40 0.20
W-12-3 937.92 125.31 13.4 2.82 1.65 19.32 24.21

Table 3

Summary of Re-Saturation Porosity Comparisons

Sample
1.0.

H5B1-1a

H5B1-1b

Saturating
Fluid

Deionized Water

Formation Brine

Helium
Porosity

10.78%

12.45%
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Table 4

Summary of Comparison Data for Helium and Re-Saturation Porosities
One Ineh Diameter Samlpes

Pore Volume Porosity
Sample Helium Re-Saturation Helium Re-Saturation

1.0. (ee) (ee) (%) (%) Comments

AEC-8-1 1.986 2.142 7.9 8.6 None
AEC-8-2 2.731 2.659 10.9 10.6 None
H2A-1 2.594 2.528 11.6 11.3 Gypsum Dissolution
H2B1-1 1.939 2.084 8.2 8.8 Gypsum Dissolution
H2B1-3 3.615 3.717 15.3 15.8 None
H-5B1-2 5.693 5.942 22.8 23.7 None
H-7B1-1 5.3ij5 4.459 17.7 18.1 None
H-7B2-1 3.479 3.567 14.4 14.8 None
H-7C-1A 3.134 3.226 12.5 12.9 None
H-10B-2 2.879 2.933 11.5 11.7 None
H-1l-2 2.402 2.726 9.9 11.3 None
H-llB3-1 6.841 6.844 27.5 27.5 None
H-llB3-2 2.474 2.575 9.9 10.3 Sample Chipped
W-12-2 2.834 2.916 11.6 11.9 Gypsum Dissolution
W-13-1 3.678 3.908 14.3 15.2 None
W-13-2 5.487 5.639 21.9 22.6 Sample Parted
W-26-1 3.095 3.036 12.4 12.2 None
W-30-3B 3.472 3.477 13 .9 13.9 Gypsum Dissolution

Table 5

Summary of Comparison Data for Helium and Re-Saturation Porosities
Whole Core Samlpes

Pore Volume Porosity
Sample Helium Re-Saturation Helium Re-Saturation

1.0. (ee) (ee) (%) (% ) COITITIents

H-1l-1 33.99 33.77 15.5 15.3 None
H-7B2-2 27.26 29.59 11.8 12.9 None
H-llB3-3 33.32 32.22 13.0 12.6 None
W-25-1 29.92 31.15 11.5 12.0 None
H-5B1-3 62.35 59.81 13.3 12.8 None
H-10B-3 44.70 42.17 11.2 10.6 Gypsum Dissolution
W-26-2 78.68 78.84 12.6 12.6 None
W-28-2 87.21 87.55 18.7 18.8 Severe Grain Loss
W-28-3 92.78 92.48 17.0 16.9 None
W-30-1 80.52 77 .49 12.8 12.4 Gypsum Dissolution
W-30-2 70.66 71.22 15.0 15.2 None
W-12-3 125.31 121.64 13 .4 13.0 Gypsum Dissolution
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Table 6

Summary of Formation Factor Data

Sample 1.0.

AEC-8-1F
H-2B1-1F
H-5B1-2F
H-7B1-1F
H-7C-1F
H-10B-2F
H-1l-2F
H-llB3-1F
H-llB3-2F
H-1183-4F
W-12-2F
W-13-2f
W-26-1F
W-28-3f
W-30-3f

Helium Porosity

12.2
10.5
24.8
14.9
13.8
6.6

10.4
22.3
12.3
22.4
13.5
26.0
11.2
17.9
14.9

Formation Factor

90.09
326.77
12.20
73.49
79.61

406.78
94.82
36.35

101.93
32.74
47.30
13.26
68.77
26.30
31.49

Cementation ~actor

2.14
2.57
1. 79
2.25
2.21
2.21
2.01
2.39
2.21
2.33
1.93
1.92
1.93
1.90
1.81

Rw = 6.9 ohm-em

Table 7

Summary of X-Ray Diffraction Analysis

Sample 1.0. #1 #2 #3
Sample Depth (ft) 735 805 723

Cal cite 58 1 21
Aragonite 20 18
Gypsum 1 45
Halite 3 98 5
Brucite* 19 11

*NOTE: Brucite values shown are residual
percentages left over after summing
all other phases. No brucite stand­
ard; percentages must be considered
approximate.
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QUALITY CONTROL

Porosimeter

1. The porosimeter is calibrated at the beginning of each shift or prior
to each testing period which ever is applicable.

2. It is ca1ihrated with a steel billet of known volume for
repeatability within 1%.

Rulk Volumes

1. The temperature of the test bath is monitored for correction of fluid
density.

2. The scales are calibrated once a month by the Quality Assurance
Laboratory which is maintained for government contract work.

Dry Weights

1. Weight measurements are taken once a day until there is less than a
0.05 gm loss in a 24 hour period.

Re-saturation Porosity

1. The scales used for wet and bouyant weights are calibrated once a
month by the Quality Assurance Laboratory which is Maintained for
government contract work.

2. The porosity determined by this method is checked against routine
helium porosity measurements by porosimeter.

Permeability

1. The permeameter is checked for leaks by using a steel billet sample
and applying a known pressure to the upstream side of the system.

2. The system is calibrated at the beginning of each shift or at the
beginning of each test period as is applicable.

3. The system is calibrated using standards of generic rock types. These
standards have been used for some time by a number of commercial and
research test laboratories. Measured permeabi1ities must fall within
1% of the pre-determined permeability values of these standards.

Resistivity Measurements

1. Performance of the system is checked by using a rock standard run with
every project.

2. Values are checked against each other as testing progresses for a
linear fit.

3. Saturations are checked at the end of the test program by comparing
the volume of fluid expelled from the sample against the weight loss.
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QUALITY ASSURANCE MANUAL

Statell1ent of A.uthori ty

The purpose of this document is to formal ize the qual ity assurance tJro-

gram i nst ituted Oy Terra T~k, Inc. The fJro~ram implements the jJertine'1t

requirements described in ANSI/ASHE N4~.2-1977 and ANSI/ASME NWA-1-19cl3 "Qual-

ity Assurance Program ~e'1uirernents for Nuclear Facilities" and addr~sses :1e

18 basic requirements contained in Appendix B of the code of Federal Re~ula-

tions lOCFR Part 5U "Quality Assurance Criteria for Nuclear Power Plants and

Fuel Reprocessing Plants". When quality assurance requirements are nanda:ed,

this Quality Assurance Manual (QAM) shall provide the minimum re~uirements to

be followed in preparing an appropriate Quality Assurance Plan (QAP) for

specific programs.

The Quality Assurance Administrator (QAA) has been delegated the author-

ity and responsibility for implementation of the provision of this Wuality

Assurance Manua I and the authority for assuri n~ imp 1ementat ion. Changes:o

this manual must .Oe documented and approved by the Quality Assurance Adminis-

trator.

-=-~_;l.-,-7VJ---:'L.:-~_J..."...,.!J-=-'_~_"'_'_~ Uat e 17!tJ .3S 1'7&'~-
Bennie G. DiBona ~
Senior Vice President
Terra Tek, Inc.
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Te«aTek Section No. 1 Revl.ton __C _

QUALITY ASSURANCE MANUAL

1.0 SCOPE

5iP5Effective Date _.::..:..;-=- _
Approved

1 rPage __ ot _c _

I

To identify the or~anizational structures. functional responsibilities, I
i

levels of authority. and lines of communication for activities affecting quality I

assurance.

2.0 HASIC REQUIREMENTS

Persons or or~anizations res~onsible for assuriny that an appropriate qual-

i ty assurance ~ro~ram is estab I i shed and veri fyi ny that acti viti es affect i ng

quality have been correctly performed snall nave sufficient authority. access to

work areas. and organizational freedom to: (1) identify quality problems; (2)

initiate. recommend or ~rovide solutions to ~uality problems through desiljnated

channels; (3) verify implementation of solutions; and (4) assure that furtner

processiny. delivery. installation, or use is controlled until proper disposi-

tion of a nonconformance, deficiency or unsatisfactory condition nas occurred.

SUCh persons or oryanization shall have direct access to responsible mana~ement

at a level where appropriate actions can be effected. Such persons or organiza-

tions shall report to a manayement level such that required authority and oryan-

ization freedom are provided. including sufficient independence from costs and

schedule considerations.

J.U ORGANIZATION STRUCTURES

3.1 Company

Terra Tek is a pri vate I j owned company wi tn lOai" off ices located in Sa It
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Te«QTek

QUALITY ASSURANCE MANUAL

Section No. __1 Revision __C _

Effective Date _.....:5:;.L1...;.;8;.;;;5__ Page.L- of ...i..--.

Terra Tek and its divisions specialize in ~eoscience researcn

Title: ORGANIZATION

Lake City. Utdh.

and testin~.

Approved I t II :-- ~

. j - 1.- L- t'. '/'. C ~ - <../-:.. . _______
Qu.llty Assurance Administrator t

-I
t

3.2 Quality Assurance

The Quality Assurance (QA) organization is operated by the Research divi-

sion of Terra Tek under the direction of the Senior Vice President of the Com-

pany and is ultimately responsible for all QA programs throughout the company.

The organizational structure of d typical QA pro~ram is shown in EXhibit 1-1.

The positions of Program Manager. Project Engineer. and Task Mana!:ler(s) may be

staffed by personnel from other Terra Tel< divisions dependiny on the nature of

the pro~ram. Furtherm~re. where feasible. an inaividual shal I be permitted to

hold more than one position. The Quality Assurance Plan (QAP) for a specific

program shall name the personnel and their position in the organization.

4.0 FUNCTIONAL RESPONSIBILITIES AND AUTHORITIES

4.1 Director

The director shall iJrovide administrative and contractual support to the

Pro~ram Manager and the QA staff. Conflicts due to costs. schedules dnd stdf-

finy shall be resolved by the Oirector.

4.2 Quality Assurance Admini_strator (QAA)

The QAA reports directly to the Senior Vice President of Terra Tek and has

the authority necessary to verify and enforce implementation of the QA proyram.
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I

Section No. 1 Revision __c 1

Effective Date _----:5/-=8....;..5__ Page _3_ ot-f-

Title: ORGANIZATION
Approved

PROGRAM
MANAGER

PROJECT
ENGINEER

TASK
MANAGER(S)

TEST
TECHNICIANS

I

1
I

TErtKA TEK RESEARCH
LlIKECTOt{

I
I

[
I
I

EXHIBIT 1-1
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TettQTek 1 CS.ctlon No. R.v'.'on _

Eff.ctlv. Oat. __5~/.;..8:J.:..~__
QUALITY ASSURANCE MANUAL
~------------------iApprov.d

Title: ORGAtH ZATION

01 Ilmlceo personnel and resources, tile

• 1 J I g. -:-,
/f'" .. ;. ~ /.~ ~-' :.. -'-'I ... ' /', "-" '-. ... _ .......,., _

Quality A••ura~c. Admlnl.trator
QAA function is neceSsarily a

part-time one. When conflicts due to schedules or responsibilities arise, tne

QAA shall be permitted to desi~nate d qualifiea inaiviaual to act on his behalf

during his absence. The QAA desiynee shall report to the o,JAA dnd has the auth-

ority to enforce the provisions of the QA proyram.

It shall De ·the responsibility of the QAA to: (1) review proposals with QA

requirements and evaluate related costs, (2) review and approve the QA plan for

each proyram. (3) review and approve changes to the QA Manual and control its

distribution, (:+) conduct timely audits to verify the implementation and effec­

tiveness of active QA pro~rams, (5) maintain a central QA file, (6) provide

yuidance to program personnel on QA related administrative and teChnical mat-

ters, and (7) report deficiencies to appropriate pro~ram personnel.

The QAA shall nave the authority to enforce the provisions of the QA Manual

and the QA Plan. Furthermore, the QAA shall have the authority to issue a Stop

Work Order to a proyram which is found to Oe in gross violation of acceptable QA

practices and IJrocedures. Customer requests to stop work being p<:!rformed by

proyram personnel, or by a program suppl ier or Subcontractor, 'shall De referred

to the QAA for resolution.

4.3 Quality Assurance Engi~eer (4 AE !

The QAE shall estaolisl1 and maintain a system for the calibration of all

measuring dnd test equipment USed on QA proyrams. The system Shall conform to

the specifications containea in ~-1IL-C-45662A, CaliDrdtion Systems Re~uirements.
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The QAE shall maintain a listing of the applicable ::leasurement standards, botn

reference and transfer, and shall provide nomenclature, identification numbers,

and cal ibrat ion interval and source. The standards shall be traceable to the

National Bureau of Standards. The QAE shall insure that measurement and test

equi~ment and measurement standards are calibrated at periOdic intervals estab-

lished on the basis of stability, purpose and de'jree of usage. Calibration I
records consisting of certificates, data sheets, re~orts, and calibration sche-

dules shall be maintained by the QAE for the purpose of verification.

4.4 Proyram Mana~er (PM)

The PM shall have overall responsibility for: (1) contract nel:jotiations,

(2) QA Plan preparation, (3) liaison between the Company the the contracting

agency, major suppliers, and Task Managers, and (4) administrative and technical

management of tne program. The PM shall also perform peer observations period-

ically to insure program personnel are complyin'j with the provisions of the

QAP.

4.5 Project Engineer (PE)

The PE sna 11 be res~ons i b1e for the techni cal aspects of the program in-

cluding design, testing, and data reduction and reporting. The PE shall co or-

dinate the efforts of the Task Managers and shall perform peer Observations on a

regular basis. TeChnical ~rOblems shall be referred to tne ~E for resolution.
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The Task Manayer(s) shall be responsi~le for the day-to-day -3.cti"ities of

the pro~ram and shall insure that test personnel comply with the QA requirements

dnd proyram technical Objectives. The TM shall be responsible for trai,in~ and

certification of test personnel.
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To define the Terra T2K Quali:y ASS:.Jrance proyram and its impl~:nentation

and application to attendant ~A ~roJects.

2.0 BASIC REQUIREMENTS

A documented QualityA.sSJrance proyr3rn shall be planned, implemented, and

maintained in accordance witn this :nanual, or portions thereof. The program

shall identify the activities and it2ms to which it applies. The estaDlishment I

of the proyram sha 11 inc I ude cons i derat i on of the techn; ca 1 aspects of the act;-

vities affectiny quality. Tne pro~ram shall provide control over activities

affecting quality to an extertt consistent with their importance. The program

shall be established at the earliest time consistent with the schedule for

accomplishing the activities.

The proyram shall provide for the planniny and accomplishment of activities

affecting quality under suita::>ly controlled conditions. Controlled conditions

include the use of appropriate equip:nent, suitable environmental conditions for

accomplishing the activity, and assurance that prerequisites for the yiven acti-

vity have been satisfied. Tne proyrarn shall provide for any siJecidl controls,

processes, test equipment, t001s, and skills to attain the required quality and

for verification of 4ua~ity.

The program shall ;Jrovije for i1doctrination and train"iny as necessary, of

personnel performing ac:iviti~5 affe::ing ~uality to assure that suitable profi-

ciency is achieved and njinta~~ed.
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implementi,,'::l the qual ity assurance pro-

gram, or portions thereof, shall regularly assess the adequacy of that part of

the proyram for which they are resf,lonsible and shall assure its effective i,n~le-

mentation.

3.lJ APPLICATION

Projects whiCh contain QA requirements shall structure their QA programs as

described in this Quality Assurance Manual (QAM). This Terra Tek QAM is tne top

docu~ent upon which the individual project Quality Assurance Plans (QAP's) shall

be based. In the event an Owner (customer) proposes QA requirements whicn ex-

ceed those contai ned in thi s manua 1, the QA Admi ni strator sha 11 revi ew the IJro-

posed program for impact on the Company.

3.1 Quality Assurance Plan

A Quality Assurance Plan (QAP) shall be prepared at the onset of 3 prOject

and prior to initiating technical work. The Proyram Manager shall have respon-

sibility for the preparation and maintenance of the QAP. The QAP sha 11 be

aIJproved by the Director, the QA Administrator, the Pro':Jram Manager, dnd the

Owner prior to release. The QAP shall be a controlled document.

The purpose of the QAP is to establ i Sh the procedures dnd structures of a

project as they relate to quality assurance. As sucn, the QAP snould address

the following topics where feasible: 1) sec:ions of the Terra Tek 01\ Manual

inVOked (sections 1 and 2 are Inandatory); 2) t.)AP change procedures; 3) technical
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trolled documents list; 6) the prOject records list; 7) training requiremel1ts

and sChedules, B) peer observations and audits, and ~) nonconformance reportin~.

As a minimum, the QAP shall implement those requirements placed on the Company I
by the Owner.

3.2 Traininy and Qualification

Personnel assigned to the prOject shall be qualified to perform their re-

lated work activity. Qualifications depend on past experience, training, and

education. Where feasible, a training program shal I be implemented usiny formal

classroom training, on-the-Job training, or a combination thereof. The qualifi-

cations of personnel should be reviewed yearly and certified in writing. The QAA

shall maintain a file of personnel qualifications using Form TTQA-47.

Qualification requirements for project personnel are shown in Exhibit 2-1.

These qualifications shall not be mandatory for every QA proyram, but are pre-

sented as d ~uideline for Proyram Managers. The QAP shall state the qualifica-

tion requirements that are in effect for the specific project.
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Level Job Title dualifications

I Lab 61 Test
TeChnician

Two y:drs of related experience in an equivalent activity;
or hi~h scnool di~loma plus six months of related exper­
ience; or ~s50ciate Deyree in related discipline plus three
montns rela:ed experience.

II

III

TasK
Manager

Proj ect
Engineer,
Program
Manager

One year Jf satisfactory performance as a Level I; or hi'::jh
school diploma plus three years related experience; or Asso­
ciate Degree in related discipline plus one year of related
experience; or four year college degree plus six months of
related experience.

Six years of satisfactory performance as a Level II; or high
school dipl~na plus ten years of related experience; or
Associate De'::lree in related discipline plus seven years of
related exp~rience; or four year college deyree in related
discipline ~lus four years of related experience.

3.3 Program Assess~ent

Project Inanage~ent snaIl r2yularly assess the effectiveness of the associ-

dted QA iJrogram and effect Changes as deemed necessary to insure correct and

efficient operation.
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To establish procedures hr the definition, control and verification of

design activities. For geolo~ic investigations, design control encompasses all

activities associated with: 1) :'le desi';jn of hardware components and systems, i

both production and ~rototypic, 2. experimental testing techniques, and 3) com-

puter codes used for des i ';jn dna ljS is ana data reduct ion. Tne intent of des i gn

control is to insure that the methodology used to aChieve the final design is

complete; i.e., that the desiyn base is accurate, the performance and re~ulatory

requirements are aChieved, the documentation including codes and standards is

correctly stated, interfaces are clearly defined, and approval by restJonsiole

personnel is met. The implementa:ion of an approved design through procedures,

drawings and specifications is the subject of Section 5, Instructions, Proce-

dures, and Drawings.

2.0 BASIC REQUIREMENTS

The design shall be defined, controlled, and verified. Applicaole desiyn

inputs shall be appropriately specified on a timely basis and correctly trans-

lated into design documents. Desijn interfaces shall be identified and control-

led. Design adequacy shall ~e verified Oy persons other than tnose wno designed

the item. Design chan~es, i1cludi1y field Changes, shall be governed by control

measures commensurate with t10se aJplied to the original design.
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3.0 APPLICATION

Oriyinally, design control was written for the construction of nuclear

power plants and facilities wnere safety was a primary concern. As applied to

~eoloyic work, design control ~enerally translates to peer review since the more

convent i ana 1 veri fi cat ion/va 1i dat i on methods a re not avai 1ab le and the uni ~ue

application of an established or standard practice is in effect. Peer review is

a I so i nva1uab 1e when the work goes beyond the state-of-the-art and new or un-

usua 1 experi mental techn i yues are contemp 1ated. The steps necessary to achi eve

adequate design control are presented below. I
I

3.1 Responsibility

The Project Engineer (?E) shall be responsible for design control. Where a

significant design effort is in effect, the PE shall coordinate the design acti-

vities of the design team. The PE shall insure that approval and verification

criteria are establiShed, implemented, and documented. Approval by the Owner

shall be required for desiyns which compromise or otherwise restrict the appli-

cation of the final product.

4.0 DESIGN INPUT

Applicable design inputs, such as design bases, performance re4uirements.

regulatory requirements, cades. and standards, shall be identified and document-

edt and their selection reviewed and approved by the responsible design organi-

zation. Changes from approved design inputs. including tne reason for the

Changes. shall De identifiea. approved, documented, and controlled.
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The responsible desi~n or~dnization shal I prescribe and document the desi~n

activities on a timely basis and to the level of detail necessary to permit the

desiyn process to be carried out in a correct manner. and to permit verification

that the desi ~n meets requi rements. Appropriate qual ity standards shall be

identified and documented. dnd their selection reviewed and approved. Desiyn

methods. materials. parts. equipment, and processes that are essential to the

function of the final product, shall be selected and reviewed for suitability of

application. The design output documents shall be relatable to the design input

by documentation in sufficient detdil to permit design verification, and shall

identify assemblies and/or components that are part of the item being desiyned.

S.l Design Analysis

Desiyn analyses shall be performed in a planned, controlled, and documented

manner. The aesi gn ana1yt i ca1 documents sha 11 be suffi ci ent ly detai 1ed as to

purpose, method, assumptions. design input, references, and units that a person

teChnically qualified in the subject can review and understand the analyses and

verify the adequacy of the resu 1ts. Computer programs may be uti 1i zed for de-

sign analysis without individual verification of the program if they meet the

requirements contained in parayraph 7.

C-34



J------------------~ Approved

Pege...L. of 2--
Te«QTek

QUALITY ASSURANCE MANUAL

Title: _,......-.---.,;D~t;.;.S.;...IG_-N~CO;...N_T_RO_L _

Section No. _.-.,;;3;.....---- Aevlalon _.-.,;;C:.-__

Effective O.te .....;;.5:../8;:,;5:..' _

1---------:-----------., . -
/ ' " )//' t', "" ,\

I ! '.:" "./../. ),.,L ,,__ . -:,.\.

Quality Aaaur.nce Admlnlatr.tor

6.U DESIGN VERIFICATION

The approved des i gn sha 11 be veri fi ed as to ade\.juacy through the use of

design or peer reviews, alternate calc1Jlations, or the performance of qualifica-

tion tests. The design method and results shal I be identified and clearly docu-

mented. Design verification shall be performed by any competent individual(s) I
i

other than those who perforlned the ori ~i na I des i gn. The extent of the des i ~n

verification required is a function of the importance to safety of the item

under consideration, the complexity of the design, the deyree of standardiza-

tion, the. state-of-the-art, and the similarity with previously proven desi~ns.

The verification process need. not be duplicated for identical designs except

where a new application is in effect. Where changes to previously verified

desiyns have been made, design verification shall be required for the chan~es,

including evaluation of the effects of those changes on the overall design.

Verification usiny computer mOdels shall be permitted if they meet the requ;re-

ments of para9raph 7.

7.0 COMPUTER CUDES

The use of computer codes for desiyn analysis, verification, data acquisi-

tion, and data reduction shall be pennitted provided they meet the requirements

oelow. Documentat i on for computer programs sha 11 inc 1ude the computer type,

proyram name, revision number, and references to its verification and applic-

ability.
.

Source listin9s shall be made available to the Owner upon request

provided the computer code is nonproprietary.
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7.1 Oesiyn Analysis Programs

Computer programs may be utilized for design analysis without individual

QUALITY ASSURANCE MANUAL

Title: DESIGN CONTROL

verifi cat i on of the prOljram for each app 1i cat i on provi ded: 1) the comput er

program has been verified to show that it produces correct solutions for the

encoded mathematical model within defined limits for each parameter employed;

and 2) the encoded mathematical model nas been shown to produce a valid solution

to the physical problem associated with the particular application.

7.2 Design Verification Programs

Alternate calculations using computer programs shall be permitted as a

method of verifying designs. Tne appropriateness of assumptions, input data,

and mathematical model em~loyed shall be documented and subject to review.

7.3 Data Acguisition Programs

Computer programs may be ut i 1i zed to acqui re data from test systems

provided: 1) they make no irreversible calculations on channel data other than

converting to engineering units; 2) the Channel calibration data is maintained

as part of the output filets); and 3) pertinent information which would pennit

identifying the test at a later date is contained in the output file(s).

7.4 Data Reduction Proyrams

Programs used to reduce data sha 11 De per:nitted provi ded: 1) the program

has been verified to show that it produces correct solutions for the encoded
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mathematical model within defined limits for each parameter emjJloyed; and 2) the

encoded mathematical model has been stlOwn to produce a valid solution to the

physical problem associated with the particular application. The use of benCh-

marks, standards, past experience, or a combination thereof shall be sufficient

for demonstrating verification and application. Data reduction programs shall

be controlled.

8.U CHANGE CONTROL

Changes to final designs, including field changes, shall be justified and

subjected to desi gn control measures commensurate wi th those app 1i ed to the

ori gi na 1 design and approved by the same affected oryani zat ions whi ch approved

the original design. Where a significant design change is necessary because of

an incorrect des i gn, the des i gn process and veri fi cat i on proceau re shall be

reviewed and modified as necessary.

9.U INTERFACE CONTROL

Design efforts which involve more than one organization shall be coordin-

ated by the Project Enyineer. Design interfaces shall be identified and CO:1-

trolled. Interface control shall include assignment of resjJonsiuility and the

establishment of procedures among participating design organiza:ions for the

review, approval, release, distribution, and revision of documents involviny

design interfaces. Desiyn information transmitted across interfaces shall be

documented and controlled. Where it is necessary to initially transmit design
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QUALITY ASSURANCE MANUAL

Title: __.....;0:.::E:.:,5.;.;1G::.;.N:....:.:CO::.;.N:....:..T.:..;;RO:.:L:.....- _

manual and other applicable documents, shall be collected, stored, and mai"tain-

ed by the Proyram Manayer or authorized designee. The documentation shall in- j

elude not only the final desi~n documents, such as drawings and specifications,

and revisions thereto, but also documentation which identifies important steps,

includiny sources of design inputs that support the final desiyn.
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To define the documentation ~ssoci~ted witn the purchase of ~ooos ana s~r-

vi ces. Externa Ily supp I i eO ~OO:lS ana servi ces are subJ ect to the same "Iua Ii ty

assurance reLJui rements as tne ..,ro,:/ram for wnicn they are intended to be useO.

Tne documents autnoriziny jJlJrcnasc snail explicitly state these requirements

where applicable. I.
I

2.U BASIC ~EQUIREMENTS

Applicaole desiyn bases and otner reLJuirements necessary to assure adequate

~ua1ity Sha 11 be inc 1uded or refer~ncea in documents for procurement of items

and services. To the extent necessarj. jJrocurement documents shall reLJui re

suppliers to have a quality assurance j)ro~ram consistent with tne applicable

requirements of this manual.

3.U APPLICATION

3.1 QA Proyrams for Sup~liers

A formal qual ity assurance pro~ram is not mandatory for all suplJl iers. In

most cases, contractual aoc~ments muSt assure that required quality dctions are

implemented in compliance with tne associated tJA proyram. However. suppliers

who furniSh a critical component Jr service snail be required to certify thdt

tney have a QA IJroyram tor tne jJroGuction of the item or service. The extent of

tne proyram requi red sna I I aetJenO upon :'le type and use of the "j tern or servi ce

':lei n~ jJrocurea.
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Where necessary, technicdl requirements shall be specified in the procur-2-

ment documents. These requirements shall oe specified by reference to specific

drdwinys. specifications. codes, stanaards. reyulations, procedures. or instruc-

tions. includiny revisions thereto that describe the items or services to ~e

furnished. In ye-neral, cOlTlTlerci-:3.l yra::e and off-the-shelf items are exempt from

this requirement; a purchase order specifying part number or other identifyiny

description is sufficient. Examples of the application of technical require-

ments would be unusual heat treatments, calibration services, exotic alloys.

pressure vessels, and testiny services.

3.3 Purchaser Inspection

Where technical requirements are in effect, it shall be the responsibility

of the purchaser to inspect the furni shed item or servi ce for comp Ii ance wi th

the QA proyram. Section 14 of this manual provides amplified instructions for

inspection requirements.

3.4 Supplier Documents

Documents to be submitted by the supplier upon task completion shall ne

specified in the procurement documents. These submitted documents may ranye

from a si mp1e Cert i fi cate of Conforma1ce, or Nonconformance. to an extens i ve

history record of the item or st?rvice i'Jrnisned. These doc;,Jments Shall De ;Jlac-

ed in the project record fi Ie dna may :2 SUDJect to the arcn; val requi rements 3S

specified in the QA plan.
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3.5 Change Control

Procurement document chanyes shall be subject to the same deyree of control

as utilized in the preparation of the original documents.

4.U RESPONSIBILITY

It shall be the responsibi lity of the Proyram Manager (PM), or his designee

as documented in the QA fllan, for assuring conformance to this basic require-

mente The QA Administrator (QAA) shall provide yuidance as necessary.
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To establish provisions for assuriny that all activities affectiny quality

are prescribed by instructions, written procedures, drawings, or otherwise docu-

mented.

2.U GENE~AL INFORMATION

2.1 Policy with reyard to quality is specified in the Statement of Authority

for thi s QAt".

2.2 Qual i ty assurance requ i rements and the procedura 1 interfaces between organ-

izations affecting quality are specified in the various sections of this

QAM.

2.3 A Quality Assurance Plan (QAP) shall be prepared for each individual pro-

ject, identifying applicable customer requirements, regulations, codes, and

standards.

2.4 Instructions for work affecting quality shall provide approlJriate accept-

ance criteria for the determination of accomplishment.

2.~ Instructions, procedures, and drawings shall be prepared, reviewed, and

approved as indicated in Exhibit 5-2.

3.U PROCEDURE

3.1 Quality Assurance Manual (~AM)

3.1.1 Tne various sections of the QAM contain the basic specifications of the

qual ity assurance prograln for the Company. These sections and amendments

thereto re~ui~e approval si~nature of the QAA.
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a) Distribution of the manuals and amendments.

b) Maintaininy a current record of manual holders.
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form shall be returned to ttle ini tiator; if dpf}roved, the revision wi 11

3.1.2 f{equests for chanyes to tne Q";M shall be submitted to the QM on ExniDi:

5-1 (Form TT-QA03). If the request is rejected, a completed copy of t:he

3.1.3 The QA staff will be responsit)le for ,naintenance of the QAM. This in-

QUALITY ASSURANCE MANUAL
~__--;-:"=~~~~~~::-::-;;:-:;;:;-;::-;::-~~_~Appro'led

INSTRUCTIONS, PROCEDURES AND
Title: DRAW INGS .

c) The resolution of request for Changes.

d) The implementation Of atilendments resulting from requests, aUdits, or
reviews.

3.2 Quality Assurance Plan (QAP)

3.2.1 A QAP shall be generated for ~acn project requiring a formal QA effort.

The QAP shall be prepared ana approved by the assigned Project Manager

(PM) and approved by the QAA. Tne QAP will contain the following:

a) The identification of appropriate sections of the QAM to be invoked.

b) Specify customer \JA requi"ements not covered in the QAt~.

c) Documentation requirements and documentation control procedures for
the prOJect.

d) Identification of dssi~nea personnel dnd definition of responsiDili­
ties and authority relatiny to activities affecting quality of work
to be performed on the project. '
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TT-OA03 (5/85)
Exhibit 5-1
Pase 3 of 4

Q A MANUAL CHANGE REQUEST

FROM:

TO: Quality Assurance Administrator DATE: _

It is requested that the following change be made to:

Section No. Rev. Page Para. _

Change to read:--------------------

ti ----------------------------------
UJ
:::l

UJ ---------------------------------
Q:

Reason for change:---------------------

-------CONTINUE ON REVERSE SIDE IF NECESSARY-------

0; spos Hi on:---------------------
UJ
V'l

~ ----------------------------------
c...
V'l

~ ----------------------------------

(Signature)
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Document Pre~aration Guidelines

Exhibit 5-2
Paqe 4 of "
Rev. C

C':l
I

~
U'I

------ --------- ------------ ~._-----------_._-- ---------
QAM Ade4uacy A\-l\-lrovetl

Document Section PreDdred~ ~e..,iewed by b.t_

Drawi nys 3 Uesiyn Eny. Uraft Heview Process PM
Lliagrdms J Desi~n Eny. Draft ~eview Process PM

S~ecifications 3 Desiyn Eny. Draft Review Process PM

Test Procedures 11 Test Eny. Eny. Supervisor PM

Change Notice J Any Resp. Party PM PM

[JAM Chanyes ~ QAS QAA QI\J\

QA Plan 1&5 PM QM PM

Nonconformance 15 Any Hesp. Party QM [JAA/PM
Reports

Audit ~eports 6 l}AE QAA lJAA/PM

PM ;;; Program Manager
l}AS = Quality Assurance Staff
QAA = Quality Assurance Administrator
QAE = Quality Assurance Engineer



TettQTek

QUALITY ASSURANCE MANUAL

Title: DOCUr1Ei'lT CONTROL

1.U SCOPE

1
Section No. 6 Revision C__ .,

I
Effective Date 5/85 Page _1_ of _3_ t
Approved JI ~ 1.-"./ /. ,i'- ~/t '::'; ~~ -: --- - "

Quality Assurance Administrator I.

,I

To defi ne control 1ed documents and es tab Ii sh procedures for document con-

trol. The basic intent of document control is to insure that activities affect-

iny the quality of the final product are ~erformed in an approved manner. Tnis

is accomplisned by generatiny procedures or other quality affecting documents

which dre Jointly approved by authorized individuals representing the concerned

organizations. The approved documents then are released in a controlled fashion

to the iJersonne I performi ny the associated act i vi ty. Changes to the contra 11 ed

documents are handled in a similar manner.

2.0 BASIC REQUIREMENT

The preparation, issue, and chanye of documents that specify quality re-

quirements or iJrescribe activities affecting quality shall be controlled to

I

r
I
l
!

dssure that correct documents are bei ny employed. Such documents, includiny

changes thereto, shall be reviewed for adequacy and approved for release by

authorized personnel.

3.0 APPLICATION

A contro 11 ed document is a document whi ch defi nes procedures, spec i fi es

requirements, or releases data outside tne Company. A controlled document has a

unique control number and d distribution list. Examples of controlled documents

are the Quality AssJrance Manual (QAM), tne Quality Assurance Plan (QAP), compu-

ter codes which reauce data, procurement documents. construction/assembly draw-
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1-------------------1 ApprowH

Tille:

TetrQTek

DOCUMENT CONTROL

Section No. _-..-;6~ Aewlelon _.--:C=--__

/I "" ...........

IN' I (.; ~
ff ...., t- ,--j'.. ./ - ~. -;... "'

Qu.Ut, Aeeur.nce Admlnletr.tor _

inys, contracts, and published final reports or interim data released to tl"le

Owner. The QAP shall list those controlled documents applicable to the ~rojec:.

3.1 Preparation

The oriyinator of the controlled document shall be identified and should De

proficient and knowledgeable in the SUbject of interest. A format should De

established whiCh is complete and concise. Review of the document by competent,

uninterested personnel is desireable.

3.2 Approval

Controlled documents shall be approved by res~onsible management personnel

prior to release. All controlled documents shall be approved by the QAA. Con­

trolled documents particular to a project shall require approval by the Program

Manager as well.

3.3 Distribution

A controlled distribution Shall be established to assure that those person­

nel requi ri n9 the documents wi 11 have them where they need them and that all

copies are updated when changes are made. Tne QAA shall De resjlonsible for

issuiny a control number and for maintaining the control log. The Proyram Mana-

ger shall be resjJonsible for determining the distribution list for project re­

lated documents. The control log and a copy of each controlled document shall

be kept in the central QA file.
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Section No. __6~ Revision C 'I

QUALITY ASSURANCE MANUAL
Effective Date ~5:.:../..;:.8.;;...5 _ Page ..l- of --l.-l

same oryanizations that perforlned the ori':linal review and approval unless other

Chanyes to documents, other than those defined as minor changes in 3.4.1

below, are considered as major changes and shall be reviewed and approved by the

17 " ,
IJL__ t-Jl~.-~_=->- j~ ,- '- - t'

Quality Assurance Administrator j

Approved

3.4 Changes

Title: Docur~ENT COtITROL

organizations are specifically desi':lnated. The reviewiny organization shall

have access to pertinent backyround data or information upon which to base their

approval.

3.4.1 Minor Changes

Minor chanyes to documents, such as inconsequential editorial corrections,

shall not require that ·the revised documents receive the same review and approv-

al as the oriyinal documents. To avoid a possible omission of a required re-

I
r

view, all suspected minor changes shall be approved by the QAA.
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QUALITY ASSURANCE MANUAL
Ettec t Ive Oat e ...:5::;.:/~S:.;:5:-- _

1 •
Page _~_of .....:.:..-

\"'-',.IKU Ur t"'l.i~l,M~~::U

Title: I ;"E:r~S AND SERV ICES

1.0 SCJPE

Approved :~'I·/ /; .. ' ~ /
I ..... i:. .... _ l \ /.~ ~ ......... { C - 4-

Quality Assurance Administrator

To define the procur~ment dctivities associa:ed with the purcnase of ex-

ternall} supplied goods and services. Just as procurement docume'lts must be

controlled to assure complete and correct requirelilents for the purchase of items

dnd services (Section 4), so must the procurement process be contrOlled. All

actions associated with lJrocurement shall be docui.lented so that the adequacy of

items and services purchased can be verified prior to use, and after use Should

tne necessity arise.

2.U BASIC ~E4UIKEMENTS

The lJrocurement of items and services shall Je controlled to assure con-

formance with specified requirements. Such control shall provide for the fol-

lowiny, as appropriate: source evaluation and selection; evaluation of objec-

tive evidence of l..Juality furnished by the supplier; source inspection; audit;

and examination of items or services upon delivery or completion.

3.0 APPLICATION

3.1 Procurement Pldnnin~

Procurement dct i vi ties Sha 11 De planned and documented to assure d sys tern-

at i c approach to the procurement process. Planning should provide for:

procurement document preparation; (2) selection of jJrocurement sources; (3)

evaluation and award; (4) purchaser control of supplier performance; (5) verifi-

cation tnrouyh surveillance, inslJection or aUdit; (5) control of nonconformanc~;
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lA';'11 KU Ur v ''-'''' .:::tU Approved ij; ., ~ • , _ ( "':. __ -

Title: ITEi1S AND SERVICES Quality Aa.uranc-e Administrator

(7) corrective action; ld) acCeptd1:e of ite.n or service; and (':I) ~uality aSSl1r-

TettQTek

QUALITY ASSURANCE MANUAL
Effective Date _5_1_8_5 _

I

.., . IPage _'-_ot _-'_

I
I

i

I
ance records.

3.2 Supplier Eval~ation and Sel:c:'on

The selection of suppliers ~n=il De )asea on evalJation of their capability

to provide items or ser'lices in ac.:Jrdance with the requirements of the procure-

ment documents prior to contract a..ard or purchase. Evaluation shall be based

on: (1) technical considera:ions; (2) quality assurance requirements; (3) sup-

plier's personnel; (4) supplier's produc:iQn capability; (5) supplier's past I
performance; (6) alternates; and (~' excep:ions.

3.3 Verification

The extent of verification activities Shall be a function of the relative

importance, complexity, and quanti:y of :ne item or services procured, dnd the

supplier's ~uality performance. Source surveillance and inspections, aUdits,

receiving inspections, nonconforr:larlces, -Jisposi:ions, waivers, and corrective

act ions sha 11 be document ea. Ac: i vi ties ilerformed to verify conformdnce to

jJrocurelilent documents sha 11 be recorded. These documents Shall be reviewed

periOdically to assess t~e effectiveness of the supplier's QA proyram.

3.4 Acceptance

Prior to offeriny the ~:er.J o~ servi:e for acceptance, the suppl ier Shall

verify that the item or ser'Jice I)~iny LJrnisned complies with the procurement

c-so
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QUALITY ASSURANCE MANUAL
Effective Date -.iL85::-__ Page _3_ ot _,1_

TU:~ I KUL Ur l7DRQiA::>tLJ

Title: ITE~lS AND SERV ICES

reyulatlons. purcnaser metnodS

Approved

used to accept an

i. 1, (- <....j

I ' "I • ;, ,~'. , ('I ~. '- __ .

Quality A88urance Administrator
item or related service frum 3

supplier shall be supplier Certificate of Conformance, source verifica::o'1,

receiviny inspection, Or d cOI:]Dination thereof. In certain cases i'1Vol/~'l",

procurement of servi ces on Iy, acceptance sha 11 be by dr'ly combi nat i on of:

technical verification of data produced; (2) surveillance and/or audit of :ne

activity; and (3) review of oDJective evidence for conformance to the ;equire-

ments specified in the procurement documents.

3.5 Control of Supplier Nonconformances

In the event an item or service fails to conform to the requirements of :he

~rocurement documents for any reason(s), the supplier shall submit a nonconfvrm-

ance report to purChaser. Supplier shall state nature of nonconformar'lce and

recommended disposition. Purchdser shall have ultimate control of disposition

and verify impiementation of disposition on the nonconformance report. Tne

report Shall be loyyed and entered in the project record file.

4.0 COMMERICAL GRADE ITEMS

Where the design utilizes commercial lJrade or off-the":shelf Hens, the

following requirements are an acceptaole alternate to other requirements af t,is

section.

a) The commercial ~rdde item is identified in an approved desi~n out,.Ju:

document or has lndependently been verified that it wtll perform :ne

intended function and will meet desiyn re4uirements.
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Section No. __..;,7 Aevlslon _--.::c:.--__ ll

--oJ ~uppller evaluatIon and sel~ctl0n,

Page .!:- of _·-:_1
QUALITY ASSURANCE MANUAL

,",ur., nul. ur ,'url.l..nM.)c,J

Tille: nEi~S AND SE ~v ICES

Effective Date _~5.:.../e.;..5 _
,'.

Approved Iii., .. ! . .,.A .=) : ~ .

QuaUty A••urance Administrator
where detenni ned necessary by tne ,I

purchaser based on comp 1ex ity and importance to safety. sha 11 De in

accordanCe with ~ara~raph 3.2 of this section.

c) Commercial ~rade item shall De identified in the purChase order by the

manufacturer's ~ublished product description (for example. catalo~

number).

applicable to tne item. was received and is acceptable.

d) After receipt of d commercial ~rade item. the purchaser shall determine

that: (1) damaye was not sustained durin,::! Shipment; (2) the item re-

ceivea was the item ordered; (3) inspection and/or testiny is accom-

plished, as required by the purchaser. to assure conformance with the

manufacturer's ~ublished requirements; and (4) documentation, as I,

I

I
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QUALITY ASSURANCE MANUAL
Effective Date __5_/8_5 _

1.U SCOPE

Approved ',1 / ,

IDnJTIFICATIm~ AND CONTROL }I :J f-.,; I - --'... ,
Title: _~O~r...-:..IT.:..:E=.:.r.:.::1S::...-________ Quality Aaaurance Admlnlatrator1---=====-.:.......=:...--_-_-----1_----=-::.=.:...:.:..--------- I

j

To establish procedures to De usea to identify and control materials,

parts, and components in order to prevent the use of inappropriate or defective

i terns.

2.0 GENERAL REQUIREMENTS

2.1 Applicability

These procedures apply to all materials received at Terra TeK for the pur-

pose of testing.

2.2 Records

Records shall be Inai nta i ned on materi a I recei ved for the purpose of test-

iny. The record shall contain at least the fo11owiny information on the mater-

i a1:

a) type

D) origin

c) pu rpose

d) subdivision or sampliny

2.3 Identification

All materials received shall be identified in a manner to allow traceabil-

ity to its origin. This applies to all samples taken for subsequent testing.

All samples shall be leyiblj marked with a unique identification. If the iden-
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tification interferes with the test to De performed, the satn;:>le shall De kept in

5/85 2 2Effective Date Page __ of _
I--------~.-----------QUALITY ASSURANCE MANUAL

J---------,, ..,......~~~~~~--_;Approved
IDENTIFICATION AND CONTROL

Title: -...lIlQ.:..F.-.I...T.,.EM:..:.:.S'-- _

" ]

I I . l ...... _ l '_-!' '.- '

Quality Assurance Administrator ,-,
!

an appropriate container containiny t~e sample identification, at all times

except when the sample is under test.

2.4 Responsibilities

Tne PM shall be reponsible f0r the identification and control of all mater-

ials and also the appropriate documentation thereof.
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loU SCUPE

Title: CONTROL OF SPECIAL PROCESSEL
~-----------------iApproved

1 ~P.~e_ot_-__5/85Effective D8te _......;... _
QUALITY ASSURANCE MANUAL

I

To describe the measures for aS5uriny that special processes, such as the !
selection and preparation of test samples, are controlled and accomplished by !

qualified personnel.

2.0 GENERAL KEQUI~EMENTS

Special process requirements, control, qualifications and documentation

shall be specified in the QAP for eden prOJect.
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Approved 1, (
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Title: INSPECTION
( - -- -

Quality Assurance Admlnlstr8tor
- .

To be added at a later date

I
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Title: TEST CmnROL

Approved i "I f (.:::.l.
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Qu.llt, A••ur.nce Admlnletratf': I

1. 0 SCOPE

To establish the criterion for control of tests.

2.0 GENERAL REQUIREMENTS

2.1 Test Procedures

Test procedures shall be prepared by a cognizant engineer reviewed by an i

Engineer Supervisor and approved by the QAA, and made part of the QAP for each

project. The test procedures shall address the following:

a) Objective (anticipated results).

b) Criteria for acceptance/rejection of test results.

c) Calibration requirements.

d) Personnel qualifications.

e) Documentation.

f) Review and certification.

2.2 Responsibilities

The assigned Test Group shall be responsible for the validity and documen-

tation of all test procedures and data.
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EftectlYe Date 5/85 Page -l.-of~
QUALITY ASSURANCE MANUAL _

t----~CQNN~JRRQ~L~O'='F""':'r.4~,E~AS::":'U~R~IN:":"::G::"""":'A':":"~D~---; Approved ';':.1")../'0,...,1 .-:-. -_.... ,.
Title: ..ll.S:I....E.D.L..PI:.:l~E....~I.I.T_______ Qu.llty Aa~ur.nce Admlnlatr.to,__

1.U SCOPE

To describe tMe metnods f~r cont~ol of measuriny and test equipment.

2.U MAINTENANCE AND CAL:d~AT!0~ REQU:~EMENTS

2.1 Equipment used to record test da:d shall be calibrated to manufacturers (or

other written) s~ecifica:ions .,ith standards traceable to the National

Bureau of standards.

2.2 Tne calibration stat~s shdll be clearly displayed on calibrated item.

2.3 Equipment shall be repaired as necessary to maintain calibration capabil-

ity.

2.4 The QAE sha 11 estab li sn areca 11 system to assure that equi plilent due for

calibration is witMrawn from service. This system shall be implemented

using a combination of file records and floor spot checks.

2.5 Any item subjected to abusive :reatment such as overload, dropped, etc.

shall be repaired as necessary and recalibrated.

2.6 The QAE shall maintain a calibration and maintenance record on all equip-

mente

2.7 A CAR Form TTQA-13 (Ex!'l;:)it 15-1) shall De completed by the QAE on any

failed equipment used to oJtain ~ertinent test data.

C-S8



Section No. __1_3 Revision __6 _
~-------------------- -

TettQTek

QUALITY ASSURANCE MANUAL
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Quality As.urance AdmlnlstratO! _
HANDLING, STORAGE, AND

Title: SHIPPING

Approved
! ! ( ,,- ~ '

1.0 SCOPE

To descri be the measures for assuring proper handl i ng, storage, and sl1i p-

ping of materials, supplies, instruments, products, documents, etc. commended to

the authority of Terra Tek.

2.0 GENERAL REQUIREMENTS

2.1 The QAP for each project shall identify the requirements for handling,

storage, and shipping of items related to that project.

2.2 Specification, procedures, or drawings shall be prepared describing special

requirements such_as cleaning, packaging, preservation, etc.

2.3 Items not covered by special procedures shall be treated in accordance with

sound industrial practices for handling, storage, and shipping.

3.0 RESPONSIBILITIES

It shall be the responsibility of the PM to insure that special handling,

storage, and shipping procedures are documented. The QAA shall initiate audits

to insure the documented procedures are adequate and are being executed.
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Section No. _.:.14.:.-.. Revision __...;;..C__

Effective Date ..--.;5;.01...;8..5 Page _1_ of _l__

~----:-:~=;::"T'T"~-:;:;='7'"'1'~""'-----'"Approved
I~SPECTIO;1 TEST AND

Title: OPERATING STATUS

1.0 SCOPE

-1 ,/ i]
I " I ( • ~.. •
/ l ... /1 .. ....-- '.,;r. '.. / "

Quality Assurance Administrator ,;
--I

1
I

To specify the measures used to identify inspection, and test status of !
materials beiny tested at Terra Tek, Inc. !

I
j

2.U GENERAL REQUIREMENTS

2.1 Test samples shall be inspected prior to testiny to insure that the Lluality

is sufficient for test validation.

2.2 A CAR (see Section 15, EXhibit 15-1) shall be completed on all rejected

sam~les. Tne rejected sample and CAR shall be conveyed to the QAE.

2.3 The PM (or other technically knowledgeable personn'el) shall review all test

sample CAR's and make the final decision on the disposition of test samples

in question.

2.4 Special requirements for identification of inspection and test status shall

be included in the QAP for individual projects, and in general is to be

included as part of the test specifications.

3.0 HESPONSIBILITIES

3.1 The Task Manager shall be responsible for the generation and implementation

of test status procedures for tests performed under his jurisdiction.

3.2 The PM shall review and approve all test status procedures.

3.3 The QAA shall initiate audits to insure adeyuacy and implementation of all

procedu res.
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1.0 SCOPE

Effective Date ~St..:./8::.:5::...-__

Approved

Page __lot--.Ji.._

To define nonconforming items and :0 establ ish procedures for tne report-

iny. control. and disposition of nonconformances.

2.U BASIC REQUI~EMENTS

Items that do not conform to specified requirements shall be controlled to

prevent inadvertent installacion or use. Controls shall provide for identifica-

tion. documentation. evaluation. segregation when practical. disposition of i

nonconforming items, and notification to affected organizations.

3.0 APPLICAT[iJN

In the broadest sense, a nonconformance is a design or impl~mentation dis-

crepancy in an established procedure. specification or part Which jeopardizes

the quality of the delivered prOduct. For geologic investigations, nonconform-

ing items are defined to include data, samples, geologic environment, and proto-

typic hardware. Examples of nonconforming items are: IJse of samples not meet-

ing specified tolerances; test data acquired with a transducer whose calibration

date has expired; testing with a control led parameter at the wrong value; data

reduced using nonstandard techni~ues; and improper documentation. Once a non-

conformance is identified, it must be reported to appropriate personnel. con-

trolled by marking and/or se9reyating, and disposed of in a manner consistent

with its impact on the activity.
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4.0 REPORTING OF NONCONFORMA~CES

4.1 Responsibility

Approved I I , .....: I
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Quality A88urance Administrator il
,I
!

It shall oe the responsiDility of all prOject personnel to re~or: 110ncon-

fonniny items tnat dre clearl} i~ viold:ion of estaolisned procedures or 5~eci-

fications. Most nonconformances dre found duri ng the norma I ~erforman:e of

worK. Other common methods are th rouyh audits. survei 11 ances, peer rev i ews,

inspections, statistical trends, =nd calibration activities.

4.2 Procedure

Nonconformances shall be reti0rted by fi 11 iny out a Nonconformi:nce!Incide"t

and Corrective Action Report (CA~) form TTQA-13 (Exhioit 15-1). 7ne par~ially

completed form shall be submitted to the QA Enyineer who loys the CAR and as-

signs it a number. The QAE in turn submits a copy of tne CAR to t1e associatea

Program Manayer for control and eventual disposition.

5.U CONTROL OF NONCUNFURMING ITE~S

Nonconforming items snail De controlled to prevent their inadvertent use in

subsequent activities. If use ot the nonconforming item is absolu:ely critical

to the program, or if its impact is considered minimal, then use srlall be per-

mitted under controlled conditions pendiny evaluation and final disJosition. Tne

QAE shall be responsible fDr ide'1tification dnd storage of the it;::) until dis-

position has been detennined.
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Form TT(OA 13) 4/85 Rev B

NONCONFORMANCE I INCIDENT AND CORRECTIVE ACTION REPORT

TO: ----------------
FROM: _

Discrepant Condition:

Cause (If known)

CAR .,.

Date:

Signature/Position/Date

Corr.ective Action, including action to prevent ree urrence:

Signature/Position/Date

Comments by QA Representative:

Approved Disapproved
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Quality A.aurance Admlnl.trator ITitle: NONCONFOKr~ING rTH1S

5.1 Identification

Approved

Ident ifi cat i on of nonconfOflni n'::j items shall be by lilark i ny. tayyi ny. or I
.

other methods which shall not adversely affect the end use of the item. If !
I

identification of each nonconforming item is not practical. the container. pack- i
I

aye or seyregated area, as appropriate, shall be identified. The identification

Should include the associated CAR number.

~.2 Seyregation

Nonconforminy items shall be se9reyated, when practical, by placiny them in

a clearly identified and designated hold area until properly dispositioned.

~hen seyregation is impractical or impossible due to physical conditions or

access 1imitat ions, other precaut ions sha 11 be emp 1oyed to precl ude inadvertent

use of a nonconforming item.

6.0 OISPOSITION PROCEDURES

Nonconforminy characteristics of the item shall be reviewed and recommended

dispositions shall be proposed and approved in accordance with procedures defin-

ed below.

6.1 ·Responsibi lity

The Program Manager Shall have final authority for disfJosition of noncon-

forminy i:ems. Where significant impact to the proyram or validity of the data
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Title: ~IONCONFOR.'lING ITEMS

is in question, approval from the Owner s:1all De re\.juired. Final jisposition

shall be coordinated Oy the QAA.

6.1 Evaluation
I

Personnel performiny evaluations to determine a disposition shall have I

demonstrated competence in the spec i fi c area they are eva 1uat i n9, have an ade-

quate understandiny of the requirements, and have access to pertinent background

i nformat ion. A peer review process shall De used, when Justified, to assure

technical adequacy of the evaluations.

6.2 Final Disposition

The final disposition, such as use-as-is, reject, repair, or rework, of

nonconforming items shall De identified on the CAR. Tne technical justification

for the acceptability of a nonconforming item, dispositioned repair/rework, or

use-as-is shall De documented on the CAR. The as-built records, if such records

are required, shall reflect the accepted deviation.

6.3 Repaired or Reworked Items

Repaired or reworked items shall be reexamined in accordance with applic-

able procedures and with the original acceptance criteria unless the nonconform-

iny item disposition has estaolished alternate cri:eria.

C-65



7.U DOCUMENTATION

Te"ClTek

QUALITY ASSURANCE MANUAL

-~---------------~-1
1-- .--- ---,,1

Section No. __~15=--__ Revl.lon C. I.

5/85 n 6 --1Effective Date _...-:;;.~~_ Page __of _._~ ~

1- --; Approved /(~.;- ~;j.~' :: ~~. >",-__ I
Title: NONCONFORHING ITEMS Quality Aaaurance Admlnlatrat{>r l1-- -.1. --.,;..... .. -_..

I
I,

Nonconformance documentation shall consist of tne completed C~K and loy I
maintained by the QAE. Completed CAR's shall be filed in the central QA file.

t

I
I

\

i
I
I
1<',
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Section No. __1_6 Revl.lon __.;;..C__

QUALITY ASSURANCE MANUAL
Effective Date __5_/8_5 _

Title: __-.:::.CO::.:R.:.:.R~E.:::.CT:..:1:..:.V.::.E...:.A.:;:C~T.:.;1O:.;.N~__

1.U SCUPE

Approved 1 ,1 " ',-;
'y' , (./. / .;, ~---I, C", : -

QuaUty A••urance Administrator

To specify the requirements and establish Quality Assurance corrective I
action procedures. i

I

i,
2.U GENERAL REQUI~EMENTS

2.1 QA corrective action procedures shall provide:

a) Prompt identification and correction of conditions that may nave an
adverse effect on quality of services provided by Terra Tek. Inc.

b) Documentation on prOblem. cause, and action taken.

c) Follow-up measur~s to assess the effectveness of the corrective action
taken.

2.2 The approf.lriate provisions of Section 1S, "Nonconforming Items", and Sec-

tion 18. "Audits" Shall be considered part of the QA corrective action

procedures.

2.3 Tne QAA is res~onsiDle for the implementation of QA corrective action pro-

cedures, and shall initiate steps necessary to insure their effectiveness.

3.0 PROCEOURES

3.1 A Corrective Action Request (CAR, Exhibit 15-1) Shdll be initiated by any

knowled~eable person whO reco~nizes a QA deficiency.

3.2 A "CM", regarjless of oriyin. shall be submitted to the QAE to be log~ed

and redistribu:ed.

3.3 A "CAR" shall be ini:iated on any unresolved nonconformance ite'n; refer to
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QUALITY ASSURANCE MANUAL
Effective Date -...;5~/...;;8~5 _ Page _2_ ot _2__

Title: _...:.-_C;:.:O;.;..R:.:..;R=.;EC;..;T...:.I...;.;VE~A..:..CT.;..;I:..:.O_~i _

Section IS.

Approved -, I' .; ....,
'" . . - II _

/ I L.. '-' ;; ./ '. -' ---'

Quality Aaaurance Admlnlatrator

3.4 Customer corrective action fC'1'Jests sndll be forwarded to the QAA for in-

vestigation, disposition, ana reply.

3.~ The lJAA shall maintai" d loy d'1j follow-up status on all active "CAR's".

3.6 QA deficiencies revealeJ as a ,esult of quality audits shall be resolved in

accordance with the provisions Jf Section 10.
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Page _1_ of -L--

TerraTek

QUALITY ASSURANCE MANUAL

Section No. __...;1;.;.7 Revlalon __...;C~_.

Effective D.te _...:5::.£,/..;:8;.::.5__
...---------:------------

~ ------------_; Approved

Title: QUAL ITY ASSURANCE RECORDS

1.0 SCOPE

In1.-- r_. .i :: ..:. I

Qu.llty Aaaurance Admlnlatrator

I

To estab 1ish procedures for ';:jenerat ion, revi ew, and approva 1. cant ro 1 and I.
maintenance of quality assurance records. i

I

!
!

2.U GENERAL REQUIREMENTS

2.1 A Project Record List (PRL) shall be prepared for each project and shal I be

part of the Quality Assurance Plan (OAP) for each project.

2.2 Procedures for ~eneration, revi ew and approval of Records sha 11 be those

delineated in Sections 5 and 6.

2.3 A central file faci.lity shall be provided that offers protection against

fi re and theft.

2.4 All Quality Assurance Records (QA Records) shall be legible. identifiable.

and retrievable.

2.5 Test records shall. as a minimum, identify the date. test personnel, re-

sults, acceptability, and action taken on noted deficiencies.

2.6 The retent i on and di spos it i on of QA Records shall be estab 1i shed by the

customer. Any and all records listed on the PRl shall be transmitted upon

customer's request.
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Te"QTek Section No. _..-.lil~7 Revision _~C _

1-------------------1 Approved

Quality Assurance Administrator

QUALITY ASSURANCE MANUAL

Title: -'lllAI ITV' ASSIIRANCF RECORDS

3.0 RESPONSIBILITIES

Effective Date 5/85 Page _2_ of --.L-

3.1 The PM shall maintain the project QA records and is responsible for the

technical content of documents generated on a project under his control.

3.2 The QAA shall initiate audits to assure that: (a) the QA records are main-

tained in accordance with written procedures, (b) the procedures are re-

sponsive to the customer's QA requirements.
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QUALITY ASSURANCE MANUAL

Section No.

Effective Date

J p. Revision _--:::C:.....-_

5/85 Page--L.of-'.-_

Approved t,.' . J"'~
/ f ':"._ /. ,h ~, - .--- -

Title: AIIDITS Quality Assurance AdministratorJ----=- --l. ---: ~-----. -

1. 0 SCOPE

To establish auditing procedures to verify compliance and effectiveness of

Terra Tek I s QAP.

2.0 GENERAL REQUIREMENTS

Audits shall be performed to:

a) Provide an objective evaluation of compliance with established require­
ments, methods, and procedures.

b) Assess progress.

c) Determine adequacy of the QAP.

d) Verify implementation of recommended corrective action.

3.0 PROCEDURES

3.1 Audits shall be performed in accordance with written procedures or check

1is ts •

3.2 Audits shall be conducted by the QAA or his designated representative.

3.3 Audit results shall be documented by the auditing personnel.

3.4 Audit reports shall be reviewed by management having responsibility in the

area audited.

3.5 An Audit Schedule for each project shall be prepared and maintained by the

QAA. The schedule may be periodic and/or keyed to project milestones.

3.6 Unscheduled audits are reco~mended when:

a) Significant changes dre made in the QAP.
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,
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Quality A••urance Administrator

Te«aTek

QUALITY ASSURANCE MANUAL

Title: __....;.A.;,.;;U...:;,.D.;;.,.IT;,.;;S _

Effective Date 5/85 Page _2_ of-L J

b) It is suspected that there is a deficiency in the quality of services
being provided.

c) When it is considered necessary to verify implementation of recommendec
corrective actions. I

4.0 AUDIT FULLOW-UP

4.1 An Audit Report shall be prepared and routed to the appropriate managemen:

for review.

4.2 A Corrective Action Request (CAR - see Exhibit 15-1) shall be completed on

discrepancies revealed as a result of an audit.
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TE~MS AND DEFINITluNS

Acceptance Criteria: S~ecified limitS ,Jlaced on chdracteristlcs. of an item,
process, or service aefined in codes, standards. or other re"luirement dOc'J­
ments.

AUdit: A IJlanned and documented actlvl~y performed to determine by investi'::la­
tion. examination. or evaluation of oDJective evidence the ade~uacy of ana
compliance with establiShed ~rocedur~s, instructions, drawinys. and other
alJplicaDle documents, and tne effectiveness of implementation. An audit
should not De confused with survei Ilal1ce or inspection activities performea
for the sole purlJose of process control or IJroduct acceptance.

Certificate of Conformance: A document signed by an authorized individual
certifyiny the deyree to whiCh items or servic.es meet specified requirements.

Certification: The act of determinin~, verifying, and attesting in writing to
the qualifications of personnel, processes. procedures, or items in accordance
with specified requirements.

Characteristic: Any property or attribute of an item, process. or service
that is distinct, describaole, and measuraDle.

Condition Adverse to Quality: ~n all inclusive term used in reference to any
of the fol lowing: fdilures, malfunctiol1s, deficiencies, defective items, and
nonconformances. A significant conditiun adverse to quality is one which, if
uncorrec.ted, could have a serious effect on safety or operability.

Corrective Action: Measures takel1 to rectify cOnditions adverse to quality
and, where necessary, to ~reclude repetition.

Oesiyn InlJut: Those criteria. parameters. Dases, or other design requirements
upon which detailed final design is based.

Desiyn Output: Documents. such dS drawin!:js, specifications, and other docu­
ments. deT'i n i ny techni ca'l requ i rements of structures, systems, and components.

Oesiyn Process: Technical and management IJrocesses that commence with identi­
fication of desiyn input and that lead to and include the issuance ot" design
output documents.

Deviation: A departure frorn specified requirements.

Document: Any written or pictorial information describing, definin~, specify­
iny, relJortiny, or certifyiny activities, requirements, procedures, or re­
sults. A document is not considered to De a Quality Assurance Record until it
satisfies the definition of a (Juality Assurance Record as defined in this
Supplement.

External Audit: An audit of those lJortions of another organization's quality
assurance .,ro~ram not under the direct control or within tne oryanizational
structure of the auaitin~ or~aniZdtion.
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Final Jesi9n: Approved acsign output documents and dpproved cnan~es thereto.

Guideline: A suggested practice that is not mandatory in proyrams intended to
comp lj lOti th a standard. The word shou Id aenotes a yui de 1 i ne; the word sha 11
denotes a requirement.

Inspector: A person who performs insf-lection activities to verity conformance
to specific require~ents.

Inspection: Examination or :nedsurel;lent to veri fy whether an item or acti vity
conforms to specified requirements.

Internal Audit: An auait of those tJortions of an organization's quality
assurance program retained under its direct control and within its oryaniza­
tional structure.

Item: ~n all inclusive term used in place of any of the following:
ance, assemoly, component, equipment, material, module, part,
subassemo1y, suosystem, system, or unit.

appurten­
structure,

Measuriny and Test Equipment (M & TE): Devices or systems used to calibrate,
measure, gage, test, or inspec: in order to control or to acquire data to
verify conformance to specified re4uirements.

Nonconformance: A aeficiency in cnaracteristic, documentation, or procedure
that renders the quality of an item or activity unacceptable or indeterminate.

ObJ ecthe Evi dence: Any documented statemen t of fact, other i nformat ion, or
record, either quantitative or qualitative, pertaining to the quality of an
item or activity, based on Observations, measurements, or tests whiCh can be
verifi ~.

Owner: The person, group. company, agency, or corporation who has or will
have ti:le to the final product.

Procedure:
performed.

Procurement
contracts,
purchase.

A document that specifies or describes how an activity is to be

Purcnaser: The or'.:lanization responsible for establ ishment of procurement
requirements and for iss:.Jance, administration, or both, of pro(:urement docu­
ments.

Qualification (Personnel ): The characteristics or aoi lities gained through
education, training, or experience, dS measured against established require­
ments, such as standaras or tests, thdt qual ify an individual to perform d

requirea func:ion.

Qual i fied Procedures: ':'n dfJtJrovea proceaure that has oeen demonstrated to
meet the specified requirements for its intended purpose.
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Quality Assurance (QA): All thOSe planned dnd systematic actions necessary to
provide adequate confidence that a structure, system, or component wi 11 fJer­
form satisfactorily in service. For yeoloyic investiyations, all those planned
and systematic actions necessary to provide adeyUate confiaenc2 thdt data are
valid, have integrity, and are preserveJ and retrievaole.

Quality Assurance ~ecord: A completed document that furnisnes evidence of th~

quality of items dnd/or activities affecting ~uality.

Receivin~: Taking delivery of an item at a desiynated loca:ion.

Repair: The process of restoriny a nonconforming characteristic to a condi­
tion such that the capaoi I ity of an item to function reliably and safely is
unimpai red, even though that item sti 11 does not conform to the oriyinal
requirement.

ReworK: Tne ~rocess Oy wnicn an item is made to conform to oriyinal require­
ments by completion or correction.

Ri ';iht of ';ccess: The ri yht of d Purcnaser or des i gnated representative to
enter the ~remises of a Supplier for the ~urpose of inspection, surveillance,
or quality assurance audit.

Service: Tne performance of activities SUCh as design, fabrication, ins~ec­

tion, nondestructive examination, repair, or installation.

Special Process: A process, the results of which are hiyhly dependent on the
cont ro 1 of the process or the SK ill of the operators, or both, and in wh i ch
the speci fi ed qual i ty cannot be readi ly determi ned by i nS\lect i on or test of
the product.

Supplier: Any individual or orydnization whO furnishes items or services in
accordance with a procurement document. An all inclusive term used in place
of any of the followiny: vendor, seller, contractor, subcontractor, fdbrica­
tor, consultant, and their subtier levels.

Surveillance: The act of monitoring or observiny to verify whether an item or
activity conforms to specified requirements.

Testing: An element of verification for the determination or tne capability
of an item to meet specified requirements by SUbJecting the item to a set of
physical, Chemical, environmental, or operatiny conditions.

Traceability: The ability to trace the history, application, or location of
an item an~ liKe items or activities by means of recorded identification.

Use-as-is: A disposition permitted for a nonconforming item when it can b~

estaDlished tnat :he item is satisfactory for its intended use.

Verification: The act of reviewiny, inspectiny, testing, cnecking., aUditing,
or otnerwise det~rmininy and docvmentiny wnether items, processes, services,
or docu~en:s conform to specified requirements.

Waiver: Docum~n:ed aut1orization to depart from specified requirements.
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K&A
LABORATORIES

Intera Technologies, Inc.
6850 Austin Center Blvd.
Suite 300
Austin, Texas 78731

July 5, 1988

Attention: Mr. Van Kelley

Re: Revised Final Report:
Mercury Injection Capillary
Pressure Tests
Job Number 88-1056-14

Gentlemen:

This report presents the revised final results of the high pressure
mercury injection capillary pressure tests performed on core samples
supplied by Intera Technologies, Inc. These tests indicated a final
mercury saturation ranging from 66.7 to 100.0 and averaged 95.4
percent pore volume. Although Sample No. 10 showed a lower final
mercury saturation, 66.7 percent pore volume, it does correlate to
the lower air permeability of the sample. Sample No. lOA, an
endpiece of this same sample was also tested. These results showed
a higher final mercury saturation of 95.2 percent pore volume,
however note that the air permeability in Sample No. lOA is
significantly higher than the original test sample. These
differences may suggest a heterogeneous distribution of pore throat
sizes within this core sample. Final results also yielded a mean
pore throat diameter (at 30,000 psi injection pressure) of
0.00717 ~m using a air/mercury contact angle of 140°. As
requested, pore surface area summmaries (appendix 1), plus
additional tabular pore size data (appendix 2) have been included in
this report. The test procedures used are described below.

Following trimming of the samples to the required one-inch length,
the samples were placed in a vacuum for 24 hours and then stored in
a dessicator. Air permeabilities and porosities were then measured
on the dried core samples. Mercury was then injected into each
sample using pressures that ranged from 0.5 psia to 30,000 psia.
Note Sample No. lOA was injected to a pressure of 20,000 psia. Pore
throat size histograms were calculated from these results, using the
typical contact angle and surface tension for histogram I, and for
histogram II, a surface tension of 360 dynes/em and a contact angle
of 180° was used. Capillary pressure relationships were also
calculated from these data. Final results are presented in
graphical and tabular form.
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Intera Technologies, Inc.
Page 2

The conditions under which this report is presented are described
immediately following this report. We request that the report be
used in its entirety if reproductions are to be made. Please
contact us if you have any questions concerning these data. or if we
may be of further service.

Respectfully submitted,

K & A LABORATORIES

JMC:ch
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Page 2 of 81
File 88-1056-14

SUMMARY OF HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES. INC.

Air Endpoint
Sample Identification Porosity. Permeability. Mercury Saturation
Number Number Percent md @ 30.000 psi. Percent

1 H2A-2 12.5 0.143 88.5
2 H2Bl-2 14.8 1.18 99.7
3 H5Bl-la 13.0 0.042 95.0
4 H5Bl-lb 15.5 0.069 95.3
5 H7Bl-2a 21.5 0.108 91.6
6 H7Bl-2b 27.8 0.521 99.5
7 H7B2-1 17.3 0.294 96.5
8 H7C-lb 16.5 0.074 94.8
9 H7C-la 13.4 0.098 98.9

10 HlOB-l 10.8 0.012 66.7
lOA HlOB-l 9.0 0.174 95.2

11 Hll-2 11.0 0.038 93.3
12 HIIB3-1 33.1 1.33 99.9
13 HIIB3-4 14.8 0.186 99.9
14 W-12-la 2.8 0.270 98.2
15 W-121bl 11.2 0.086 99.9
16 W-12-2 13.6 1.38 99.4
17 W-13-3a 19.0 4.94 97.5
18 W-13-3b 9.7 0.037 99.6
19 W-26-3 12.5 0.039 99.9
20 W-28-1a 14.2 0.033 95.3
21 W-28-lb 13.0 0.038 93.8
22 W-30-3a 17.6 9.68 99.8
23 W-30-3b 15.8 3.48 91.6
24 W-30-4 25.4 18.6 96.3
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LABORATORIES

MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.
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HERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES. INC.
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MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, I~C.
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MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES. INC.
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MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

SAHPLE NUMBER 24
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HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number: 1 2 3 4
Sample Identification Number: H2A-2 H2BI-2 H5Bl-la H5Bl-lb
Air Permeability, md: 0.143 1.18 1.18 0.042
Porosity, Percent: 12.5 14.8 13.0 15.5

Injection
Pressure, psia Mercury Saturation, Percent Pore Volume

0.5 0.0 0.0 0.0 0.0
1 0.0 0.0 0.3 0.0
2 0.4 0.2 0.7 0.0
4 0.9 0.4 2.6 0.2
8 1.3 0.9 3.6 0.4

10 1.5 1.2 3.8 1.0
15 1.9 1.6 4.5 2.8
20.4 3.1 1.9 5.3 3.5
40 4.2 2.5 5.8 4.3
60 6.9 5.7 6.2 4.9
80 9.0 9.1 6.5 5.3

100 10.6 12.6 6.6 5.3
150 13.2 20.5 6.9 5.8
200 14.6 24.9 7.0 6.7
400 21.8 51.8 14.5 17.6
750 44.2 76.8 74.6 77 .0

1,000 61.1 82.1 81.4 82.5
1,500 71.6 88.5 86.7 87.4
2,000 75.6 92.0 89.1 89.4
4,000 81.4 97.0 92.5 92.7
6,000 84.0 98.5 93.7 93.9
8,000 85.5 99.3 94.4 94.5

10,000 86.6 99.7 94.7 94.9
15,000 88.0 99.7 95.0 95.3
20,000 88.5 99.7 95.0 95.3
25,000 88.5 99.7 95.0 95.3
30,000 88.5 99.7 95.0 95.3
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HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number: 5 6 7 8
Sample Identification Number: H7Bl-2a H7Bl-2b H7B2-i H7C-1b
Air Permeability, md: 0.108 0.521 0.294 0.074
Porosity, Percent: 21.5 27.8 17.3 16.5

Injection
Pressure, psia Mercury Saturation, Percent Pore Volume

0.5 0.0 0.0 0.0 0.0
1 0.4 1.5 0.0 0.4
2 0.7 22.5 0.6 0.7
4 5.0 23.3 1.5 1.2
8 5.8 24.0 2.3 2.2

10 9.5 24.2 2.5 2.3
IS 9.9 24.6 2.7 2.7
20.4 10.3 25.6 3.0 3.2
40 12.2 29.3 3.1 4.1
60 23.0 35.0 3. 1 5.2
80 24.9 38.8 3.3 6.0

100 25.6 41.0 3.4 6.8
150 35.7 42.7 3.7 15.7
200 36.5 44.1 5.4 16.2
400 46.8 60.1 63.2 33.9
750 86.7 88.4 81.7 77 .9

1,000 90.7 92.1 85.9 83.8
1,500 91.5 95.2 89.0 83.9
2,000 91.6 96.5 91.4 84.0
4,000 91.6 98.3 94.2 93.1
6,000 91.6 98.8 95.3 94.0
8,000 91.6 99.2 95.8 94.4

10,000 91.6 99.3 96.2 94.7
15,000 91.6 99.5 96.5 94.8
20,000 91.6 99.5 96.5 94.8
25,000 91.6 99.5 96.5 94.8
30,000 91.6 99.5 96.5 94.8
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HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number: 9 10 11 12
Sample Idenitifcation Number: H7C-1c H10B-1 Hll-2 HllB3-1
Air Permeability, md: 0.098 0.012 0.038 1.33
Porosity, Percent: 13.4 10.8 11.0 33.1

Injection
Pressure, psia Mercury Saturation, Percent Pore Volume

0.5 0.0 0.0 0.0 0.0
1 0.3 0.0 0.0 0.0
2 0.6 0.1 1.1 3.3
4 0.8 0.2 1.6 4.2
8 4.5 0.5 2.0 5.5

10 8.1 0.6 2.0 7.0
15 8.5 0.8 2.2 7.5
20.4 8.7 1.0 2.3 7.8
40 8.8 1.0 2.3 10.7
60 9.7 1.1 2.4 13.5
80 10.6 1.2 2.6 17.2

100 10.8 1.3 2.6 19.5
150 11.4 1.6 2.6 26.0
200 11.8 1.8 2.7 30.0
400 36.8 4.4 2.9 83.0
750 78.6 24.8 3.8 94.1

1,000 85.0 38.4 6.4 96.0
1,500 90.3 48.1 50.3 97.6
2,000 92.6 53.5 63.5 98.3
4,000 96.0 62.0 78.6 99.4
6,000 97.3 64.7 83.7 99.7
8,000 98.0 65.8 86.5 99.9

10,000 98.4 66.4 88.4 99.9
15,000 98.9 66.7 91.3 99.9
20,000 98.9 66.7 92.7 99.9
25,000 98.9 66.7 93.3 99.9
30,000 98.9 66.7 93.3 99.9
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HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number:
Sample Idenitifcation Number:
Air Permeability, md:
Porosity, Percent:

13
HllB3-4

0.186
14.8

14
W-12-1a

0.270
2.8

15
W-12-1bl

0.086
11.2

16
W-12-2b

1.38
13 .6

Injection
Pressure, psia

0.5
1
2
4
8

10
15
20.4
40
60
80

100
150
200
400
750

1,000
1,500
2,000
4,000
6,000
8,000

10,000
15,000
20,000
25,000
30,000

Mercury Saturation, Percent Pore Volume

0.0 0.0 0.0 0.0
1.8 0.0 2.0 0.0
2.9 0.0 2.4 1.3
3.6 0.2 2.6 5.2
4.0 0.3 2.7 6.0
4.1 0.5 2.8 6.3
4.1 0.7 2.9 6.... 7
4.3 0.7 3.1 7.4
4.5 1.0 3.4 8.8
5.2 2.6 4.0 13 .2
5.5 3.4 4.3 15.3
5.6 4.1 5.0 16.7
5.9 5.4 6.5 18.9
6.3 6.6 7.3 20.7

11.1 38.4 29.9 49.8
77 .0 82.1 75.2 80.1
84.2 90.2 81.9 85.6
89.7 98.2 88.6 90.7
92.4 98.2 91.6 93.2
96.2 98.2 96.3 96.9
97.7 98.2 97.9 98.1
98.6 98.2 98.8 98.8
99.2 98.2 99.3 99.1
99.9 98.2 99.9 99.4
99.9 98.2 99.9 99.4
99.9 98.2 99.9 99.4
99.9 98.2 99.9 99.4
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HIGH PRESSURE }ffiRCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number: 17 18 19 20
Sample Idenitifcation Number: W-13-3a W-13-3b W-26-3 W-28-1a
Air Permeability, md: 4.94 0.037 0.039 0.033
Porosity, Percent: 19.0 9.7 12.5 14.2

Injection
Pressure, psia Mercury Saturation, Percent Pore Volume

0.5 0.0 0.0 0.0 0.0
1 0.0 0.0 0.0 0.7
2 0.8 0.4 1.9 1.2
4 1.1 0.6 2.4 2.5
8 1.4 0.7 2.7 3.3

10 1.6 0.8 2.8 3.4
15 2.5 0.9 2.9 3.6
20.4 4.1 1.0 3.2 3.7
40 8.2 1.0 3.2 3.7
60 21.5 1.0 3.2 3.9
80 29.5 1.0 3.2 4.0

100 33.6 1.0 3.2 4.1
150 37.9 1.0 3.2 4.3
200 39.6 1.0 3.2 4.4
400 71.6 19.2 8.5 4.5
750 85.9 80.1 61.6 10.6

1,000 88.6 85.8 72.7 42.1
1,500 91.3 90.8 81.8 75.4
2,000 92.6 93.1 86.0 81.0
4,000 95.0 95.6 92.5 87.9
6,000 95.9 98.3 95.4 90.4
8,000 96.5 99.1 97.1 92.0

10,000 96.9 99.6 98.2 93.0
15,000 97.5 99.6 99.9 94.5
20,000 97.5 99.6 99.9 95.2
25,000 97.5 99.6 99.9 95.3
30,000 97.5 99.6 99.9 95.3
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HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number: 21 22 23 24
Sample Idenitifcation Number: W-28-1b W-30-3a W-30-3b W-30-4
Air Permeability, md: 0.038 9.68 3.48 18.6
Porosity. Percent: 13.0 17.6 15.8 25.4

Injection
Pressure, psia Mercury Saturation. Percent Pore Volume

0.5 0.0 0.0 0.0 0.0
1 0.8 0.0 1.8 0.0
2 1.4 1.1 2.6 0.6
4 2.5 2.7 3.2 1.2
8 3.2 3.8 4.2 2.5

10 3.3 4.1 4.9 2.8
15 3.5 4.8 22.5 4.3
20.4 3.7 5.8 23.5 5.8
40 3.7 10.8 27.4 8.5
60 3.7 23.5 30.5 15.1
80 3.8 32.2 32.5 21.4

100 3.8 37.3 34.0 26.3
150 3.8 44.2 36.8 35.0
200 3.9 48.1 38.8 39.5
400 4.5 66.4 52.1 58.4
750 47.2 80.0 78.8 80.3

1.000 68.3 83.5 83.0 85.0
1,500 78.6 88.1 86.3 88.9
2,000 82.7 90.8 87.6 90.5
4,000 88.2 95.7 89.9 93.1
6,000 90.4 97.5 90.7 94.2
8,000 91.6 98.5 91.1 94.9

10,000 92.4 99.1 91.4 95.3
15.000 93.5 99.8 91.6 96.0
20,000 93.8 99.8 91.6 96.3
25,000 93.8 99.8 91.6 96.3
30,000 93.8 99.8 91.6 96.3
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HIGH PRESSURE MERCURY INJECTION TEST RESULTS

INTERA TECHNOLOGIES, INC.

Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:

Injection
Pressure, psia

0.5
1
2
4
8

10
15
20.4
40
60
80

100
150
200
400
750

1,000
1,500
2,000
4,000
6,000
8,000

10,000
15,000
20,000

IDA
H10B-1
0.174
9.0%

Mercury Saturation, Percent Pore Volume

0.0
0.3
3.0
3.5
3.7
3.8
3.8
4.0
4.6
8.4

12.7
15.4
20.4
23.9
32.2
59.0
74.6
83.6
87.4
92.6
94.2
94.9
95.2
95.2
95.2
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CONDITIONS AND QUALIFICATIONS

K&A Laboratories will endeavor to provide accurate and reliable
laboratory measurements of the cores provided by the client. The
results of any core analysis are necessarily affected by the condition
in which the core is received and the selection of the samples to be
analyzed. In the absence of direction by the client, K&A Laboratories
will utilize their best geological and engineering judgment in selecting
the samples to be analyzed. It should be recognized that most cores do
not have uniform properties and that selection of truly representative
samples is rarely possible. Unless otherwise directed, the samples will
normally be selected from the highest quality segments. Thus, use of
the properties measured in this report in reservoir calculations could
result in an overestimation in reservoir volume and/or deliverability.
K&A Laboratories assumes no responsibility nor offers any guarantee of
the productivity or performance of any oil or gas well or hydrocarbon
recovery process based upon the data presented in this report.

0-89



K&A
LABORATORIES

PORE SURFACE AREA SUMMARY

INTERA TECHNOLOGIES, INC.

Page of
File -aa=1056~

Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

1
(H2A-2)
.143
12.5%
27.00

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

1 0 215. 0 0
2 .0058 71.7 7.25 E-6 511. E-6
4 .0114 35.9 21.3 E-6 .00150
8 .0167 17.9 47.8 E-6 .00337

10 .0195 12.0 68.8 E-6 .00485
15 .0256 8.61 132. E-6 .00733
20.4 .0406 6.08 354. E-6 .0249
40 .0556 3.56 731. E-6 .0515
60 .0924 2.15 .00226 .160
80 .1196 1.54 .00385 .271

100 .1405 1.20 .00542 .382
150 .1761 .861 .00913 .643
200 .1945 .615 .0118 .833
400 .2899 .359 .0357 2.51
750 .5878 .187 .178 12.6

1000 .8121 .123 .342 24.1
1500 .9520 .0861 .488 34.4
2000 1.006 .0615 .566 39.9
4000 1.0822 .0359 .757 53.4
6000 1.1170 .0215 .902 63.6
8000 1.1376 .0154 1.02 72.0

10000 1.1523 .0120 1.13 79.8
15000 1.1704 .00861 1.32 93.1
20000 1.1771 .00615 1.42 100.
25000 1. 1771 .00478 1.42 100.
30000 1.1771 .00391 1.42 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

2
(H2Bl-2)
1.180
14.8%
26.40

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius. SurfaZe Area Surface Area
Pressure, psia cc um (m Ig) (%)

1 o. 215. o. o.
2 .0036 71.7 4.6 E-6 468. E-6
4 .0067 35.9 12.5 E-6 .00127
8 .0139 17.9 49.3 E-6 .00502

10 .0189 12.0 87.7 E-6 .00892
15 .0248 8.61 151. E-6 .0153
20.4 .0284 6.08 205. E-6 .0208
40 .0376 3.56 442. E-6 .0449
60 .0865 2.15 .00253 .257
80 .1385 1.54 .00563 .573

100 .1925 1.20 .00977 .994
150 .3133 .861 .0226 2.30
200 .3814 .615 .0328 3.34
400 .7926 .359 .138 14.0
750 1.1737 .187 .325 33.0

1000 1.255 .123 .385 39.2
1500 1.3526 .0861 .489 49.8
2000 1.4063 .0615 .569 57.9
4000 1.4825 .0359 .764 77.8
6000 1. 5067 .0215 .867 88.2
8000 1. 5181 .0154 .935 95.2

10000 1. 5243 .0120 .983 100.
15000 1. 5284 •00861 .983 100 •
20000 1.5284 •00615 .983 100 •
25000 1. 5284 •00478 .983 100 •
30000 1. 5284 .00391 •983 100 •
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

3
(H5BI-IA)
.042
13.0%
27.75

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

. 5 O. 430. O. O.
1 •0039 143. 2.37 E-6 245 • E-6
2 .0097 71.7 9.43 E-6 975. E-6
4 .0373 35.9 76.6 E-6 .00792
8 .0523 17.9 .00015 .0155

10 .0554 12.0 .000172 .0178
15 .0659 8.61 .000279 .0288
20.4 .0773 6.08 .000442 .0457
40 .0840 3.56 .000606 .0627
60 .0910 2.15 .00089 .0921
80 .0951 1.54 .00112 .116

100 .0960 1. 20 .00119 .123
150 .1004 .861 .00163 .169
200 .1015 .615 .00179 .185
400 .2114 .359 .0285 2.95
750 1. 0886 .187 .437 45.3

1000 1.1879 .123 .508 52.6
1500 1. 2661 .0861 .587 60.8
2000 1.3009 .0615 .637 65.9
4000 1. 3509 .0487 .758 78.4
6000 1.3682 .0215 .828 85.7
8000 1.3776 .0154 .882 91.2

10000 1. 3827 .0120 .919 95.1
15000 1. 3874 .00861 . 967 100 .
20000 1. 3874 .00615 . 967 100 •
25000 1. 3874 .00478 .967 100.
30000 1.3874 .00391 .967 100.

D-92



K&A
LABORATORIES

PORE SURFACE AREA SUMMARY

INTERA TECHNOLOGIES, INC.

Page of
File """'88="105 6::U;-

Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

4
(H5B1-1B)
.042
13.0%
26.85

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure. psia cc um (m Ig) (%)

2 O. 108. O. O.
4 .0031 35.9 7.79 E-6 674. E-6
8 .0075 17.9 29.9 E-6 .00259

10 .0178 12.0 108. E-6 .0093
15 .0479 8.61 423. E-6 .0366
20.4 .0598 6.08 599. E-6 .0518
40 .0723 3.56 916. E-6 .0792
60 .0840 2.15 .00141 .122
80 .0893 1.54 .00172 .148

100 .0907 1.20 .00182 .158
150 .0979 .861 .00258 .223
200 .1143 .615 .00498 .431
400 .2991 .359 .0514 4.45
750 1. 3087 .187 .538 46.5

1000 1. 4027 .123 .607 52.5
1500 1.4859 .0861 .694 60.0
2000 1. 5190 .0615 .743 64.2
4000 1.5754 .0359 .884 76.4
6000 1. 5955 .0215 .969 83.7
8000 1.6069 .0154 1.040 89.5

10000 1.6130 .012 1.08 93.5
15000 1.6202 •00861 1.16 100 •
20000 1.6202 •00615 1. 16 100 .
25000 1. 6202 .00478 1. 16 100.
30000 1.6202 . 00391 1. 16 100 •

D-93
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PORE SURFACE AREA SUMMARY

INTERA TECHNOLOGIES, INC.

Sample Number: 5
Sample Identification Number: (H7Bl-2A)
Air Permeability, md: .108
Porosity, Percent: 21.5%
Dry Sample Weight (gm) : 25.02

'-. -

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 O. 430. O.
1 .0078 143. 5.26 E-6 948. E-6
2 .0122 71.7 11. 2 E-6 .00202
4 .0940 35.9 232. E-6 .0418
8 .1088 17.9 312. E-6 .0562

10 .1769 12. 863. E-6 .155
15 .1850 8.61 954. E-6 .172
20.4 .1928 6.08 .00108 .195
40 .2284 3.56 .00204 .368
60 .4295 2.15 .0111 2.00
80 .4652 1.54 .0133 2.40

100 .4788 1. 20 .0144 2.59
150 .6677 .861 .0357 6.43
200 .6833 .615 .0381 6.86
400 .8755 .359 .0900 16.2
750 1. 6222 .187 .476 85.5

1000 1. 6954 .123 .534 96.2
1500 1.7107 .0861 .551 99.3
2000 1. 7120 .0615 .553 99.6
4000 1. 7126 .0359 •555 100 •
6000 1. 7126 .0215 •555 100 .
8000 1. 7126 .0154 . 555 100 .

10000 1. 7126 .0120 •555 100 .
15000 1. 7126 .00861 . 555 100 .
20000 1. 7126 .00615 •555 100 .
25000 1. 7126 .00478 . 555 100 .
30000 1. 7126 .00391 •555 100 .

D-94
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

6
(H7Bl-2B)
0.521
27.8%
22.98

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 O. 430. O.
1 .0303 143. 22.3 E-6 .00248
2 .4500 71.7 639. E-6 .0711
4 .4644 35.9 681. E-6 .0758
8 .4793 17.9 768. E-6 .0854

10 .4838 12.0 808. E-6 .0899
15 .4903 8.61 888. E-6 .0988
20.4 .5117 6.08 .00126 .140
40 .5848 3.56 .00342 .380
60 .6986 2.15 .00899 1.00
80 .7758 1.54 .0143 1.59

100 .8182 1.20 .0180 2.00
150 .8534 .861 .0223 2.48
200 .8799 .615 .0269 2.99
400 1.2009 .359 .121 13.5
750 1.7661 .187 .439 48.8

1000 1. 8395 .123 .502 55.8
1500 1. 9012 .0861 .578 64.3
2000 1. 9271 .0615 .622 69.2
4000 1. 9626 .0359 .726 80.8
6000 1. 9740 .0215 .782 87.0
8000 1. 9802 .0154 .825 91.8

10000 1.9833 .012 .852 94.8
15000 1. 9871 .00861 . 899 100 .
20000 1. 9871 .00615 .899 100.
25000 1. 9871 .00478 .899 100.
30000 1. 8971 .00391 .899 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

7
(H7B2-1)
0.294
17.3%
25.99

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfa~e Area Surface Area
Pressure, psia cc urn (m /g) (%)

1 O. 215. O. O.
2 •0076 71.7 9.87 E-6 .00127
4 .0209 35.9 44.4 E-6 .00573
8 .0318 17.9 101. E-6 .013

10 .0341 12.0 119. E-6 .0154
15 .0378 8.61 159. E-6 .0205
20.4 .0421 6.08 225. E-6 .029
40 .0424 3.56 233. E-6 .030
60 .0434 2.15 276. E-6 .0356
80 .0454 1.54 397. E-6 .0513

100 .0467 1.20 498. E-6 .0643
150 .0507 .861 931. E-6 .120
200 .0749 .615 .00460 .593
400 .8760 .359 .213 27 .4
750 1. 1314 .187 .340 43.9

1000 1.1894 .123 .384 49.5
2000 1. 2659 .0717 .488 62.9
4000 1.3053 .0359 .581 74.9
6000 1. 3202 .0215 .645 83.3
8000 1. 3269 .0154 .686 88.5

10000 1. 3318 .0120 .724 93.4
15000 1. 3365 .00861 • 775 100 .
20000 1.3365 .00615 • 775 100 .
25000 1. 3365 .00478 • 775 100 .
30000 1. 3365 .00391 .775 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

8
(H7C-IB)
.074
16.5%
26.67

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfa~e Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 O. 430. O. O.
1 .0053 143. 3.35 E-6 392. E-6
2 .0095 71.7 8.67 E-6 .00101
4 .0159 35.9 24.9 E-6 .00291
8 .0289 17.9 90.7E-6 .0106

10 .0312 12.0 108. E-6 .0126
15 .0367 8.61 166. E-6 .0194
20.4 .0426 6.08 254. E-6 .0297
40 .0551 3.56 573. E-6 .067
60 .0693 2.15 .00117 .137
80 .0801 1.54 .00181 .212

100 .0912 1.20 .00265 .310
150 .2098 .861 .0152 1.77
200 .2164 .615 .0161 1.89
400 .4524 .359 .0759 8.87
750 1. 0413 .187 .362 42.3

1000 1.1189 .123 .419 49.0
2000 1. 1225 .0717 .423 49.5
4000 1.2433 .0359 .729 85.3
6000 1.2558 .0215 .782 91.5
8000 1.2616 .0154 .816 95.5

10000 1. 2647 .0120 .840 98.2
15000 1. 2660 .00861 .853 99.8
20000 1. 2661 . 00615 .855 100 .
25000 1.2661 •00478 .855 100 .
30000 1. 2661 •00391 .855 100 .
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Sample Number:
Sample 10entification Number:
Air Permeability, md:
Porosit~, Percent:
Dry Sample Weight (gm):

9
(H7C-IA)
.098
13.4%
27.63

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 O. 430. O. O.
1 .0045 143. 2.75 E-6 318. E-6
2 .0075 71. 7 6.41 E-6 741. E-6
4 .0103 35.9 13.3 E-6 .00153
8 .0606 17.9 259. E-6 .0299

10 • 1091 12.0 614 . E-6 .0710
15 • 1138 8.61 662 . E-6 .0766
20.4 .1171 6.08 710. E-6 .0821
40 .1177 3.56 725. E-6 .0838
60 .1294 2.15 .0012 .139
80 .1424 1.54 .00194 .225

100 .1441 1.2 .00207 .239
150 .1525 .861 .00292 .338
200 .1577 .615 .00366 .423
400 .4927 .359 .0855 9.89
750 1.0527 .187 .348 40.2

1000 1.1384 .123 .409 47.3
1500 1.2099 .0861 .482 55.7
2000 1.2408 .0615 .526 60.8
4000 1. 2867 .0359 .638 73.7
6000 1. 3042 .0215 .709 82.0
8000 1.3137 .0154 .763 88.2

10000 1.3187 .0120 .800 92.5
15000 1. 3251 .00861 .865 100.
20000 1. 3251 .00615 .865 100.
25000 1. 3251 .00478 . 865 100 .
30000 1. 3251 .00391 .865 100.
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Sample Number:
Sample Identification Number:
Air Permeability. md:
Porosity. Percent:
Dry Sample Weight (gm):

10
(H-I0B-1)
.012
10.8%
29.65

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius. SurfaZe Area Surface Area
Pressure. psia cc um (m /g) (%)

1 O. 215. O. O.
2 .0014 71.7 1.59 E-6 172. E-6
4 .0028 35.9 4.78 E-6 SIS. E-6
8 .0061 17.9 19.8 E-6 .00213

10 .0070 12.0 26.0 E-6 .00279
IS .0095 8.61 49.7 E-6 .00535
20.4 .0117 6.08 79.2 E-6 .00853
40 .0117 3.56 79.2 E-6 .00853
60 .0128 2.15 121. E-6 .0130
80 .0142 1.54 195. E-6 .0210

100 .0150 1. 20 250. E-6 .0269
150 .0195 .861 677. E-6 .0729
200 .0220 .615 .00101 .109
400 .0531 .359 .00809 .871
750 .2980 .187 .115 12.4

1000 .4607 .123 .223 24.0
1500 .5767 .0861 .333 35.9
2000 .6421 .0615 .420 45.2
4000 .7442 .0359 .652 70.2
6000 .7767 .0215 .776 83.5
8000 .7898 .0154 .845 91.0

10000 .7962 .0120 .889 95.7
15000 .8004 .00861 . 929 100 •
20000 .8004 .00615 . 929 100 .
25000 .8004 .00478 . 929 100 .
30000 .8004 .00391 . 929 100 .
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

lOA
(H10B-1)
.174
9.0%
33.07

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (til /g) (%)

.5 0 430. 0
1 .0036 143. 1. 84 E-6 .000285
2 .0339 71.7 32.8 E-6 .00507
4 .0398 35.9 44.8 E-6 .00694
8 .0426 17.9 56.2 E-6 .00871

10 .0434 12.0 61.1 E-6 .00947
15 .0442 8.61 67.9 E-6 .0105
20.4 .0462 6.08 92. E-6 .0143
40 .0534 3.56 240. E-6 .0372
60 .0965 2.15 .00171 .264
80 .1466 1.54 .00409 .634

100 .1772 1.20 .00597 .924
150 .2345 .861 .0108 1.68
200 .2751 .615 .0157 2.43
400 .3708 .359 .0352 5.45
750 .6788 .187 .156 24.1

1000 .8577 .123 .262 40.6
1500 .9612 .0861 .350 54.3
2000 1. 0051 .0615 .402 62.4
4000 1. 0649 .0359 .525 81.3
6000 1.0836 .0215 .588 91.1
8000 1.0914 .0154 .625 96.9

10000 1. 0947 .0120 .646 100
15000 1. 0947 .0120 .646 100
20000 1. 0947 .0120 .646 100
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

11
(HI1-2)
.038
11.0%
27.92

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfaeze Area Surface Area
Pressure, psia cc um (m /g) (%)

1 O. 215. O.
2 .0131 71.7 15.8 E-6 610. E-6
4 .0200 35.9 32.5 E-6 .00125
8 .0242 17.9 52.8 E-6 .00204

10 .0250 12.0 58.6 E-6 .00226
15 .0267 8.61 75.8 E-6 .00293
20.4 .0284 6.08 100. E-6 .00386
40 .0287 3.56 107. E-6 .00413
60 .0289 2.15 ll5. E-6 .00444
80 .0314 1.54 256. E-6 .00988

100 .0320 1.20 300. E-6 .0116
150 .0325 .861 350. E-6 .0135
200 .0331 .615 435. E-6 .0168
400 .0359 .359 .001l1 .0429
750 .0465 .187 .00602 .232

1000 .0782 .123 .0284 1.10
1500 .6182 .0861 .572 22.1
2000 .7815 .0615 .803 31.0
4000 .9670 .0359 1. 25 48.3
6000 1. 0293 .0215 1.50 57.9
8000 1.0644 .0154 1. 70 65.6

10000 1.0872 .0120 1. 87 72.2
15000 1. 1231 .00861 2.23 86.1
20000 1.1401 .00615 2.47 95.4
25000 1.1470 .00478 2.59 100.
30000 1.1470 .00391 2.59 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

12
(HIIB3-1)
1.330
33.1%
21. 41

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

1 O. 215. O. o.
2 .0779 71.7 123. E-6 .0137
4 .0990 35.9 189. E-6 .0212
8 .1289 17.9 378. E-6 .0423

10 .1621 12.0 692. E-6 .0775
15 .1743 8.61 852. E-6 .0954
20.4 .1813 6.08 982. E-6 .110
40 .2485 3.56 .00312 .349
60 .3153 2.15 .00663 .742
80 .4007 1.54 .0129 1.45

100 .4546 1.20 .0180 2.02
150 .6063 .861 .0379 4.25
200 .6999 .615 .0551 6.17
400 1. 9365 .359 .445 49.8
750 2.1938 .187 .600 67.2

1000 2.2379 .123 .641 71.8
1500 2.2756 .0861 .691 77 .3
2000 2.2925 .0615 .722 80.8
4000 2.3175 .0359 .800 89.6
6000 2.3258 ':0215 .844 94.5
8000 2.3289 .0154 .867 97.1

10000 2.3314 .012 .891 99.7
15000 2.3316 .00861 .893 100.
20000 2.3316 .00615 .893 100.
25000 2.3316 .00478 . 893 100 .
30000 2.3316 .00391 .893 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

13
(H11B3-4)
.186
14.8%
26.90

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfaile Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 O. 430. O. O.
1 •0303 143 . 19.0 E-6 .00138
2 .0484 71.7 41.7 E-6 .00303
4 .0601 35.9 71.1 E-6 .00517
8 .0665 17.9 103. E-6 .00751

10 .0673 12.0 109. E-6 .00794
15 .0687 8.61 124. E-6 .00901
20.4 .0707 6.08 153. E-6 .0112
40 .0751 3.56 265. E-6 .0192
60 .0871 2.15 766. E-6 .0557
80 .0907 1.54 977. E-6 .0711

100 .0929 1.20 .00114 .0831
150 .0985 .861 .00173 .126
200 .1049 .615 .00267 .194
400 .1847 .359 .0227 1.65
750 1. 2781 .187 .549 39.9

1000 1. 3977 .123 .636 46.3
1500 1.4898 .0861 .732 53.3
2000 1.5334 .0615 .796 57.9
4000 1. 5963 .0359 .954 69.4
6000 1.6213 .0215 1.06 77 .0
8000 1.6369 .0154 1.15 83.5

10000 1. 6461 .0120 1.22 88.7
15000 1. 6575 .00861 1.34 97.3
20000 1. 6600 .00615 1.37 100.
25000 1. 6600 .00478 1. 37 100.
30000 1.6600 .00391 1.37 100.

D-103
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Sample Number:
Sample Identification Number:
Air Permeability. md:
Porosity, Percent:
Dry Sample Weight (gm):

14
(W-12-1A)
.270
2.8%
28.27

Cumulativ~

Volume Pore Throat Cumulative
Inj ection Injected Radius, SurfaZe Area Surface Area

Pressure, psia cc urn (m /g) (%)

2 0 108 0 0
4 .0022 35.9 5.25 E-6 .0004
8 .0047 17.9 17.2 E-6 .00131

10 .0067 12.0 31. 5 E-6 .0024
15 .0100 8.61 64.3 E-6 .0049
20.4 .0092 6.08 53.1 E-6 .00404
40 .0145 3.56 180.E-6 .0138
60 .0378 2.15 .00111 .0844
80 .0481 1.54 .00168 .128

100 .0593 1.20 .00248 .189
150 .0776 .861 .0043 .328
200 .0949 .615 .00671 .512
400 .5494 .359 .115 8.78
750 1.1743 .187 .401 30.6

1000 1. 2892 .123 .481 36.7
1·500 1.4038 .0861 .595 45.4
2000 1.4617 .0615 .676 51.5
4000 1.5482 .0359 .882 67.2
6000 1. 5793 .0215 1.01 76.7
8000 1.5960 .0154 1.10 83.8

10000 1.6058 .0120 1. 17 89.1
15000 1.6175 .00861 1. 29 98.
20000 1. 6194 .00615 1. 31 100.
25000 1. 6194 .00478 1. 31 100.
30000 1. 6194 .00391 1. 31 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

15
(W-12-lB-l)
.086
11.2%
24.80

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfa~e Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 O. 430. O. O.
1 •0248 143. 16.9 E-6 .00161
2 .0295 71.7 23.3 E-6 .00221
4 .0320 35.9 30.1 E-6 .00286
8 .0337 17.9 39.3 E-6 .00374

10 .0345 12.0 45.9 E-6 .00436
15 .0362 8.61 65.1 E-6 .0062
20.4 .0387 6.08 105. E-6 .0100
40 .0426 3.56 212. E-6 .0202
60 .0490 2.15 502. E-6 .0478
80 .0526 1.54 731. E-6 .0696

100 .0623 1.2 .00152 .145
150 .0798 .861 .00351 .334
200 .0896 .615 .00506 .482
400 .3697 .359 .0813 7.74
750 .9286 .187 .373 35.5

1000 1.0110 .123 .438 41.7
1500 1.0944 .0861 .533 50.7
2000 1.1317 .0615 .592 56.4
4000 1. 1893 .0359 .749 71.3
6000 1. 2091 .0215 .839 79.8
8000 1. 2199 .0154 .907 86.3

10000 1.2263 .0120 .950 91.3
15000 1.2335 .00861 1.04 99.1
20000 1.2341 •00615 1.05 100 •
25000 1. 2341 •00478 1.05 100 •
30000 1. 2341 •00391 1.05 100 •

D-IOS
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

16
(W-12-2)
1.380
13.6%
27.67

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfa2e Area Surface Area
Pressure, psia cc um (m /g) (%)

1 o. 215. o. O.
2 .0172 71.7 21. E-6 .00274
4 .0684 35.9 146. E-6 .0191
8 .0796 17.9 201. E-6 .0262

10 .0835 12.0 229. E-6 .0300
15 .0882 8.61 277. E-6 .0362
20.4 .0982 6.08 421. E-6 .0550
40 .1166 3.56 873. E-6 .114
60 .1744 2.15 .00322 .422
80 .2023 1.54 .00481 .629

100 .2201 1.20 .00611 .800
150 .2501 .861 .00916 1.2
200 .2737 .615 .0125 1.64
400 .6568 .359 .106 13.9
750 1.0572 .187 .293 38.3

1000 1.1295 .123 .345 45.1
1500 1.1974 .0861 .414 54.1
2000 1.2296 .0615 .459 60.1
4000 1. 2786 .0359 .579 75.7
6000 1.2956 .0215 .648 84.8
8000 1. 3036 .0154 .694 90.7

10000 1.3087 .0120 .731 95.6
15000 1. 3120 .00861 . 765 100•
20000 1.3120 .00615 .765 100.
25000 1.3120 .00478 .765 100.
30000 1.3120 .00391 .765 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

17
(W-13-3A)
4.940
19.0%
26.74

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius. SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

1 O. 215 • O. O.
2 •0146 71.7 18.4 E-6 .00212
4 .0199 35.9 31.8 E-6 .00366
8 .0268 17.9 66.6 E-6 .00767

10 .0292 12.0 84.8 E-6 .00977
15 .0477 8.61 279. E-6 .0322
20.4 .0769 6.08 714. E-6 .0822
40 .1534 3.56 .00266 .306
60 .4019 2.15 .0131 1. 51
80 .5533 1.54 .022 2.54

100 .6298 1. 20 .0278 3.2
150 .7090 .861 .0362 4.16
200 .7418 .615 .0410 4.72
400 1.3414 .359 .192 22.1
750 1.6098 .187 .322 37.1

1000 1.6601 .123 .359 41.4
1500 1. 7095 .0861 .411 47.3
2000 1. 7344 .0615 .448 51.6
4000 1.7784 .0359 .559 64.4
6000 1. 7970 .0215 .637 73.4
8000 1. 8082 .0154 .703 81.0

10000 1. 8149 .0120 .754 86.8
15000 1. 8258 .00861 . 869 100 •
20000 1. 8258 .00717 •869 100 .
25000 1.8258 .00478 • 869 100 •
30000 1. 8258 .00391 •869 100 .
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

18
(W-13-3B)
.037
9.7%
29.59

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfa'ie Area Surface Area
Pressure, psia cc um (m /g) (%)

1 O. 215. O. O.
2 .0050 71.7 5.7 E-6 727. E-6
4 .0070 35.9 10.3 E-6 .00131
8 .0083 17.9 16.2 E-6 .00207

10 .0086 12.0 18.2 E-6 .00233
15 .0106 8.61 37.3 E-6 .00475
20.4 .0108 6.08 40. E-6 .0051
40 .0108 3.56 40. E-6 .0051
60 .0108 2.15 40. E-6 .0051
80 .0108 1.54 40. E-6 .0051

100 .0108 1.20 40. E-6 .0051
150 .0111 .861 68.5 E-6 .00873
200 .0111 .615 68.5 E-6 .00873
400 .2173 .359 .0471 6.01
750 .9075 .187 .349 44.5

1000 .9723 .123 .392 50.0
1250 1.0071 .0956 .422 53.8
1500 1. 0285 .0783 .444 56.7
2000 1. 0549 .0615 .479 61.1
4000 1. 0828 .0359 .543 69.3
6000 1. 1142 .0215 .662 84.5
8000 1. 1231 .0154 .710 90.5

10000 1.1284 .0120 .746 95.2
15000 1.1334 .00861 .784 100.
20000 1.1334 .00717 .784 100.
25000 1. 1334 .00478 .784 100.
30000 1. 1334 .00391 .784 100.

D-l08



K&A
LABORATORIES

PORE SURFACE AREA SUMMARY

INTERA TECHNOLOGIES, INC.

Page of
File -as=1056~

Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

19
(\01-26-3)
.039
12.5%
28.60

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, SurfaZe Area Surface Area
Pressure, psia cc um (m /g) (%)

1 O. 215. O. O.
2. .0282 71.7 33.3 E-6 .00211
4 .0354 35.9 50.3 E-6 .00319
8 .0394 17. 9 69.2 E-6 .00439

10 .0408 12.0 79.1 E-6 .00502
15 .0424 8.61 94.8 E-6 .00602
20.4 .0457 6.08 141. E-6 .00894
40 .0457 3.56 141. E-6 .00894
60 .0457 2.15 141. E-6 .00894
80 .0457 1. 54 141. E-6 .00894

100 .0457 1. 20 141. E-6 .00894
150 .0457 .861 141. E-6 .00894
200 .0461 .615 196. E-6 .0124
400 .1236 .359 .0185 1.17
750 .8915 .187 .357 22.7

1000 1. 0529 .123 .482 30.6
1500 1.1851 .0861 .612 38.8
2000 1. 2457 .0615 .695 44.1
4000 1.3398 .0359 .917 58.2
6000 1. 3815 .0215 1.08 68.7
8000 1.4064 .0154 1. 22 77 .4

10000 1. 4223 .0120 1.33 84.6
15000 1. 4471 .00861 1. 57 100.
20000 1. 4471 .00717 1. 57 100.
25000 1. 4471 .00478 1.57 100.
30000 1. 4471 .00391 1. 57 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

20
(W-28-1A)
.033
14.2%
27.14

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius, Surfa~e Area Surface Area
Pressure, psia cc um (m /g) (%)

0.5 o. 430. o. O.
1 •0106 143. 6.59 E-6 294. E-6
2 .0184 71.7 16.3 E-6 727. E-6
4 .0395 35.9 68.8 E-6 .00307
8 .0520 17.9 131. E-6 .00584

10 .0537 12.0 144. E-6 .00641
15 .0537 8.61 144. E-6 .00641
20.4 .0595 6.08 229. E-6 .0102
40 .0595 3.56 229. E-6 .0102
60 .0626 2.15 357. E-6 .0159
80 .0640 1.54 438. E-6 .0196

100 .0654 1.20 543. E-6 .0242
150 .0676 .861 771. E-6 .0344
200 .0693 .615 .00102 .0454
400 .0712 .359 .00149 .0665
750 .1680 .187 .0476 2.13

1000 .6693 .123 .411 18.4
1500 1.1996 .0861 .961 42.9
2000 1. 2878 .0615 1.09 48.6
4000 1. 3974 .0359 1. 36 60.7
6000 1. 4380 .0215 1.53 68.3
8000 1. 4631 .0154 1. 68 74.8

10000 1. 4786 .0120 1. 79 79.9
15000 1.5020 .00861 2.03 90.7
20000 1.5131 .00615 2.19 97.9
25000 1. 5156 .00478 2.24 100.
30000 1. 5156 .00391 2.24 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

21
(W-28-1B)
.038
13.0%
27.60

Cumulative
Volume Pore Throat Cumulative

Injection Injected Radius. SurfaZe Area Surface Area
Pressure. psia cc um (m /g) (%)

0.5 O. 430. o.
1 .0117 143. 7.15 E-6 476. E-6
2 .0198 71. 7 17.1 E-6 .00114
4 .0359 35.9 56.4 E-6 .00376
8 .0473 17.9 112. E-6 .00747

10 .0476 12.0 114. E-6 .00760
15 .0515 8.61 154. E-6 .0103
20.4 .0534 6.08 182. E-6 .0121
40 .0534 3.56 182. E-6 .0121
60 •0542 2.15 214 • E-6 .0143
80 .0548 1.54 248. E-6 .0165

100 .0551 1. 20 270. E-6 .0180
150 .0562 .861 383. E-6 .0255
200 .0576 .615 582. E-6 .0388
400 .0657 .359 .00256 .171
750 .6885 .187 .295 19.7

1000 .9973 .123 .515 34.3
1500 1. 1481 .0861 .668 44.5
2000 1. 2071 .0615 .753 50.2
4000 1. 2881 .0359 .951 63.4
6000 1. 3198 .0215 1.08 72.0
8000 1. 3376 .0154 1.18 78.7

10000 1. 3493 .0120 1. 27 84.7
15000 1. 3654 .00861 1. 43 95.3
20000 1. 3699 .00615 1. SO 100.
25000 1.3699 .00478 1.50 100.
30000 1.3699 .00391 1. 50 100.
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Sample Number:
Sample Identification Number:
Air Permeability, md:
Porosity, Percent:
Dry Sample Weight (gm):

22
(W-30-3A)
9.680
17.6%
25.18

Cumulative
Volume. Pore Throat Cumulative

Injection Injected Radius, Surfa1e Area Surface Area
Pressure, psia cc um (m /g) (%)

1 O. 215. O. O.
2 .0212 71.7 28.4 E-6 .00202
4 .0543 35.9 117. E-6 .00831
8 .0752 17.9 229. E-6 .0163

10 .0818 12.0 282. E-6 .02
15 .0961 8.61 442. E-6 .0314
20.4 .1156 6.08 750. E-6 .0532
40 .2147 3.56 .00342 .243
60 .4691 2.15 .0148 l.05
80 .6427 1.54 .0256 1.82

100 .7438 1. 20 .0338 2.4
150 .8813 .861 .0491 3.49
200 .9601 .615 .0615 4.36
400 1.3245 .359 .159 11.3
750 1. 5965 .187 .299 21.2

1000 1. 6671 .123 .354 25.1
1500 1.7579 .0861 .456 32.3
2000 1. 8122 .0615 .540 38.3
4000 1. 9096 .0359 .802 56.9
6000 1. 9461 .0215 .965 68.4
8000 1.9656 .0154 1.09 77 .1

10000 1.9779 .0120 1. 19 84.1
15000 1. 9914 .00861 1. 34 94.8
20000 1. 9961 .00615 1. 41 100.
25000 1.9961 .00478 1. 41 100.
30000 1.9961 .00391 1. 41 100.
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Sample N'6: 1 Sample No: 2

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

107.6 .0 107.6 .0
53.8 .4 53.8 .2
26.9 .9 26.9 .4
13.5 1.3 13.5 .9
10.8 1.5 10.8 1.2

7.17 1.9 7.17 1.6
5.27 3.1 5.Z7 1.9
2.67 4.2 2.67 2.5
1. 79 6.9 1. 79 5.7
1.34 9.0 1.34 9.1
1.07 10.6 1.07 1Z.6

.717 13.2 .719 ZO.5

.538 14.6 .539 24.9

.267 21.8 .Z67 51.8

.143 44.2 .143 76.8

.107 61.1 .107 82.1

.072 71.6 .072 88.5

.054 75.6 .054 92.0

.027 81.4 .027 97.0

.018 84.0 .018 98.5

.013 85.5 .013 99.3

.Oll 86.6 .011 99.7

.007 88.0 .007 ****

.005 88.5 .005 ****

.004 88.5 .004 ****

.004 88.5 .004 ****
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Sample NO: 3 Sample No: 4

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 53.8 .0
107.6 .3 26.9 .2
53.8 .7 13.5 .4
26.9 2.6 10.8 1.0
13.5 3.6 7.17 2.8
10.8 3.8 5.27 3.5
7.17 4.5 2.67 4.3
5.27 5.3 1. 79 4.9
2.67 5.8 1. 34 5.3
1. 79 6.2 1. 07 5.3
1.34 6.5 .716 5.8
1.07 6.6 .538 6.7

.716 6.9 .267 17.6

.538 7.0 .143 77 .0

.266 14.5 .108 82.5

.143 74.6 .072 87.4

.107 81.4 .054 89.4

.072 86.7 .027 92.7

.054 89.1 .018 93.9

.027 92.5 .013 94.5

.018 93.7 .Oll 94.9

.013 94.4 .007 95.3

.011 94.7 .005 95.3

.007 95.0 .004 95.3

.005 95.0 .004 95.3

.004 95.0

.004 95.0

D-114



K&A
LABORATORIES

INTERA TECHNOLOGIES

Page of
File ~1056~

Sample N'1:1: 5 Sample No: 6

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 215.2 .0
107.6 .4 107.6 1.5
53.8 .7 53.8 22.5
26.9 5.0 26.9 23.3
13.5 5.8 13.5 24.0
10.8 9.5 10.8 24.2
7.17 9.9 7.17 24.6
5.27 10.3 5.27 25.6
2.70 12.2 2.72 29.3
1.81 23.0 1.81 35.0
1.36 24.9 1.35 38.8
1.08 25.6 1.08 41.0

.723 35.7 .721 42.7

.541 36.5 .540 44.1

.267 46.8 .267 60.1

.143 86.7 .143 88.4

.108 90.7 .107 92.1

.072 91.5 .072 95.2

.054 91.6 .054 96.5

.027 91.6 .027 98.3

.018 91.6 .018 98.8

.013 91.6 .013 99.2

.011 91.6 .011 99.3

.007 91.6 .007 99.5

.005 91.6 .005 99.5

.004 91.6 .004 99.5

.004 91.6 .004 99.5
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Sample Ntl: 7 Sample No: 8

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

107.6 .0 215.2 .0
53.8 .6 107.6 .4
26.9 1.5 53.8 .7
13.5 2.3 26.9 1.2
10.8 2.5 13.5 2.2

7.17 2.7 10.8 2.3
5.27 3.0 7.17 2.7
2.68 3. 1 5.27 3.2
1. 79 3.1 2.68 4.1
1. 34 3.3 1. 79 5.2
1. 07 3.4 1.34 6.0

.717 3.7 1.07 6.8

.538 5.4 .718 15.7

.267 63.2 .538 16.2

.143 81.7 .267 33.9

.107 85.9 .143 77.9

.054 91.4 .107 83.8

.027 94.2 .054 84.0

.018 95.3 .027 93.1

.013 95.8 .018 94.0

.011 96.2 .013 94.4

.007 96.5 .011 94.7

.005 96.5 .007 94.8

.004 96.5 .005 94.8

.004 96.5 .004 94.8
.004 94.8
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Sample Nt>: 9 Sample No: 10

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 107.6 .0
107.6 .3 53.8 .1
53.8 .6 26.9 .2
26.9 .8 13.5 .5
13.5 4.5 10.8 .6
10.8 8.1 7.17 .8
7.17 8.5 5.27 1.0
5.27 8.7 2.66 1.0
2.68 8.8 1. 78 1.1
1. 79 9.7 1.34 1.2
1.34 10.(, 1.07 1.3
1.07 10.t: .715 1.6

.717 1L4 .537 1.8

.538 11.8 .266 4.4

.267 36.8 .143 24.8

.143 78.6 .107 38.4

.107 85.0 .072 48.1

.072 90.3 .054 53.5

.054 92.6 .027 62.0

.027 96.0 .018 64.7

.018 97.3 .013 65.8

.013 98.0 .011 66.4

.Oll 98.4 .007 66.7

.007 98.9 .005 66.7

.005 98.9 .004 66.7

.004 98.9 .004 66.7

.004 98.9
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Sample N'6:

Radius
of Pore
Apertures

215.2
107.6
53.8
26.9
13.5
10.8
7.17
5.27
2.67
1. 79
1.34
1.08

.718

.539

.267

.143

.107

.072

.054

.027

.018

.013

.011

.007

.005

INTERA TECHNOLOGIES

IDA

Mercury
Saturation

(% Pore Volume)

.0

.3
3.0
3.5
3.7
3.8
3.8
4.0
4.6
8.4

12.7
15.4
20.4
23.9
32.2
59.0
74.6
83.6
87.4
92.6
94.2
94.9
95.2
95.2
95.2

D-1l8
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Sample No: 11 Sample No: 12

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

107.6 .0 107.6 .0
53.8 1.1 53.8 3.3
26.9 1.6 26.9 4.2
13.5 2.0 13.5 5.5
10.8 2.0 10.8 7.0

7.17 2.2 7.17 7.5
5.27 2.3 5.27 7.8
2.66 2.3 2.69 10.7
1. 78 2.4 1.80 13.5
1.34 2.6 1.35 17.2
1.07 2.6 1.08 19.5

.716 2.6 .719 26.0

.537 2.7 .539 30.0

.266 2.9 .268 83.0

.143 3.8 .143 94.1

.107 6.4 .107 96.0

.072 50.3 .072 97.6

.054 63.5 .054 98.3

.027 78.6 .027 99.4

.018 83.7 .018 99.7

.013 86.5 .013 99.9

.011 88.4 .011 ****

.007 91.3 .007 ****

.005 92.7 .005 ****

.004 93.3 .004 ****

.004 93.3 .004 ****
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Sample NO: 13 Sample No: 14

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 53.8 .0
107.6 1.8 26.9 .2
53.8 2.9 13.5 .3
26.9 3.6 10.8 .5
13.5 4.0 7.17 .7
10.8 4.1 5.27 .6
7.17 4.1 2.66 1.0
5.27 4.3 1. 78 2.6
2.67 4.5 1.34 3.4
1. 79 5.2 1.07 4.1
1.34 5.5 .716 5.4
1.07 5.6 .537 6.6

.716 5.9 .267 38.4

.538 6.3 .143 82.1

.266 11.1 .108 90.2

.143 77 .0 .072 98.2

.108 84.2 .054 ****

.072 89.7 .027 ****

.054 92.4 .018 ****

.027 96.2 .013 ****

.018 97.7 .011 ****

.013 98.6 .007 ****

.01l 99.2 .005 ****

.007 99.9 .004 ****

.005 **** .004 ****

.004 ****

.004 ****

D-120



K&A
LABORATORIES

INTERA TECHNOLOGIES

Page of
File ~1056~

Sample N'b: 15 Sample No: 16

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 107.6 .0
107.6 2.0 53.8 1.3
53.8 2.4 26.9 5.2
26.9 2.6 13.5 6.0
13.5 2.7 10.8 6.3
10.8 2.8 7.17 6.7
7.17 2.9 5.27 7.4
5.27 3.1 2.68 8.8
2.67 3.4 1. 79 13.2
1. 78 4.0 1.35 15.3
1. 34 4.3 l.08 16.7
1.07 5.0 .718 18.9

.716 6.5 .539 20.7

.537 7.3 .267 49.8

.267 29.9 .143 80.1

.143 75.2 .107 85.6

.107 81.9 .072 90.7

.072 88.6 .054 93.2

.054 91.6 .027 96.9

.027 96.3 .018 98.1

.018 97.9 .013 98.8

.013 98.8 .Oll 99.1

.011 99.3 .007 99.4

.007 99.9 .005 99.4

.005 99.9 .004 99.4

.004 99.9 .004 99.4

.004 99.9
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Sample N<5: 17 Sample No: 18

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

107.6 .0 107.6 .0
53.8 .8 53.8 .4
26.9 1.1 26.9 .6
13.5 1.4 13.5 .7
10.8 1.6 10.8 .8
7.17 2.5 7.17 .9
5.27 4.1 5.27 1.0
2.69 8.2 2.66 1.0
1.80 21.5 1. 78 1.0
1.35 29.5 1.34 1.0
1.08 33.6 1. 07 1.0

.721 37.9 .715 1.0

.540 39.6 .537 1.0

.267 71.6 .266 19.2

.143 85.9 .143 80.1

.107 88.6 .107 85.8

.072 91.3 .086 88.9

.054 92.6 .072 90.8

.027 95.0 .054 93.1

.018 95.9 .027 95.6

.013 96.5 .018 98.3

.Oll 96.9 .013 99.1

.007 97.5 .Oll 99.6

.005 97.5 .007 ****

.004 97.5 .005 ****

.004 97.5 .004 ****
.004 ****
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Sample No: 19 Sample No: 20

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

107.6 .0 215.2 .0
53.8 1.9 107.6 .7
26.9 2.4 53.8 1.2
13.5 2.7 26.9 2.5
10.8 2.8 13.5 3.3
7.17 2.9 10.8 3.4
5.27 3.2 7.17 3.6
2.68 3.2 5.27 3.7
1. 79 3.2 2.67 3.7
1.34 3.2 1. 78 3.9
1.07 3.2 1.34 4.0

.716 3.2 1.07 4.1

.538 3.2 .716 4.3

.266 8.5 .537 4.4

.143 61.1 .266 4.5

.107 72.7 .143 10.6

.072 81.8 .107 42.1

.054 86.0 .072 75.4

.027 92.5 .054 81.0

.018 95.4 .027 87.9

.013 97.1 .018 90.4

.Oll 98.2 .013 92.0

.007 99.9 .Oll 93.0

.005 99.9 .007 94.5

.004 99.9 .005 95.2

.004 99.9 .004 95.3

.004 95.3 .004 95.3
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Sample Ncr: 21 Sample No: 22

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 107.6 .0
107.6 .8 53.8 1.1
53.8 1.4 26.9 2.7
26.9 2.5 13.5 3.8
13.5 3.2 10.8 4.1
10.8 3.3 7.17 4.8
7.17 3.5 5.27 5.8
5.27 3.7 2.69 10.8
2.67 3.7 1.81 23.5
1. 78 3.7 1.36 32.2
1.34 3.8 1.08 37.3
1.07 3.8 .722 44.2

.716 3.8 .541 48.1

.537 3.9 .267 66.4

.266 4.5 .143 80.0

.143 47.2 .107 83.5

.107 68.3 .072 88.1

.072 78.6 .054 90.8

.054 82.7 .027 95.7

.027 88.2 .018 97.5

.018 90.4 .013 98.5

.013 91.6 .Oll 99.1

.Oll 92.4 .007 99.8

.007 93.5 .005 ****

.005 93.8 .004 ****

.004 93.8 .004 ****

.004 93.8

D-124



K&A
LABORATORIES

INTERA TECHNOLOGIES

Page of
File ~1056~

Sample Nt'5: 23 Sample No: 24

Radius Mercury Radius Mercury
of Pore Saturation of Pore Saturation

Apertures (% Pore Volume) Apertures (% Pore Volume)

215.2 .0 107.6 .0
107.6 1.8 53.8 .6

53.8 2.6 26.9 1.2
26.9 3.2 13 .5 2.5
13.5 4.2 10.8 2.8
10.8 4.9 7.17 4.3
7.17 22.5 5.27 5.8
5.27 23.5 2.69 8.5
2.74 27.4 1.80 15.1
1.82 30.5 1.35 21.4
1. 36 32.5 1.08 26.3
1.09 34.0 .721 35.0

.723 36.8 .540 39.5

.541 38.8 .267 58.4

.268 52.1 .143 80.3

.143 78.8 .107 85.0

.108 83.0 .072 88.9

.072 86.3 .054 90.5

.054 87.6 .027 93.1

.027 89.9 .018 94.2

.018 90.7 .013 94.9

.013 91.1 .Oll 95.3

.all 91.4 .007 96.0

.007 91.6 .005 96.3

.005 91.6 .004 96.3

.004 91.6 .004 96.3

.004 91.6
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