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Preface

An advanced logging research program is one major aspect of the

Western Tight Gas Sands Program, managed for the Department of Energy by

the Bartlesvill Energy Technology Center (BETC). The complexity of the

advanced logging research program requires a continuing interface among

industry, the academic community, and BETC.

This workshop was one of many interface points which are helping

BETC define critical logging needs for tight gas sands. The main purpose

of this workshop was to allow a free interchange / ideas on all aspects

of the current logging research program. Workshop participants were

encouraged to comment freely on the applicability, credibility, and

technical approach of each project.

Each researcher made a 15 to 20 minute presentation followed by an

open discussion on the merits of the work. In addition a written survey

was taken which had questions for each project. Many of the questions

were designed to bring out any shortcomings in the research.

In general we were pleased with the attitude of cooperation from

industry representatives. They showed particular interest in the NMR

tool research, the neutron transport studies and the plans for the

multi-well experiment.

These proceedings document the presentations, discussions, and the

survey for the workshop.

James B. Jennings

Herbert B. Carroll, Jr.
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WORKSHOP AGENDA

WESTERN TIGHT GAS SANDS

LOGGING WORKSHOP

March 17-18, 1981
Tulsa, Camelot Hotel

Tuesday, March 17, 1981

8:30-9:45 a.m. Registration, Camelot Hotel Lobby.

I. 10:00 a.m.

Kickoff: Herb Carroll, BETC, Chairman.

1. Welcome, Harry Johnson, BETC.

2. Overview, WTGS Program; Alex Crawley, BETC.

3. Invited Paper; Walter Fertl, Dresser Atlas; (SPE Distinguished
Lecturer): "Natural Gamma Ray Spectral Logging - New Frontier
in Formation Evaluation," presented by Darshan Sethi, Dresser Atlas.

12:00 Noon - Lunch.

II. 1:00 p.m.

Logging Research A: Clarence Raible, BETC, Chairman.

1. WTGS Logging Problems; Herb Carroll, BETC.

2. NMR and Flow Estimation; Don Cowgill, Sandia Laboratories;
Janet Pitman, USGS; and Del Seevers, Chevron.

3. A new NMR Logging Technique; Jasper Jackson, Jay Brown, Ted
Crawford, and Jim Albright, Los Alamos National Laboratory.

2:30 - 3:00 - Break.

4. Dielectric Logging; Peter Lysne, Jiunn Yu, and Charles Vittitoe,
Sandia Laboratories; and Phil Reardon, Science Applications, Inc.

5. Inversion of Resistivity Data Using Ridge Regression Techniques;
Larry Warne, Sandia Laboratories.

4:00-5:00 Interaction - Comments and Discussion.



Wednesday, March 18, 1981

8:00-8:30 Coffee and Pastry

III. 8:30 a.m.

Logging Research B: Jim Jennings, BETC, Chairman.

1. Thermal Neutron Cross Section Measurements; Joe Harris,
Sandia Laboratories.

2. Pore Structure Measurements in WTGS; Len Duda, Sandia Laboratories;
and Janet Pitman, USGS.

3. Effects of Partial Gas Saturation on Sound Waves in Porous Rocks;
Joel Walls, William Murphy, and Amos Nur, Stanford University.

10:00-10:30 - Break.

4. Cation Exchange Properties of WTGS; Len Volk, BETC.

5. Core-Log Correlations; Joe Osoba, Texas A&M University.

12:00 - Lunch.

IV. 1:00 p.m.

Multiwell Experiment (MWX): Charles Atkinson, BETC, Chairman.

1. Experimental Plan; Dave Northrop, Sandia Laboratories.

2. Operations Plan; Bob Mann, CER Corporation.

3. Logging Programs; Gerry Kukal, CER Corporation.

4. Core-Log Correlations for MWX; Alan Sattler, Sandia Laboratories.

V. 2:30 p.m.

Wrapup: Don Ward, BETC, Chairman.



OVERVIEW: THE WESTERN TIGHT GAS SANDS PROGRAM

By

Alex B. Crawley
Bartlesville Energy Technology Center

Slide 1 shows the areas of the West that have tight sands. The three little
kidney-shaped basins in the Rocky Mountain area are the focus of the DOE Western
Tight Gas Sands Project. We will see as we go along why those three basins were
selected as the focus of the program.

Slide 2 shows a cross section schematic of one of the basins, the Piceance,
and you will notice the thick Mesaverde section which averages about 5,000 feet
of thickness. The Mesaverde section is the interval of the three basins we are
lookinq at.

The Mesaverde sand bodies are lense shaped and have small scale homogeneities.
These lenses are very unconventional because most of the porosity is secondary
(leached), and the pore throats are long, thin and they are mostly lined with clays
and have a lot of water in them.

Our first attempt to stimulate gas from these was by nuclear stimulation. We
had three shots, three different events out there, and really, none of them worked
very well. I think that even if they had worked, public opinion on the nuclear
technology, the contamination, would have prohibited us from using it as a stimulation
technique.

One of the other things we tried was high detonation velocity explosives. We had
a couple of experiments, and, since that time, our models have been developed to the
point we understand what happens whenever you set off these high energy explosives.
You plastically flow the formation and its really not a viable technique for stimulating
gas.

Back in 1974, we initiated a project with the El Paso Natural Gas in the Pinedale
Field up in the Green River Basin. We felt like we could go out and put a massive
hydraulic fracture in these sand lenses we were seeing, and we would get gas out of
them. In our first experiment we produced a real nice water well, so we thought
geology was against us, so we tried again. We put out an RFP, Request for Proposal,
and we procured eight contracts for cost-shared field tests to demonstrate we could
use massive hydraulic fracturing in these lenticular sands. The ninth one we picked
up as an unsolicited proposal, and we had mixed success with this. We had some
success, but we also had lots of failures. It was more of a demonstration than a
research program; we did not have any core from any of the intervals we fractured, and
we really couldn't tell much about what was going on.

What this did for us was point out the problems. We were able to go back and do
an analysis of those ten massive hydraulic fracture experiments. We were able to put
together the problems that had to be addressed before we could hope for routine success
from massive hydraulic fracturing in lenticular sands.

From this, we put together a program. Slide 3 will show you where we have been
in the budget. Back in 1975 when ERDA was formed, Energy Research and Development
Administration, there was not even a line item for gas in the federal budget. We
managed to get a million dollars from a line item called petroleum research where we
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were competing with the enhanced oil recovery people. 1976 was the first year we had
a line item for gas; since that time the budgets have gone up a little bit. This is
the 1981 budget before Reaqan's recision of one million. We are looking at six million
dollars in 1982. We are hooeful that after the new administration has a chance to
assess all the budget needs, the 1983 budget will look a bit brighter than the 1982
budget looks.

Let's take a look at our 1981 budget and see where it is going (Slide 4). As
you can see, a little over one-half of our budget is going into the research area
where the logging work is being performed. This shows where our priorities are at this
point. They are in the development of the technology, and there is very little going
into the other areas.

The resource characterization was one of the areas that was hit the hardest by
the recision of the million dollars. The coring Drogram was cancelled with the
exception of one of the field projects we will be discussing later on in the program.

At Bartlesville, we are looking at things like proppants, the fluids, what happens
to the permeability of the formations whenever you flow these fluids across them, and
then try to produce gas through them; what happens to the proppant as you apply
pressure. The USGS is looking at the clay contents, the various minerals in the rock
that would interact with your frac fluids and cause problems. Sandia is looking at
the fracturing dynamics, and we will cover this in some detail as we discuss the work
they have done at the Nevada test site. The log tool development will be covered by
Sandia in several papers. Also, they are performing instrumentation development for
fracture mapping. I have a few slides in that area. Livermore is looking at fracture
models, and they also have some effort in log tools. I don't believe any of those
papers are being presented, because it is in situ stress log tools that they are working
on. LASL has developed a new NMR technique and will be giving a paper on that work.
CER is looking at conventional logs and improving the interpretation of conventional
logs. Terra Tek has been looking at developing a light weight proppant; they have
looked at porous proppants; they have looked at hollow proppants and how they could be
designed from ceramics and from bauxite and will be developing some so they can be
tested for strengths. The University of Tulsa is working on a laboratory proppant
transport model where the fluids are sheared with a belt rather than the fluids moving.

We have one field project that will be going on for the next five years. There
are two papers that will be given tomorrow afternoon on this one, so I won't go into
it in much detail, other than to say that it is a mul-t-wwell .experiment, and it is
strictly to support the research, trying to get some of the answers for the research
program.

Slide 5 shows part of the Sandia work on mapping the fractures. We demonstrated
that we could get the orientation of a fracture from surface and from borehole
instruments which we will discuss a little later. The symmetry and length needs some
additional development, the height or containment is an area that we are just
getting into. We have worked with a lot of you—Amoco, Shell, Exxon, and several
others in the development of the mapping instrumentations. This is the list of
things we are looking at. We will discuss each one of them individually, trying to
get a handle on the geometry, the symmetry, and the azimuth of the fractures.



The surface electrical potential system is the first one that we really got
results so we could tell the azimuth of the fracture. It takes a lot of surface
area, and it is a technique that we knew when we were developing it probably
wouldn't be picked up by a service company. But we needed something to give us
some indication of where the fractures were going. It works on the principle of
the injection of the highly conductive fluid into the formation and the shift of
the electro-potential at the surface as a result of creating that short in the
earth. We worked with the USGS in developing the tilt-meters, and this one has
been commercialized by M.D. Wood, Inc. He was the principal investigator with
the USGS, and after it looked like it was a viable product, he took it, went out
on his own, and it is now offered as a commercial product.

Slide 6 describes the downhole geophone system, seismic package. It's
lowered into a tubing, listens to the creaking of the formation after the fracture
process is completed and the flow stops. During the flow, the noise is much too
high to hear anything. We feel like we can get direction. We've had really good
results with this instrument, and it is presently looking for a home. If any of
you service companies would like to offer this as a service, it is available. This
fracture geometry is important. Anytime you frac out of the pay zone, you are
wasting money; basically you are not exposing additional pay so the money you are
spending is being wasted.

At the Nevada test site, we have looked at hydraulic fracturing in situ, and
we have found some interesting things. We have performed two medium sized hydraulic
fractures where we were looking at the proppant distribution and the fracture
geometry. We have performed a series of small tests that we will discuss later. We
have looked at explosive fracturing using a Howitzer powder which is a fairly low
detonation velocity explosive and some TNT type explosives. When we started at the
test site, conventional wisdom about hydraulic fracturing was that set of five
assumptions.

Slide 7 was a design for a five proppant distribution. I am not going to get
into the different colors, we have heard that argument, and nobody seems to explain
it. There were three different colors of proppant--black, red, and blue—and they
were put in the frac job and staged, and conventional wisdom said they would be
found clumped together by color. What we found was a mixture of the three stages
throughout the fracture.

Slide 8 shows where the fracture was projected to go, and here is where we
found it. It went down. If this had been your pay interval, you would have gotten
very little hydraulic fracture in the pay interval. Slide 9 shows the hole 6
experiment where we went in at the transition zone, the welded tuft above, which
you can see is much higher in density and a much tougher formation. It almost
powders in your hand, it is such a weak formation. We were looking to see if the
rock modulus would keep the fracture from growing up. This is what we found in
the way of frac geometry. It went up about as much as it went down, and this is
again the much tougher rock, and again it did not go out—it was more of a penny
shape.

We did a series of five mini fracs where we went in just below the transition
zone. We were in the softer material, and we were going to look to see what would
happen to those fractures at that interface. What we found is that in every boundary
with the tougher rock, they went down into the weaker material and stopped at a



point, all five of them. When we went in and tested the in situ stress, what we found
was a stress peak in the softer material. Slide 10 shows the bottom of the transition
zone and your tougher material coming down into the weaker material. The stress
peaked, and this stress peak, in all five cases, contained the fracture and kept it
from going on down into the weaker material.

We have some data from a well up in Canada that shows the same type of phenomena
in a gas bearing formation. So what we found at the test site in the few short years
we have been out there is that the formations of higher modulus do not contain
fractures, but it appears that in situ stress will under certain conditions. Frac
geometry is not rectangular, it's not symmetric, but it tends to be penny shaped in
most of the cases we have looked at. The proppants are not staged in the fracture,
they are mixed together. In the one experiment we looked at, they were all jumbled
together, and they were not where we expected them to be. The next experiment at
the test site will be trying to get a handle on how wide the fracture is because we
will be going in and doing a hydraulic fracture with the proppant transport. We will
be going in and doing a hydraulic fracture with dyed water, finding that fracture,
placing strain gauges across it and some pressure probes along the fracture and
going back in and pressuring it to see what the pressure gradient along the face of
that fracture is and what the fracture width is, so that we can get a better handle
on the fluid dynamics to get a better model of the fluid mechanics.

Are there any questions?

Do you have any explanation for the blockage of the intent of the fracture in the
softer material, like high stressed state?

Any reason for that high stressed state being there? There have been a lot of
theories put forward; one of them is that the temperature of the transition zone is
quite high when it was laid down. It was laid down, not in a molten state, but in
hot gases and that high temperature was what set up the stress. The stress peak is
at a fairly uniform depth from the transition zone. I am assuming it is possible
that the temperature at the time of deposit, the way it was laid down, could have
set that stress at the time it was deposited.
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Slide 5

PROGRESS IS BEING MADE IN THE UNDERSTANDING OF STIMULATION
TECHNIQUES BY SURFACE AND BOREHOLE DIAGNOSTICS

1) Orientation-Demonstrated Technology
2) Asymmetry & Legnth-In Development
3) Height and Containment-New Technology

JOINT EXPERIMENTS HAVE ASSISTED IN INSTRUMENTATION
DEVELOPMENT AND TECHNOLOGY TRANSFER

Slide 6

BOREHOLE SEISMIC SYSTEM FOR
DETERMINING FRACTURE AZIMUTH

1) Single Conductor Wire Line System

2) Three Orthogonal Geophones
3) Lowered and Clamped to Sidewall
4) Records Data at Frac Depth During

Shut In Periods with No Flow
5) On Board Compass Unit or Surface

Explosive Shots Orient System



slide 7 HOLE 5 - TROPPANT DISTRIBUTION EXPERIMENT

RAINIER MESA

4 " UNCASED WELL

•1400' DEPTH

FRACTURE DESIGN
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Slide 8

HOLE 5 - STAGED PROPPANT DISTRIBUTION EXPERIMENT

• OBSERVED BEHAVIOR DIFFERED SIGNIFICANTLY FROM DESIGN
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REGION

0 50 100 FT

PROPPED PAD'

AND
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Slide 9

HOLE 6 - FORMATION INTERFACE EXPERIMENT

EXPERIMENT DESIGN

0-
LJ
Q

WELDED TUFF

TRANSniON
ZONE

ASH-FALL TUFF

CREATE 50 FT HIGH, SCO FT TOTAL LENGTH FRACTURES
FROM OPEN HOLE INTERVALS SHOWM

DENSITY

2.4

1.8

POROSITY

13

45

MODULUS

3.8

0.24

PO!SSON'S
RATIO

0.233

0.312 .

SOFT ORANGE MATRIX WITH
ABUNDANT HARD LITHICS

GREEN-BROWN. VITRIC. HARD
ASH FLOW

YELL0WISH-3R0WN. ASH FLOW.
MEDIUM-SOFT

THICKNESS
VARIABLE

PROPERTIES TO
BE DETERMINED

4-INCH. UNCASED WELL
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GAMMA RAY SPECTRAL DATA ASSISTS IN COMPLEX FORMATION EVALUATION*

by
Walter H. Fertl

Dresser Atlas Division, Dresser Industries, Inc.
Houston, Texas

ABSTRACT

Recent experiences with gamma ray spectral logging in open hole and cased
boreholes illustrate its broad scope of problem-solving capability in formation
evaluation.

Application of such gamma ray spectral data may be made either qualita-
tively, such as in detailed stratigraphic correlation, recognition of rock
types of different facies, high permeability and fracture identification,
location of watered-out intervals, etc., or on a quantitative basis to deter-
mine reservoir shaliness, source rock potential of argillaceous formations,
potash concentration, etc.

The present discussion focuses on the basic measuring principles and
illustrates interpretive experiences in open and cased well bores penetrating
clastic and carbonate reservoir rocks, argillaceous formations, evaporite zones,
igneous rocks, and mineral deposits such as coal, uranium, and potash.

*This paper is available from Dresser Atlas, REP 10/79, 217 3335.
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WESTERN TIGHT GAS SANDS LOGGING PROBLEMS

Herbert B. Carroll, Jr.

Bartlesville Energy Technology Center
Virginia & Cudahy

Bartlesville, Oklahoma 74003

INTRODUCTION

The purpose of this workshop is to invite constructive criticism
of some of the Department of Energy's logging programs. Specifically,
we solicit your assessment of the programs aimed at establishing better
logging capabilities for those Western tight gas sands which are lenticul-
ar in shape.

The United States Government has had an interest in finding and dev-
eloping technology for production of these Western sands fc-r the past fifteen
years or so. Early work considered stimulation of the sands through the use
of nuclear explosives. More recently, massive hydraulic fracture stimula-
tions have been attempted. Unfortunately, success has been evasive. Thus,
we have come to recognize the fact that there is a great deal that we do not
know concerning the factors that influence the producibility of these sands.
To better define and understand the problems of importance, the DOE has in-
stituted a series of research oriented-programs concerning evaluation as well
as development of tight sands. This workshop deals with logging operations.
During the course of this workshop, various investigators will present to you
their accomplishments. We ask that you give a fair review of their work, not
only as to where it has been, but also as to where it is, or should be, going.
Such a review will aid the DOE in assigning priorities for future funding.
These priorities are needed in the present era of decreasing federal budgets.

The purpose of my talk is to set the stage for those who will follow.
In this talk, I will first outline some of the problems that confront a res-
ervoir analyst as he attempts to make decisions concerning tight sand reser-
voirs. Then, based on the problems of the reservoir analyst, the goals of
the research effort have been fashioned. I believe that these goals are real-
istic in the sense that they can be attained and that they will lead to ad-
vances in reservoir evaluation. Then, I will touch on the geophysical compli-
cations of tight, lenticular sands since they have provided direction to many
of the research efforts. Finally, I will discuss how our research efforts
address the tight sands logging problem.

THE PROGRAM GOALS

The overall objective of the DOE logging program is to develop logging
techniques for lenticular sands that yield economically acceptable resource
assessments. There is a clear need to improve logging of the lenticular
sands so that meaningful assessments can be made for design of stimulation
treatments in gas bearing zones. Without better logging techniques, the len-
ticular sands may never be put into production.
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All of the basins are marked by high water saturation and/or high clay
content combined with low pore volume. Gas-filled porosity is very small
compared to conventional standards. It rarely exceeds 10% and in the major-
ity of cases is closer to 5%. Furthermore, when compared to conventional
reservoirs, tight sands have very low permeability. Thus, any assessment of
the tight lenticular sands not only requires the usual analysis of choosing
gas bearing zones and Sw, but also requires a measure of the permeability.
And permeability is a complicated function of many variables.

Typical tight sand systems have porosities less that 10% and permeabil-
ities between 1 and 100 microdarcys. Taken together, these values mean that
a reservoir may have a favorable gas content, but very low production rates.
To illustrate this point, I have borrowed the results of some calculations
of Lewin and Associates, Inc.1 which are shown in Table 1. These calculations
were made for a blanket sand, not the lenticular sands of interest to the DOE.
Other than the shape of the reservoir, these two sands have similar proper-
ties. The illustrated results give the percentage of gas-in-place recovered
after 30 years as a function of permeability; all other reservoir parameters
were held constant. Clearly a reservoir analyst must know the permeability
to better than an order magnitude if meaningful reservoir evaluations are to
be made. We have, as part of this program, an effort to develop, if possible,
more precision in some of the interpretation techniques for present logging
tools when applied in the tight lenticular sands. Some of these efforts will
be described in later presentations. Pushing interpretation technology of
present logging tool resposes with a need for increasing precision is not on-
ly being addressed in the DOE program but also by industry. A part of the ef-
fort in the W.T.G.S. will be described later in the workshop.

One of the program goals of the W.T.G.S. logging program is to determine
permeability to within a factor of five using wireline techniques. As will
become apparent in a moment, this goal puts stringent requirements on the pre-
cision of the porosity and the water saturation measurements. I have taken
the goal of the prediction of the permeability to within a factor of five
for an average reservoir consideration of calculations such as those shown in
Table 1? In choosing this value, I have also tried to be realistic. The de-
termination of permeabilities using wireline techniques has never been very
successful but the factor of five seems attainable. Also the determination
of permeability using wireline techniques appears to be an area in which the
DOE could make a contribution to the logging technology. Later in this talk
and in the following talks we will discuss how the problem is being attacked.

It has been recognized for some time that the permeability of tight sands
is a difficult subject. I refer here to the work of Thomas and Ward (1972)3,

1 Lewin and Associates, Report HCP/T270S-01 to 03, Oct. 1978.
2 Further support for the goal of needing to determine the permeability to

within d factor of five is given by Kozik, Bailey and Hoi ditch (1979 SPE
Symposium on Low-Permeability Gas Reservoirs, p. 15, SPE-7911). These
authors point out that the optimum well spacing is a function of the dis-
count rate, the permeability and the fracture length. A factor of four
difference in the permeability can change the optimum spacing from 320
to 640 acres, other quantities held constant.

3 Thomas and Ward, J. Pet. Tech. Feb. 1972, p. 120.
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Byrnes, Sampath and Randolph (1979)" and Jones and Owens (1980)5. Figure 1,
taken from the work of Jones and Owens, illustrates some of the difficulties
in describing permeabilities of tight sands. Hydrostatic pressures were used
in these experiments to simulate overburden stresses. The permeabilities are
normalized with respect to their values at 1000 psi confining pressure. The
large pressure effect illustrated here is typical of that observed by all in-
vestigators. Regardless of the origin of the pressure dependence of the per-
meability, conventional low confining pressure experiments yield erroneous
results if they are applied to tight sand specimens.

One complication illustrated by Figure 1 is that the permeability is de-
pendent on the origin of the rock specimen. Not only do permeabilities differ
from formation-to-formation, but equally large permeability variations occur
within a formation. To some extent, these variations have been traced to the
mineralogical composition of the rock. To put Figure 1 in perspective, per-
meability determinations based on curves such as these require measurement of
the stress state and mineralogy of the formation. In practice, the stress
state may be inferred from the reservoir depth. However, detailed mineralog-
ical information often must be inferred from logging devices.

Figure 2 illustrates data obtained by Byrnes, Sampath and Randolph con-
cerning the effect of water saturation on permeability. These data are typ-
ical of tight gas sands; permeability decreases of one to two orders of mag-
nitude accompany water saturation increases from 0 to 70%. Studies of this,
and other effects, are going on at several laboratories, and they will be
detailed in following workshops. The point I wish to make here is that
water saturations must be determined accurately if the permeability is to be
well defined from curves such as illustrated in Figure 2. To make this point
better, I have redrawn Figure 2; Figure 3 gives the permeability of typical
tight sands as a function of the water content of the bulk specimen. Here I
have rounded off the porosity to 10%, a value which is near the upper limit
of the porosity of tight sands. If I had chosen a smaller porosity, the water
content values would be lower.

On Figure 3, I have assumed the actual water content to be 5%; the dash-
ed lines represent +1% uncertainties about this value. These uncertainties
represent a 20% variation in gas content. More importantly, the +1% varia-
tions represent nearly a five-fold variation in the permeability. Note, if
the actual water content was greater than 5%, the permeability variation would
be very large. In summary, Figure 3 illustrates that both the porosity and
the water saturation will have to be measured very well if the permeability is
to be determined to within a factor of five.

Table 2 puts together the points that I have considered so far. The per-
meability is dependent upon the porosity, the water saturation, the in situ
stress and the mineralogy of the formation. To obtain the permeability for a
typical tight sand reservoir to within a factor of five we need to determine

4 Byrnes, et al, 5th Annual DOE Symp. on Enhanced Oil and Gas Recovery,
Tulsa, 1979.

5 Jones and Owens, J. Pet. Tech. Sept. 1980, p. 1631.

17



the first two quantities to within about +1% or +2%. While this variation
may be attainable in more conventional reservoirs, the geophysical compli-
cations of the lenticular sands have caused us considerable difficulty in
the past. The in situ stress state can be inferred from reservoir depth
data without a great deal of difficulty. Mineralogy influences the perme-
ability through its influence on the pore geometry. We do not know how well
we need to measure the pore geometry, but we have had some success in deter-
mining permeabilities from such data obtained by nuclear magnetic resonance
techniques. I will discuss these successes in a moment when I present an
overview of our research efforts, but first I would like to outline the geo-
physical complications one encounters when logging the lenticular sands.

GEOPHYSICAL COMPLICATIONS

Figure 4 (This figure is not available for reproduction. Figure 6 in
reference 6 is similar) is a horizontal time slice through the earth that
gives some indication of what lenticular sand lenses look like. This Figure
was generated from data taken by high resolution 3-dimensional seismic tech-
niques. Bodies which are thought to be different lenses are colored differ-
ently. The lenses are fluvial deposits of the cretaceous to tertiary periods.
They are sineous bodies perhaps 2000 ft long, 500 ft wide and a few tens of
feet thick. The boundaries of the lenses may be quite sharp to diffuse.
Sands in the center of the lenses can be clean, although this may be more of
an exception rather than a rule.

Diagenesis has played an important role in these reservoirs. Much of
the observed porosity has been caused by disolution of rock fragments. Con-
versely, silicate and calcite cementing decreased the porosity, it is common,
and it is one of the causes of the low permeability of the reservoirs. Clays
that plug pore throats are another cause of the low permeability. Also, the
calcite content is highly variable; changes greater than 50% have been observed
over distances of only a few feet. Importantly, few lense-to-lense correla-
tions have been found. This means that each well, in fact each Tense within a
well, will have to be logged and evaluated separately. Finally, the pore wa-
ters tend to be fresher and, hence, more resistive than conventional reservoirs.
In situ resistivities are a few tenths of an ohm-meter corresponding to a so-
dium chloride content of about half that of sea water.

The difficulties encountered when logging can be summarized as follows:

1. The variable lithology complicates the interpretation of all logs.
There are no relations such as Archie's rule or Wyllie's rule that
have universal applicability in the tight lenticular sands. Better
lithology logs are required to calibrate the sonic, nuclear and
electric logs.

2. The pore waters are resistive. Thus, surface conduction paths in
clay minerals are influencial and they may bias electric log inter-
pretation. Furthermore, the low water contents of the rocks, coupled

6 Dobecki, 1981 SPE/DOE Symposium on Low Permeability Gas Sands,
paper SPE/DOE 9847
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with the low chlorine content of the water, means that the forma-
tions are not good thermal neutron absorbers. Consequently, ratio
techniques used in the interpretation of some dual-spaced neutron
logs are uncertain.

3. The invasion depths of drilling fluids are variable. This effect
causes difficulties in the interpretation of all logs.

4. Finally, we have found no useful correlation between presently
available log-derived parameters and the permeability.

Many of these topics are being actively pursued in the DOE research ef-
forts, and you will be hearing about them in course of this workshop.

THE RESEARCH PROGRAM

Table 3 gives a synopsis of how the research efforts fit together. Nu-
clear magnetic resonance properties and multiple frequency dielectric and
acoustic properties of rocks all depend upon the water content of the rocks.
Furthermore, they all depend upon the shape that the water assumes within the
pore geometry, and our hope is that this geometry can be related to the per-
meability. For example, nuclear magnetic logs provide a measure of the sur-
face-to-volume ratio of the pores, and this ratio can be related to the per-
meability. Limited laboratory experiments on tight sands suggest that NMR
data can be related to the permeability to within a factor of 10. These ex-
periments will be detailed in the next presentation.

Multiple frequency dielectric and acoustic data can provide pore shape
information. These data, when coupled with the surface-to-volume informa-
tion from NMR experiments, mean quite a bit is known about the pore geometry.
Whether or not this geometric information can be used to generate better flow
models remains to be seen. Talks on dielectric studies, acoustic studies and
pore geometry measurements will be presented in this workshop.

The logs that I have discussed so far do not look deeply into the form-
ation, probably not past the invasion zone. To provide information on the
virgin formation, we have considered electric logs with long spacings between
the electrodes. Early on in this study we arrived at the conclusion that the
inversion of data taken from these logs was not always unique. Ridge regress-
ion techniques may provide a way of quantifying the best solution. They seem
to work on the resistivity problem. They may have important implications to
other log inversion problems as well.

I mentioned previously that the thermal neutron cross section of tight
gas reservoirs is not large. This is due to the low porosity and the low
chlorine content of the pore water. Consequently, thermal neutron diffusion
lengths are longer than those in more porous and saline reservoirs. We be-
lieve that this phenomenon has caused some of the difficulties that we exper-
ience in obtaining porosities from neutron logs. Since the rock matrix con-
tributes significantly to the total cross section of tight sands, we have
begun a program to understand its absorbtion characteristics better. We have
an active core/log correlation program. The purpose here, of course, is to
see how well we are doing.
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Finally, it is a well known fact that the presence of clays influence
the electrical properties of a formation. Furthermore, the clay content of
lenticular sands is highly variable - by a factor of 3 over 2 inches in a
sand member. To quantify the effect of clays on the electrical properties
of tight sands, we are conducting cation exchange measurements on core spec-
imens and we are using these data to better understand the results of elec-
tric logs.

Additional supporting research efforts that are not part of this work-
shop, but which certainly aid and influence the logging research are:

a) Flow measurements on core,
b) Geophysical characterization, and
c) Field measurements.

You saw some of the results of the flow work in Figures 1 and 2.

The geologic work, both on a microscopic scale, and a basin wide scale,
is being done to better define interactions between log, flow and formation
parameters. Finally, the ultimate test is in field production measurements
such as those provided by the multiwell experiment which will be discussed
tomorrow.

TABLE I

RESERVOIR MODELING RESULTS

Permeability 30 Year Recovery
100 (yd) 80%
10 (yd) 68%
1 (yd) 23%

TABLE II

Permeability Depends On:
Water Content + 25
Porosity +_ 1?
In Situ ?
Mineralogy ?

TABLE III

WTGS LOGGING RESEARCH EFFORTS

pore geometry
DIELECTRIC water content
SONIC

NUCLEAR neutron cross sections
CLAY (CEC) electrical effects
CORE/LOG test correlations
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WTGS LOGGING PROBLEMS - Herb Carroll

DISCUSSION:

JAMES MORAN, Gearhart: As a representative of a service company, certainly
the problems that you pose are very interesting, but how financially signi-
ficant are they? If you had a research budget of one hundred million
dollars, how much would you put into this?

A. Well, we're putting —

Q. I am not talking about what you are putting into it, but a private company?

A. I don't know. That certainly would have to be determined on the private
company's interest and what they consider as a potential for customer
service.

Q. That's what I am asking you. What do you have --

A. Well, I really don't have any way of evaluating what might be a potential
for selling services based on some of these things that we have talked
about.

Q. Most of what you have talked about is old stuff in the logging industry.

A. Sure.

Q. And if you really expect anytring to happen, it's got to be profitable
to the private industry. I am just trying to get some kind of idea of
how big you think the potential is.

A. I think some of the approaches, as you will see later on in this program,
that are being taken to attack some of these problems are unique and
probably will show some promise.

Q. Let me put it this way: Have you got any private company interested
in this?

A. I will let Jasper Jackson field that question on his particular NMR log.
Jasper, has anybody - any of the service companies, been interested in
the NMR work that you are carrying on?

JASPER JACKSON: Well —

R. MORAN: I will answer that. I am interested.

MR. JACKSON: Jim was there. He is interested. We had three people—a week
ago last Friday, we had three people from Schlumberger in Houston for a visit?
they seemed to be impressed and went away supportive of the program. The
British government happens to be funding EMI to enter the program to study
the probability.

MR. MORAN: Do you think there is a lot of potential there? Is there a lot
of gas to be gained this way?

24



MR. JACKSON: In a word, yes. So why don't we leave that until my paper?

MR. MORAN: Okay.

ALLEN SATTLER, Sandia: I think a more direct, although general, answer to your
question, probably lies in the NPC document on the Tight Sands themselves and
the projections of that document and the money that will be spent in research
by industry over the next couple of decades. There is quite detailed informaion
on the specific question that you're asking with respect to Tight Sands.

MR. MORAN: . I should see that because that's very important. You can't expect
private industry to put money into something that's some kind of a dream.

MR. SATTLER: This document goes on to project how much of the country's gas
will be coming from that resource, how much money it will take to develop
that in industry dollars and research dollars, and I think you can get reason-
able projections from there and this work would indeed be a corollary of such
studies.

MR. MORAN: If you think that's right, let's do it.

ROBERT L. MANN, CER: On your projection of the plus or minus 2 percent of
your water saturation, are you talking about a percentage of the pore volume
or percentage of the bulk volume?

A. Percentage of the bulk volume.

Q. It's a numerical percentage?

A. Yes.

Q. Not anything relative?

A. No.

MR. MORAN: You didn't mention the dielectric tool. Is that helpful in this?

A. Yes, and we will have some more presentation over the dielectric work
later on. Thank you very much.
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NMR AND FLOW ESTIMATION*

by
Donald F. Cowgill, Sandia National Laboratories

Janet K. Pitman, U.S. Geological Survey

Del 0. Seevers, Chevron Oil Field Research Co.

ABSTRACT

Selected samples of fine-grained sandstone and siltstone from the CIGE 21
core, Uinta, Utah, were studied by nuclear magnetic resonance (NMR) and standard
mineralogical techniques in order to gain a better understanding of the pore
structure and fluid flow characteristics of Western Tight Gas Sands and to
evaluate NMR as a rapid means of deducing these characteristics. Scanning elec-
tron microscopy and x-ray diffraction measurements indicate the samples are com-
posed of varying amounts of quartz, feldspar, a complex assemblage of carbonate
and clay minerals, and organic material. The size and shape of pores are observed
to be highly variable, partly due to dissolution of mineral grains and to carbon-
ate cement, which resulted in skeletized grains and oversized pores. However,
pore geometry appears to be most strongly influenced by illit^ and chlorite dis-
tributed in pore throats and kaolinite as pore fill. The result is pore throats
that are usually small and microporespace that is abundant.

Pulsed NMR studies of these samples were aimed at deducing core porosity and
permeability. The magnitude of the proton resonance signal, nuclear free induc-
tion decay, proved to be an accurate measure of the fluid content in saturated
samples and, thus, of the producible pore volume. This porosity varied from 1 to
13 percent, in good agreement with core laboratory analysis of the samples and
petrographic point counts of sample thin sections. The thermal relaxation (Ti
decay) of the proton resonance of a water molecule within a pore is sensitive to
the pore's available surface-to-volume ratio (S/V).l Tj decays for these samples
were observed to be non-exponential, but resolveable into 3-component decays,
producing a 3-component distribution of S/V for each sample. Permeabilities were
calculated from these S/V distributions using the Kozeny equation and assuming
that the pores contribute to flow in a parallel, non-interacting fashion.2 These
permeabilities were found to be correlated with, but 30 times larger than,standard
flow measurements of the brine permeabilities. The flow measurements yielded per-
meabilities ranging from <0.001 to 1.6 millidarcies, a variability and range con-
sistent with the mineralogical observations. An alternative network models of.the
pore system is proposed, which incorporates the observed S/V distributions. Net-
work permeabilities are computed using an effective medium theory^ and found to be
in good agreemer4- with the standard flow measurements, subject to selection of the
model's one adjustable parameter, the average node coordination number, z. For
most samples, z is approximately three, which characterizes a network of "Y-type"
elements. Highly clay-filled samples are found to require larger z, indicative of
more complex network structures and in accordance with the mineralogical observations.

lH. C. Torrey, J. Korringa, and D. 0. Seevers, Phys. Rev. Letters 3_ (9), 418 (1959).
2D. 0. Seevers, Trans. SPWLA 6̂  (Sec. L), 1 (1966) and A. Timur, J. Pet. Tech., 775

(1969).
3l. Chatzis and F. A. L. Dullien, J. Can. Pet. Technol. 16, 97 (1977) and F. A. L.

Dullien, AIChE J. 21, 299 (1975).
4s. Kirkpatrick, Phy. Rev. Letters 27, 1722 (1971).
*This work sponsored by the Department of Energy.
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AND FLOW ESTIMATION

By

Donald F. Cowgill, Sandia National Laboratories

As Herb mentioned, we do not know a lot about the pore structure of the Western
Tight Gas Sands. Learning more is one of the aims of the NMR studies that we are
doing at Sandia. Basically, what we would like to do is to gain a better under-
standing of the pore.structure and to see if NMR provides a means of obtaining use-
ful information about the pore structure and characterizing the sands (Fig. 1). To
determine the specific properties, field permeability and formation porosity, are
ultimate goals from an NMR tool. The characteristics that are required of such a
tool will be discussed later on in this talk. Basically, the program that I am
working on is an interpretation program (Fig. 2). I am looking at NMR data that
were obtained at the laboratories at Chevron by Del Seevers. I am doing analyses
of these data and modeling the results. We are also feeding in mineralogical infor-
mation from the USGS. Janet Pitman at the Survey is a co-author on this paper.
Finally, we would like to obtain tool development information and Jasper Jeckson of
LASL will talk about that development in the following talk.

We have selected for this study a suite of samples from the CIGE well in the
Uinta Basin (Fig. 3). Samples are from both the lower tertiary and upper cretaceous
zones. We selected our samples such that they covered as wide a variety of proper-
ties as possible, so that we could see if the modeling gives reasonable information.

In this talk I will touch very briefly on the mineralogy (Fig. 4). Herb
described that a little bit, and there are some talks later on/in the day and
tomorrow which also describe the mineralogy. So I will concentrate basically on the
NMR results and how I have used the NMR data to obtain values of porosity and, using
flow modeling techniques, to give some numbers to the permeabilities of our samples,
and finally, arrive at tool requirements. The data that we have fed into this
program are the mineralogical data which are obtained by X-ray diffraction, from
pore casts, and from SEM's of the pore casts (Fig. 5). I will show a couple of
these to give you a feel for what the samples look like. I will not describe the
CEC or the BET measurements. We have compared the NMR-obtained data with porosities
and permeabilities obtained in flow laboratories, both brine and gas porosities
and permeabilities. The NMR results come from a measurement of the magnitude of the
nuclear magnetic resonance which, as I will mention in just a moment, is sensitive
to the water content within the pores. The permeability and the specific surface
area—surface to volume ratio—of the pores is obtained from the relaxation of the
NMR signal.

Figure 6 shows what a typical thin section of these samples looks like. The
white that you see are 100-200 micron diameter quartz grains. We see a lot of
quartz in these samples. Darker areas are stained potassium feldspar fragments and
other mineralogical fragments. The open space--the void space—to which we are
sensitive appears blue in this picture. The samples are prepared by filling the
pore structure with epoxy (blue epoxy) and sectioning the sample. You see that the
interconnectvity of the pores is quite nonuniform. It varies substantially over
the sample even on the very small scale shown here. The pore structure and pore
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shape also have wide variability. Figure 7 shows an SEM picture of the same sample,
or a very similar sample. Here you see the 100 micron grains and some pore fill.
The pores of most of the samples were found to be filled with clay, kaolinite and
illite. Some open space around the clay particles is apparent. A higher magnifi-
cation of the same slide is shown in Figure 8. Here you see the kaolinite booklets
and the large microporosity between the leaves of the booklets and around the
booklets themselves. So there is a lot of porosity in very small pore structures.

Let me describe very briefly just what the NMR measures (Fig. 9). These are
laboratory measurements, not down-hole wire-line tool type measurements. Basically
what one does in NMR is to place a sample in a magnetic field, an external field,
and radiate it with rf energy at a resonant frequency--a frequency which is in tune
with whatever elemental isotope you want to look at in the sample. We choose to
TOOK at protons in the water molecule. The NMR provides a sensitive measurement of
the proton density and the interactions of the protons with their surroundings. The
total number of protons within the pore is related to the magnitude of the signal.
So you can see immediately that from the magnitude of the NMR, one has a measure of
the total pore volume within saturated samples. The relaxation of this signal
proceeds by a variety of mechanisms. Some of these mechanisms, the T~ processes,
serve to only randomize the signal, so that it is no longer observable. This is
important in the development of a tool; since if the signal disappears, you have no
means of measuring what is going on.

Other processes cause the stimulated proton magnetization within the sample to
relax back to the surroundings or to the Boltzman distribution that was originally
present in the magnetic field. These T-, processes can be measured by exciting the
sample, letting it relax, then exciting it again. Here one looks at the magnitude
of the signal following the second pulse. It is a function of how many of the
proton spins have relaxed back to the Boltzman distribution. Thus, we have a means
of looking at the magnitude or the total porosity times saturation (the number of
spins that are present in the sample) and a means of looking at the relaxation of
those spins; which is produced by the interaction of those spins with the surround-
ing surfaces of the pores.

The T 2 decays that we observed in this study are shown in Figure 10. Most of
the samples had T~ relaxation times which were of the order of a few tenths of a
millisecond. These signals were compared with that of a standard sample of the
same geometry as our cores. A 10 percent standard was made by diluting a vial
filled with H~0 with D^O to a 10 percent level. We compared the intercept (t=0) of
the standard with the intercepts produced by extrapolation of the sample 1? expo-
nential decays. This gave a measure of the porosity times the saturation or the
total amount of pore volume within our saturated samples. Some of the samples had
a very much shorter T~ relaxation than that of the standard. These samples
typically had large amounts of paramagnetic impurities present which caused the
faster relaxation.

A plot of the porosities for these 100 percent saturated samples versus lab-
oratory measured porosities is shown in Figure 11. The vertical axis is the NMR-
deduced porosity. The horizontal axis is the laboratory measured porosity, computed
using brine and a weight gain technique. You see that the NMR measurements give a
reasonable, in fact a quite good, measure of the porosity in the sample. The
porosities differ numerically by about 1 percent. We are uncertain as to the source
of this difference and this may be something that we need to look at cijser.
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The T, relaxation of the brine by itself has a nice exponential decay as shown
in Figure 12. However, if we place this same brine within the pore structure we
generate a non-exponential decay (Fig. 13). We can resolve this non-exponential
decay into the sum of three exponential decay components. This was done by Timur
and Seevers at Chevron several years ago. We used the same technique with a
weighted-regression fitting procedure. In doing so we generated the solid line
shown through the data points. The curve is quite a good fit. Thus, the three-
component fit appears to satisfy or to fit our non-exponential T, decay. Seevers
showed a number of years ago that for clean sandstone the T1 decay could be related
to the surface-to-volume ratio of the pores in which the fluid was located (Fig. 14).
We use this same relaxation model of Korringa, Seevers, and Torrey to relate our T,
decay components to surface-to-volume ratios of the pores. So now for each T-, decay
component—the A, B, and C shown in the previous figure—there is a related pore
size. Although we do not know the shape of the pores, we know something about the
surface-to-volume ratio. We go further and choose a flow model, here the Kozeny
model, to relate the surface-to-volume ratio of the pores to permeability components.
This allows me to determine a permeability from each T-, component—a permeability
for a sample as if that sample had only that T, component or single pore size. By
combining these permeability components in different ways, one can generate a variety
of flow permeabilities for each sample. The standard approach, which was found to
be useful for clean Gulf Coast sandstone, is to use a parallel interconnection model.
Here, each component contributes to the flow in a parallel non-interacting sense.
In this case, the permeability is dominated by the large pore component. Another
way to do the interconnection is to use a serial model where the flow proceeds
through the large channels and then through the medium channels and finally, the
small channels. Here the flow is dominated by the small channel or C component.

Using the parallel channel model, I compute the NMR-deduced permeabilities
plotted in Figure 15 versus laboratory-measured brine permeabilities for the same
sample. The values appear to be somewhat correlated; however, the NMR-deduced
permeabilities are about a factor of 30 larger than the lab values. Also, there is
considerable scatter, and one would be hard-pressed to produce numbers within a
factor of 5—what Herb Carroll wants. This approach ignores the restrictive effects
on the flow which are produced by the small capillaries.

Another way to proceed is to use a network approach (Fig. 16). Here, a series
parallel network is shown in a rectangular array using three different sizes of
pores. Probabilities for each size can be determined by the magnitude of the T,
component related to that size. One can borrow a solution to this problem from the
electro-magnetic theory people. Kirkpatrick has solved this problem for a network
of electrical conductors. He solved it for a two-component system. I obtained a
solution for a three-component system, in which I now have small, medium, and large
pores contributing to the flow. Doing this, I find that the result is sensitive to
the number of pores that join at a node.

Let me show you the results of combining the permeabilities according to this
network approach as a function of this node coordination number. Figure 17 shows
such a plot, where computed network permeabilities are divided by the corresponding
laboratory-measured permeabilities. This is a measure of how good the data,
technique, and model are in deducing permeabilities. The results are shown for
five samples which have widely differing laboratory-measured permeabilities. The
points where these curves cross the unity line are the points at which the labora-
tory-measured data agree exactly with the network calculation. You see that for
most of the samples this occurs when the coordination number is about three, or
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Y-type junctions for the nodes. If I use 1=3, then I might have a reasonable theory
for the bulk of the samples. Some samples, however, require significantly higher
coordination numbers. Another thing that we see from this figure is that one can
vary the NMR-computed permeability by a large factor by selection of the coordi-
nation number.

Choosing Z=3 and calculating network permeabilities for each sample produces
the results shown in Figure 18. Let me draw your attention to the solid points.
For these samples, you see that the network values agree within a factor of 2 or 3
with the laboratory measurements. There is quite a good correlation for the samples.
The samples indicated by the triangles were found to have very little clay in them.
This suggests that maybe we need a coordination number somewhat less than three or a
chain-like array of interconnection channels for samples with little clay. Some of
the samples fall below the line by an order of magnitude or so. These are found to
be abundantly filled with clay. These are just observations that we have made so
far, and we are looking into why we must use a much larger z or much more complicated
network structures for very highly clay-filled samples. It appears that if you have
this additional information on the coordination number (maybe from some other
measurement), then perhaps the NMR data can be used to produce permeabilities of
these samples to within quite a small factor--maybe a factor of 2 or 3.

In summary (Fig. 19), we find the porosity of these samples is measurable by
NMR and found to vary between 1 and 13 percent for our samples. The NMR results
were a little bit larger than the laboratory measurements. Permeabilities varied
from a tenth of a microdarcy to a millidarcy and seem to be correlated with Ti
measurements, provided an appropriate flow model and NMR relaxation model are used.
There is a large variability in the permeability, four orders of magnitude, not
surprising since thin sections and the SEM photos of the samples indicate there is
largi variability in the interconnections of the pores and the pore structure.
Finally, the NMR relaxation parameters which are important for tool development
include the long component of the T^ relaxation, which varied from 7 to 300 milli-
seconds, and the T~ relaxation, which varied from 50 microseconds to a millisecond.
The second parameter--the T2 parameter—is important as I mentioned, because it
tells how long a signal is around in order to measure it. Current downhole tools
that I am familiar with now have dead times on the order of 10 to 15 milliseconds.
Clearly, they are not capable of even measuring the NMR signal in the Western Tight
Gas Sands. Another thing that one sees here is that trying to do NMR in the earth's
magnetic field, half a gauss, which is characteristic of the current downhole tools,
requires about a 2 kilohertz resonance frequency. The procession period for 2 kilo-
hertz is half a millisecond. From the To decay, one sees that not even one pro-
cession of the nuclear magnetization will occur from which one is trying to deduce
a signal. Thus, it is important to enhance the earth's magnetic field or to operate
with some kind of an external magnetic field over the sample in order to raise the
resonance frequency.
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Figure 1

OBJECTIVE OF NMR PROGRAM:

Investigate the utility of nuclear magnetic

resonance for the characterization of low-

permeability Western Gas Sand Reservoirs.

SPECIFICALLY FOR THESE RESERVOIRS,

1. Determine if NMR provides a means of

deducing producible porosity and

permeability.

2. Determine the characteristics required

for a down-hole tool.

Figure 2

COOPERATIVE RESEARCH PROGRAM

Interpretation experiments and models

Sandia National Laboratories

United States Geological Survey

Chevron Oil Field Research Company

Tool research and development

Los Alamos Scientific Laboratory
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Figure 3
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Figure 5

M E A S U R E M E N T S , C I G E 2 1 C O R E

M I N E R A L O G I C A L D A T A

X - r a y D i f f r a c t i o n - M i n e r a l o g y

P o r e C a s t s - P o r e S t r u c t u r e

S E M - P o r e S h a p e , F i l l

C E C - C l a y M i n e r a l o g y

BET - P o r e S u r f a c e A r e a

B U L K P R O P E R T I E S

P o r o s i t y - H e l i u m , B r i n e

P e r m e a b i l i t y - A i r , B r i n e

N U C L E A R M A G N E T I C R E S O N A N C E ( S a t u r a t e d )

M a g n i t u d e - P o r o s i t y X S a t u r a t i o n

R e l a x a t i o n - S p e c i f i c S u r f a c e ( M o d e l s )

P e r m e a b i l i t y ( M o d e l s )

Figures 6, 7, and 8 are not reproducible.
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Figure 14
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Figure 16
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Figure 19

SUMMARY OF NMR RESULTS

1. Porosity (1 to 13%) is measureable by NMR.
-7 -3

2. Permeability (10 to 10 D) is correlated with

T, decay + flow model. Network model offers

agreement, subject to z.

3. Large variability in permeability agrees with

observations of pore sizes, shapes, and

connectivity.

4. NMR relaxation parameters important for tools:

Tj = 7 to 300 ms,

Tp = . 05 to 1 ms0
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NMR AND FLOW ESTIMATION - Donald Cowgill

DISCUSSION:

JAMES PRICE, Gulf: I was concerned about what your laboratory technique is
for measuring the — did you say it was the brine permeability down at around the
tenth of a microdarcy?

A. Those measurements were done by the Petroleum Testing Service in Cali-
fornia, and I am not familiar with the techniques that they use other
than they just try to force some fluids through one of our samples.
The technique of sealing around the sample may be a real problem at
that low flow rate.

Q. That's my concern, that you may be comparing NMR, which may be much
better than you really think it is, to something that's not so good.

A. Certainly one could question, I think, the very low permeability data.
However, even if you throw those out, you have some problem with the
modeling effort, which is what I intended to demonstrate, I think.

JAMES MORAN, Gearhart: You are making these measurements with some kind of
spin-echo technique?

A. That's right. These are a pulsed NMR technique.

Q. So you have no correlation with any kind of logging data at all?

A. With these, no. We haven't gone to that stage yet.

Q. This is pure laboratory?

A. That's right.

JOEL WALLS, Stanford: I wasn't quite sure how you correlate this -- the
surface area to volume is more or less what the NMR gives you, right?

A. Yes.

Q. So how do you come up with the NMR determined permeability of the surface
area to volume?

A. That's based on the Kozeny relationship, the Kozeny-Carmen relationship,
which relates the permeability to the surface to volume ratio, spaghetti
network, and may be totally wrong for these samples. I think, based
upon the results we have, it's not totally wrong.

Q. I was concerned about the effects of — let's say the effects of confining
pressure. Now, I assume that the NMR measurements are done with no con-
fining pressure applied?

A. That's correct.
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Q. And obviously, the lab measurements of the permeability had to have at
least some confining pressure in order to seal the jacket to the sample,
if nothing else, and so obviously, as Herb Carroll showed earlier,
there seems to be a strong dependence of permability on confining pressure
at low confining pressures for a lot of these rocks. I am just wondering
if it's possible to do the NMR measurement on a jacketed sample under
confining pressure?

A. Absolutely, yes, and we intend to do that. That's certainly the next step.

Q. Because you can envision a pore structure where there are lots of flat
cracks and tortuous paths and so forth which could be contributing greatly
to the surface area, but not too much to the volume or to the permeability.

A. Yes, and in this particular model, that would contribute to the C component,
if you will, the very fast relaxing component. I looked a little bit at
the sensitivity of the network, deduced permeability to that component,
and it's not highly sensitive to that, so I think that even if one does
have a lot of microfracturing in the sample, the fact that we're correlating
with the laboratory measurement is not too surprising as we don't have a
large sensitivity to microfrac.

NORMAN MORROW, New Mexico Tech: You mentioned you did some BET measurements on
the cores. I haven't seen any numbers on that published at all yet, but how
did that compare with the NMR results?

A. The four samples we have compare very well. I would reserve judgment until
we get a larger statistical sample, but very well to this point.

Q. Did you say four samples?

A. That's right.

JAY BROWN, Los Alamos: Don, with this sort of analysis, what is the practical
upper limit on the number of components you can fold into this?

A. It becomes quite a bit more difficult to fold in another component. It's
a solution of a set of equations. One could do it numerically. So far,
I have succeeded in doing closed form, which is three component. It would
require some kind of a weighting procedure, I think, to gain the fitting.
It's certainly possible to add another component, but so far we haven't
found it necessary. 1 think that's generally been the case in the oil
industry, as well. They have had to use this approach of resolving the
T-l decay into three components. They haven't ever found it necessary to
go to more than three. In fact, sometimes two is fine.

K. SAMPATH, Institute of Gas Technology: Don, isn't that just another variation
on the brine permeability measurement? We have found that unless you have the
formation water flowing through, the clays are very sensitive to the brine you
are pushing through. It has quite an effect on the clays which we have seen on
samples that are not as close to the brine. In other words, your brine permeability
might be a totally dubious number which we are trying to relate to what you are
measuring.
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A. Are these Western Tight Gas Sands?

Q. Yes.

A. Do they have a large amount of illite?

Q. Not much more illite than kaolinite.

A. And you still see swelling of the clays?

Q. It's not swelling of the clays. It's more the dissolution of the
kaolinite and illite.

A. We looked at some of the samples after we ran them through the test.
We re-examined them under SEM and found that the clays had not moved
around at all.

Q. They don't move around. They will dissolve quite a bit. In fact, we
tried making a gas flow measurement on the dry samples, saturated them
with the brine and then went back and tried to get a gas flow measure-
ment, and the values are very different. When we looked at a sample,
we could see it. The samples that have been exposed to brine have quite
a different clay structure.

MR. WALLS: Was that a permeability sample? After you saturated the brine
and you went back and tried it, the permeability was reduced?

MR. SAMPATH: In some cases, it was, and in some cases, it went up.

A. Were these done under pressure?

Q. Yes.

A. We will have to take a look at that.
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A NEW NMR WELL LOGGING TECHNIQUE

by

Jasper A. Jackson
Los Alamos National Laboratory-
Los Alamos, New Mexico 87545

ABSTRACT

A new technique for nuclear magnetic measurements in a wellbore geometry
has been developed. This technique is based on the production of a toroidal
region of homogeneous magnetic field at an arbitrary distance from the vertical
axis of a magnet pair. This magnetic field produces a net magnetization in the
formation fluids. Application of a pulse of radio frequency magnetic field
tips the magnetization vector through an arbitrary angle (e.g., 90°). The
magnetization vector then precesses about the steady magnetic field direction
at a frequency characteristic of the field strength in the homogeneous region,
inducing an rf voltage in a receiving coil. From the decay rate of this signal,
properties of formation fluids may be obtained. More complicated pulse sequences
can produce spin-echo or other types of signals from which more sophisticated
properties may be deduced.

Such signals have been successfully detected from liquid samples and from
WGS core in laboratory experiments.

The technique promises several measurement advantages:

(1) Minimization or elimination of borehole preparation to reduce
unwanted signals from borehole and invaded zone fluids;

(2) Ability to select specific measurement zcaes at arbitrary dis-
tances into the formation from the wellbore;

(3) Decrease in measurement deadtime;

(4) Increased signal per unit sample volume resulting-from higher
operating frequencies.

(5) Better vertical resolution.

Areas being explored as possible applications include:

(1) Determination of formation fluid characteristics, such as
free fluid index, diffusion coefficients, etc.;

(2) Determination of rock formation properties, such as porosity,
permeability, etc.;
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(3) Ability to measure connate water or other adsorbed species
as a result of short deadtime;

(4) Downhole geochemx^al analysis;

(5) Mathematical extraction of pore size distribution from the
NMR relaxation signal.

The paper will conclude with a discussion of possible downhole measurement
configurations including both permanent magnet and superconducting magnet tools,
their operating characteristics, advantages, and limitations.

References:

1. "Remote (Inside-Out) NMR. I. Remote Production of a Region of Homogeneous
Magnetic Field." Richard K. Cooper and Jasper A. Jackson, Journal of
Magnetic Resonance, December, 1980, Vol. 41, p. 400.

2. "Remote (Inside-Out) NMR. III. Detection of Nuclear Magnetic Resonance
in a Remotely Produced Region of Homogeneous Magnetic Field." Journal
of Magnetic Resonance, December, 1980, Vol. 41, p. 411.

3. "Remote Characterization of Western Gas Sands with a New NMR Logging Tool."
J. A. Jackson, J. A. Brown, and T. R. Crawford. To be presented at the
SPE/DOE Symposium on Low Permeability Gas Reservoirs, Denver, Colorado,
May 27-29, 1981.

4. "NMR Measurements on Western Gas Sands Core." J. A. Brown and J. A. Jackson.
To be presented at the SPE/DOE Symposium on Low Permeability Gas Reservoirs,
Denver, Colorado, May 27-29, 1981.

The material for this presentation is included in SPE/DOE 9860 "Remote
Characterization of Tight Gas Formations With a New NMR Logging Tool," 1981
SPE/DOE Symposium on Low Permeability Gas Reservoirs, May 27-29, Denver.
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A NEW NMR WELL LOGGING TECHNIQUE - Jasper Jackson

DISCUSSION:

JAMES MORAN, Gearhart: That was a fantastic paper.

A. Thank you.

Q. I think that if you can do all those things, it's incredible.

A. As I say, these are possible applications. Now, we're going to run
into difficulties obviously, but we might --

Q. I want to ask you one about one difficulty. How is your signal to
noise ratio?

A. You saw the signal to noise on the spin-echo. I would say it's on
the order -- well, with 100 percent porosity, which is what we have
with the liquid sample — I would say ten to one.

Q. Another service company has a volume like this. So I was just
wondering where you are in that?

A. Well, the people who are there from this other service company, and
I won't mention the name, concluded a week ago Friday that we were
at least equal to them and maybe ahead of them.

Q. Do you let out licenses in this?

A. Nobody has asked for one yet.

CLINT DUTCHER, Exxon: The first question is: What is the magnet material?

A. Magnet? These two permanent magnets are alnico 5.

Q. And what kind of temperature changes do they show?

A. We haven't tested that. I know that alnico is a very hard material and
I think that it will hold up fairly well, up to at least moderate temp-
eratures. 100 degrees C wouldn't be any problem for it at all.

Q. I may have misunderstood, but it looked like you were saying that the
relaxation times were dependent upon the frequency with which you were
exciting the formation or the sample?

A. That is the observation. That is certainly true in those cores.

Q. Do you understand why that's true?

A. Relaxation time — the mechanism for relaxing these nuclei back to
their original direction is that they absorb this energy from an
oscillating magnetic field. Then you have to give up that energy to
another oscillating field, and that is produced by the random motions
of the molecules. That goes through a minimum at some point as a
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function of temperature or frequency, and depending upon which
side you are, that may increase or decrease. If you're on this
side, it goes one way and this side the other. If you get far
enough away, you won't see a change as a function of frequency.

In one frequency, it goes like this. In another frequency, it goes
like this. And if you are way off to the side, which is true in
bulk water, you won't see any difference in frequency. If you
are over here on this side of that minimum, you will see a big
difference. What happens apparently is that in bulk water at
room temperature, you don't see any effect of frequency. It's
way off to one side. When you put that in the pore, the presence
of the pore wall has disrupted the molecular motion enough that
you have moved off to the other side of that minimum. Do you see
what I am saying? With this kind of an explanation, that's as
close as I can come, but what happens is that the molecular motion
which produces the relaxation time has been altered by the presence
of the pore from what it is in bulk water, so you're on the other
side of the minimum.

JOEL WALLS, Stanford: If the presence of the pore wall can move you along
this curve, what about small changes in temperature?

A. Yes, that can happen. That obviously —

Q. Do you have to calibrate -- take that effect into account?

A. Certainly.

Q. Downhole?

A. Well, with difficulty. There is lots of lab work that has been to
be done, and that's why we're building our apparatus where we can
put the core in it and work at the operating frequency, the lower
frequencies, which are below most normal NMR equipment. Most NMR
equipment works at as high a frequency as you can get because they
want the signal-to-noise ratio high. Since we can't produce that
high a field out in the formation, we have to work at these lower
frequencies. So we have to produce newer equipment to make those
measurements, and we are doing that, but that has to be calibrated
as a function of temperature and pressure and all the variables.

RALPH WILEY, Amoco: On your downhole chemical analysis application, can
you differentiate the organic content present in the formation?

A. I am working on that now. It's been known for a long time, at least
it was in '74 when people at Shell did some experiments, that the T-l
does not appear to change much, but the T-2 does. I am doing some
experiments now on observation of the T-2 in saturated sands with
hexane, pentane and those things, and that changes drastically from
chemical to chemical, even though the T-l doesn't change much from
what it is in bulk. So being able to measure T-2 gives you a handle
on this. Whether it's going to turn out to be systematic enough that
you can rely on it, I don't know. But between octane and pentane,
there is a big change in the T-2. They both change from the long
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relaxation time in bulk. They're three seconds or something like
that in bulk. When you put octane in the sand, it goes down to on
the order of 100 milliseconds or something. Pentane goes on down
to around 50 milliseconds. I don't have a good explanation for
that, except these are longer -- well, one molecule is this long
and one is this long, and they tumble differently, and their tumbling
gets interrupted by the pore site, core wall, differently. That's
as close as an explanation as we have right now.

MARK WILLIAMS, Shell Development: Is there any way in this geometry that
you can modulate the magnetic field and make it phase sensitive detection
and deplete the noise?

A. Yes. We are at the present time in the process of replacing all
the original salvage and surface electronics that I started with,
with up-to-date, good electronics that have phase sensitive detect-
ion. We don't have that yet. There is a problem with the phase
sensitive detection in the phase shifters at half megahertz. We're
going to have to build those ourselves. The components get very large,
but there is a definite possibility, yes.

Q. It seems to me that that might have high potential for beating the
signal noise problem that these DC techniques all seem to have
inherent?

A. Well, I absolutely agree with you. You have this -- another handle
of phase sensitive detection. Yes, I agree.

GALE BRADSHAW, Amoco: You had a graph up there of pore size distribution.
I was wondering how it was arr-ived at?

A. That was mercury porosimetry of the sample.
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DIELECTRIC LOGGING*

by
P. C. Lysne, J. S. Yu, and C. N. Vittitoe

Sandia National Laboratories
and

P. C. Reardon
Science Applications, Inc.

ABSTRACT

Two processes involved in dielectric log interpretation are considered in
this feasibility study: the inversion of probe responses to obtain dielectric
data and the subsequent conversion of these data into hydrocarbon production
information.

First, consider the class of dielectric probes, which consists of trans-
mitter and receiver coils located along the borehole axis. The investigated
problem assumes the coils and the earth to be symmetric about the borehole.
Variable quantities include coil, hole and invasion zone radii, coil separa- •,
tions, and the electrical properties of all zones. Two codes, based on analytic
and on finite-difference^ techniques, have been developed to calculate the open
circuit voltage induced in the receiver coils. The finite difference code can
treat horizontal as well as radial formation discontinuities: however, it is slow.
The analytic calculation treats only radial discontinuities, and it is fast.
Together the codes have generated a set of charts that predict the probe response
for various formation parameters. In simple cases, these charts are sufficient
to evaluate the formation dielectric properties from measured probe responses.
However, if the formation is complicated,the inversion charts may not be adequate,
and other inversion techniques, such as ridge regression techniques, need to be
investigated.

Next, consider the dielectric properties of a reservoir rock. The bulk
dielectric properties of an insulator containing conducting inclusions depends
upon the shape of the inclusions. Thus, the geometry assumed to be the water
within the pore structure is important. We have followed Sillars1 model of an
inhomogeneous material by assuming that the water geometries may be approximated
as an assemblage of spheroids with different orientations and aspect ratios^.
While simplistic, this model provides a method of calculating pore shapes from
multiple frequency data. Permeability and rock wettability information may be
contained in these geometric data.

, J. S. and P. C. Reardon, 1981, "Effects of Borehole Mud and Filtrate Invasion
in Dielectric Logging: A Multiple-Zone Transfer Impedance with Branch-Cut
Integrations."

2Vittitoe, C. N., 1981, "Development and Testing of FIDELE (A computer code for
Finite-Difference Solution to Harmonic Magnetic-Dipole Excitation of an Azi-
muthally Symmetric Horizontally and Radially Layered Earth)": SAND81-0196.

sne, P. C , 1981, "A Model for the High Frequency Electrical Response of
Reservoir Rocks and Its Application to Dielectric Log Interpretation": pre-
sented at the Joint SPE/DOE Symposium on Low Permeability Gas Reservoirs,
Denver, May 27-29, 1981, SPE/DOE-9862.

*This work was performed for the U.S. Department of Energy under contract no.
BE-AC04-76BP00789.
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The material for this presentation is included in the paper "Dielectric
Log Interpretation: Probe Responses and Dielectric Properties of Rocks,"
P. C. Lysne, J. S. Yu, L. E. Duda, and P. C. Reardon, Paper P, Twenty-Second
Annual Logging Symposium Transactions, Vol. 1, June 23-26, 1981, Mexico City,
Mexico.
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DIELECTRIC LOGGING - Peter Lysne

DISCUSSION:

JAMES MORAN, Gearhart: I have a question. Does i t worry you that you can't
take into account the conductivity?

A. Of the matrix material?

Q. No, of the conductive material?

A. That's part of the model, Jim. The dielectric relaxation frequency is
related to the conductivity divided by the permeativity and a pore shaped
factor that modulates that, so the conductivity of the —

Q. What bothers me about your model is that if you brought it down to DC,
it would make no sense at all because you would have no pores connected
with any other pores?

A. And to circumvent that problem, I have artificially tagged on Archie's
Rule to take care of the DC problem.

Q. You're doing great, but I don't understand it very well.

A. It's a simplistic model, Jim. One would hopefully have pore-shaped
information for a rock. That would be the end result, but we simply
do not have that capability at the present time, but you are giving me
that paper to show me how to do it.

Q. I will give you the paper, but I won't show you how to do it. It was
a great talk.

BOB MURPHY, Amoco: Would you back up one slide, please? One more — one
more. Okay.

MR. LYSNE: That was an easy question to field.

MR. MURPHY: I thought I read it wrong.

NORMAN MORROW, Petroleum Recovery Research Center, Socorro, New Mexico: I
have a comment here on terminology that may cause us problems in communica-
tion. We're using the term "aspect ratio" to indicate the relative size of
the pore throats to the pore bodies and I am not sure what is general. —
Maybe your usage is the one we should stick to and we should think of some-
thing else for the way we're using it. It's a possible source of confusion.

A. I don't know the answer to that, Norman, it's certainly a point of
interest. I need to point out that in our program, we're ultimately
going toward measuring permeabilities, — Norman Morrow from Petroleum
Recovery Research Center at Socorro and Sandia and the people at IGT,
those folks are doing flow measurements, we're doing the dielectric
measurements, and we want to bring this all together. It would be
very embarrassing to have Norman write a paper and myself write a paper
and be talking about different quantities.
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DON COWGILL, Sandia: Are you going to be sensitive to fluids in microfracs,
and if so, what frequency range do you expect to do that in?

A. We will be sensitive to wherever the fluids are sitting in the pore struc-
ture and microcracks obviously raises the question that these distribution
functions in dielectric responses will be functions of stress. One gets
too high aspect ratio or very low aspect ratio, disk-shaped things, one
goes to low frequencies. So it drops the frequency. I had better be
careful there. For random orientation, I think it's safe ground. That
drops the dielectric relaxation down to maybe megahertz range. Below the
megahertz, you end up with such low displacement currents compared with
the conduction current that you have trouble measuring the phase angle.
In a laboratory, one might be able to do it. So I am talking about mea-
surements here in borehole environments on the megahertz to gigahertz
range.

ROBERT MANN, CER: Have you anticipated or have you seen anything that gives
you an indication you can have other than water-wet systems?

A. I have not seen anything that would indicate that, but I am certainly not
an expert on wettability in water structures, I would have to direct
that question to someone like Norman or the iGT group, but I simply said
if we have a perfectly water-wet system and if we have a perfectly oil-
met system, these are the responses, and my understanding is that the
Tight Gas Sands are predominantly water-wet, but I certainly could be
wrong.
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INVERSION OF RESISTIVITY DATA

USING RIDGE REGRESSION TECHNIQUES*

by

L. K. Warne
Sandia National Laboratories

and

P. C. Reardon
Science Applications, Inc.

ABSTRACT

The method of Ridge Regression has been applied to a large
number of nonlinear parameter estimation problems since the publi-
cation of Marquardt's paper. The method has been of particular
value in interpreting resistivity sounding data above a horizontally
layered earth and above two dimensional anomalies.

We applied the Ridge Regression technique to the problem of
determining the resistivity profile surrounding a wellbore. The
data to be inverted are multiple normal apparent resistivity
measurements. One of the parameters describing the resistivity
profile, the depth of mud filtrate invasion, is of particular
interest in tight western gas sand formations since it may provide
some indication of permeability.

Inversion of the data in thick formations was accomplished
through use of the standard integral transform solution to the for-
ward resistivity problem. When an inhomogeneous transition region
is included in the radial invasion profile,it is shown that the
apparent resistivity profile may, however, lead to inaccuracies if
used to estimate other quantities.

The finite element method is used in conjunction with the Ridge
Regression technique to invert thin layered formations. Convergence
of the technique is demonstrated even when the initial estimate of
the unknown parameters describing the resistivity profile (required
by the program to begin the inversion process) differ by an order
of magnitude from the correct solution.

When more measurements are available than the number of
unknowns, Ridge Regression can provide an estimate of the uncer-
tainty in the determined resistivity profile. Also, the use of the
method with focused current logging techniques can result in much
faster solution times, since a more accurate initial parameter
estimate would be available.

*This work was performed for the U.S. Department of Energy under
Contract BE-AC04-76BP00789.
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(Slide 1)

This paper is primarily concerned with the application of an

inversion method called Ridge Regression, to the resistivity log

interpretation problem. We are also currently coupling this

inversion method to the high frequency electromagnetic forward

computer codes discussed previously by Peter Lysne.

(Slide 2)

Thus, in the future we will be able to determine both high

frequency dielectric as well as resistive formation properties

from sonde responses.

(Slide 3)

Ridge Regression is a non-linear parameter estimation method.

(Marquardt, 1963) It has been used successfully in resistivity

sounding of the surface of the earth for the past 5 to 6 years.

(Inman, 1975) (Pelton, 1978) Sandia's use of the method began

with the work of Lewis Bartel in mapping underground coal gasi-

fication processes.

(Slide 4)

Ridge Regression is an automated fitting method between a

forward model and measured data. One measures the data (sonde

responses), postulates a forward model which represents the sonde

in the inhomogenous borehole environment. The forward model

involves parameters such as resistivities, thicknesses of invaded

zones, etc., in a nonlinear fashion. The object is to determine-

these nonlinear parameters by fitting the forward model to the

measured data. To do this one must supply an initial estimate

of the unknown parameters, that is, an initial starting value of

resistivities, thicknesses of invaded zones, etc. Then by

incrementally linearizing the forward model in terms of its

nonlinear parameters Marquardt's algorithm (used in the Ridge

Regression method) converges on a solution for the unknown

parameters which minimizes the mean square difference between

the measured data and the predictions of the forward model.

Then we say that the determined parameter values in the forward

model are the formation properties. The method of Ridge

Regression also provides the machinery to calculate the accuracy
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of the parameters when more measurements than unknown parameters

are available. The advantage inversion methods such as Ridge

Regression have over chart methods is that they are capable

of handling more than two unknown parameters simultaneously.

(Slide 5)

This slide is taken from (Sadler, 1975). It is

included to explain the unique features of the Marquardt algorithm.

The level curves labeled S(t) each represent a different

constant mean square error between the measured data and the

forward model. The vector quantity 1: represents a set of the model

parameters (resistivities, invaded zone thickness, etc.) and

locates a position in the parameter space (in this case the

parameter space is the plane of the slide). Thus, to minimize the

mean square error we must locate the point in parameter space

which minimizes S(t). We first must supply an initial guess for

the unknown parameters which is represented on the slide as the

point t_. . At this point we linearize the model function in terms

of its parameters t:. The curves of constant mean square error

(level curves) of this linearized model function are always

ellipsoidal in shape as shown on the slide. They are slices of

a paraboloid. The Gauss-Newton method uses a correction to the

initial parameter values which takes t̂  from ;t. to the minimum

of the mean square error of the linearized model function.

This is the dashed arrow in the slide which ends at the center

of the ellipsoidal contours. Notice that this new value of the

parameters actually has associated with it a larger value of

mean square error than t:. had, since it is outside of the contour

of S (;t) on which t. resides. This character of the Gauss-Newton

method often leads to divergence. The power of this method

however is that both magnitude and direction of the parameter

correction are obtained from the problem, with the result that

rapid convergence results when the starting point t. is close

to the true minimum of S(t).

The dashed arrow labeled -g is the direction of minus the

gradient to the mean square error surface at t.. The method

of steepest descent simply steps off in this direction and

continues until the minimum of S (t_) is reached. The disadvantage
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of steepest descent is that the length of the step must be chosen

a priori, and as a result near the solution point the method is

inefficient.

Marquardt's method is a compromise between these two older

methods. The solid arrow in the slide is the Marquardt correction.

A single quantity, the ridge constant moves this correction

along the solid line in the slide. For very small values of the

ridge constant it becomes the Gauss-Newton correction and for very

large values it becomes the steepest descent method with very

short step size. The strategy of the Marquardt method is to

start with a large ridge constant and proceed to smaller values

as the minimum of S (t) is approached.

A problem inherent in nonlinear parameter estimation methods

is the fact that the mean square error surface may have many

minima. The minimum that is found by the method is the one

contained in the region nearest the initial parameter estimate.

The solution thus obtained may not be the best solution to the

problem. This does not appear to be a difficulty in the

resistivity problem as will be demonstrated by the following

exmples where the initial estimate for the parameters is

located more than an order of magnitude from the true solution.

- (Slide 6)

We will first discuss the resistivity problem in a thick

bed. Only radial boundaries are of concern in this case. The

sonde used here is a multiple normal log, that is, current is

injected at one electrode and potentials or apparent resistivities

are measured at the remaining electrodes. One could just as

well use this code on existing probes such as focused current

logs. We are interested in determining the resistivity of the

invaded zone, the resistivity of the uninvaded zone, the depth

of the invaded zone, and also the properties of the transition

region between the two.

(Slide 7)

Shown here is a simplistic flow model describing the depth

of invasion of the mud filtrate as a function of formation

permeability. This work was done by Norman Warpinski at Sandia.
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One can see that .even with small permeabilities (1-100 J/darcys),

the low gas porosity (3%), typical of western tight gas sands,

can result in fairly deep invasions. Also notice that for the

range of permeabilities characteristic of western tight gas

sands (1-100/idarcys) the depth of invasion is somewhat sensitive

to the formation permeability. Highly permeable formations

O1000 fidarcys) have invasion depths dependent on mud cake

properties only, according to this model. Therefore, an

accurate measurement of invasion radius may provide some indi-

cation of flow properties in tight formations.

(Slide 8)

The set of parameters shown on this slide were felt to be

representative of an invaded formation in the western tight gas

sands. Synthetic data (probe responses) were generated for this

radially-layered example. The three parameters: invaded zone

depth, r., invaded zone resistivity, p. , and uninvaded zone

resistivity, p . , were then taken as unknown parameters and

solved for by fitting this model to the synthetic data.

(Slide 9)

Several sets of initial parameter estimates were tried.

These initial parameter estimates are shown on the slide.

With each set the method converged to the true parameter values

used to synthetically generate the data. These converged values

are given at the bottom of the slide. The number of interations

to converge within 1% of the final values is given at the right

of each initial set of parameters. Notice that the initial esti-

mates were taken to be an order of magnitude, sometimes two

orders of magnitude, different from the final values. The fact

that each example did converge to the true parameter values

is an indication that the error surface in parameter space may

be unimodal (has only one minimum) over a large area.

(Slide 10)

This is an example of applying the method to perhaps more

realistic invasion proviles, shown as solid curves on the slide.

The profile is now continuous as a function of radius (includes

a transition region). The water saturation now is not a

discontinuous quantity, but varies continuously away from the
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borehole. However, instead of using that particular profile in

the inversion process we are going to choose the former layered

model. Therefore, we will have a homgenous invaded zone with

a constant resistivity and a homogenous uninvaded zone with a

constant resistivity in the inversion model. Inverting the

problem with ridge regression we get the three parameters

(invaded zone conductivity, invaded zone depth, and uninvaded

zone conductivity) for both shallow invasion and deep invasion

shown as dashed profiles on the slide. On the next viewgraph

the predictions of these layered models are compared with the

data that would be measured from the continuous transition

profiles.

(Slide 11)

It is obvious that with this type of electrical data alone

it is not possible to determine the characteristics of the

transition region since both of these curves, representing the

measurements from two different invasion profiles, lie on top

of one another.

If one uses these determined parameters to estimate other

quantities such as fluid flow permeabilities,•the nonuniqueness

just demonstrated may lead to inaccuracies in those determined

quantities. However, from the electrical data alone it is not

possible to determine the difference between these two profiles.

An alternative approach would be to use Ridge Regression to invert

simultaneously multiple sets of data. That is, if one had informa-

tion from a flow model that the invasion profile really did

look like the continuous invasion profile this information could

be incorporated in the inversion. One wosHkl then solve for the

parameters describing the continuous curve and get exactly that

curve. Another approach would be to fix the flushed zone resistivity

with a micro-log and incorporate that into the inversion.

(Slide-12)

Realistically in western tight gas sands the formations are

too thin to be considered as infinitely thick media in the vertical

direction. Therefore, for this ridge regression method to be

useful we have to consider models which have both radial and

vertical stratification. As our forward model we modified an

existing computer code. It is a finite element code which was
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written by Bathe and his students at MIT (Bathe, 1978, Rodi,

1976,). Here we are interested in the invaded zone resistivities,

uninvaded zone resistivities, and depths of invasion in several

vertical layers.

(Slide 13)

This slide shows a representative set of parameters for a

thin invaded lens in the western tight gas sands. We took five

quantities to be unknown parameters in this example and below

those unknown parameters I have in parentheses the initial guess

used to start the inversion process. It took five iterations

to converge back to within 1% of the true parameter values for

this example.

So again although we have not proved that the non-linear

problem is well behaved, it gives one a good feeling that you can

take initial guesses an order of magnitude different than the

true solution and still converge to that true solution.

(Slide 14)

Number 1 - so far noise effects have not been included and in

our future work we plan on determining how well the method works

in the presence of noisy data. With noise present, ridge

regression provides means to estimate the uncertainty in the

parameter values given the uncertainty in the measurements.

Number 2 - Many of the western tight gas sand lenticular

reservoirs have continuously varying resistivities as one

proceeds vertically through the formation. The forward solution

used here, the finite element solution, is sufficiently powerful

that one could defin#6instead of a homogenous lens, an inhomogenous

lens whose resistivity varies perhaps linearly with depth.

One could then use ridge regression to solve for unknown

parameters describing that continuous profile.

Number 3 - The finite element solution we used here was very

useful since it was a rapid way to get at the problem. It is

also a powerful method because one can take into account continuous

variations easily. However, designing the mesh for the finite

element method is not a trivial task and is time consuming.

Other methods of solving the forward problem in two dimensions

therefore should be looked at and one of these is an integral

equation method.
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Lastly, as I said at the beginning, this me hod could be

used with existingllogs such as focused current measurements.

The speed with which the method converges is dependent upon how

accurate your initial estimates for the parameters are. With

focused current measurements and classical chart techniques

of interpreting the resistivity data one could determine a

better estimate for the unknown parameters and then improve that

estimate using ridge regression methods.

Bathe, K., 1978, "ADINAT: A Finite Element Program for Automatic
Dynamic Incremental Nonlinear Analysis of Temperatures", MIT
report 82448-5.

Inman, J. R., 1975, "Resistivity Inversion with Ridge Regression",
Geophysics, Vol. 40, No. 5.

Marquardt, D. W., 1963, "An Algorithm for Least-Squares
Estimation of Nonlinear Parameters", Soc. Indus. Appi. Math.,
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Pelton, W. H., et. al., 1978, "Inversion of Two-Dimensional
Resistivity and Induced-Polarization Data", Geophysics,
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Rodi, W. L., 1976, "A Technique for Improving the Accuracy of
Finite Element Solutions for Magnetotelluric Data",
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INVERSION OF RESISTIVITY DATA USING RIDGE
REGRESSION TECHNIQUES - Larry Warne

DISCUSSION:

JAMES MORAN, Gearhart: There are two things I don't understand. What are
Ridge Regression methods? Before you go to that, tell me what finite elements
are. Maybe there are a few other people in the audience that don't understand
it either.

A. The finite element method is basically a method where one descretizes the
space where the field exists into a number of cells. In this case, they're
rectangular. Each one of those cells -- I'm going to hypothesize — that
the field can be described by some polynominal function. And in this case,
we have used a linear function. This program can also be used in a qua-
dratic form.

Q. Beautiful.

A. Does that makes sense?

Q. Yes.

A. To accomplish this minimization, we must linearize the forward model in
terms of the parameters incrementally.

Q. I see that, but where does the ridge come in?

A. I am getting to it. When the problem is linearized, because of linear
dependencies in the parameters for certain values of the initial parameter
estimate, the matrices one has to solve to minimize the mean square dif-
ference are ill-conditioned. Meaning that associated with those parameters
there are small eigenvalues. If one just blindly proceeds and solves the
matrix equations, gets a new parameter value and plugs it into the model
instead of converging, the solution may diverge, in fact it usually does
in these resistivity problems.

Ridge Regression is a method whereby instead of solving the matrix equa-
tion, which would have the form A times the parameters ^uals some vector
on the right hand side, you would add to A, the unity matrix times a
constant. Now, if that constant is large, the method approaches the
gradient method with a \/ery small step size, which is known to be stable
even when the matrices are ill-conditioned. When the constant is small,
it approaches the standard nonlinear least-squares approach where you
are just solving the AT-equals-vector equation. So it's a damping method.
You damp out the effects of those small eigenvalues on each step and you
are close enough to the solution that the parameters are sufficiently
linearly dependent that you can use the standard techniques. So it's
an interpolatory thing.

Q. I like it. You probably threw everybody else off in the audience, but I
I like it.

JAY BROWN, Los Alamos: Is this paper published somewhere or is there some
kind of reference you can give me on it?
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A. Yes. Do you have the abstract on this?

Q. Yes.

A. There are f ive of them there.

Q. It's referenced in there?

A. Yes. I think Inman's paper published in '75 is the best one. That's the
clearest application with resistivity sounding above a horizontally layered
earth.

MR. MORAN: So you are basically trying to solve an ill-conditioned problem?

A. That's right, and this --

Q. And this is a way of doing it?

A. Yes. The Algorithm used is called Marquardt's method and it's reference
one in that abstract,.

AUDIENCE: where does Ridge come from, though?

A. I'm sorry you asked that question. A paper by Hoerl and Kennerd say that
this term "Ridge Regression" came about because the method has great simi-
larities to ridge analysis.

Q. Do you know what ridge analysis is?

A. I think it's referenced in that paper. I have never needed to go back
to it.

ERIC PASTERNACK, Arco: Do you ever find oscillatory solutions when you are
running through these iterations where the values of one of the resistivities
will go way up above or way down below and way up above and way down below,
sometimes going unstable and sometimes going towards a stable solution?

A. We haven't seen that. The ridge constant, though, is an indication of these
types of instabilities, and add to weight out the zero eigenvalues. That's
an indication of those types of stabilities occurring, and during the solu-
tion, we will track the ridge constant and see what kind of value it's
taking on and there are many cases where it stays -- we start with a high
value, and then hopefully as you converge, it will increase. In many
cases, it will stay at the high value for a few iterations, which is an
indication these instabilities are really there and I haven't actually
seen it, but I think that's an indication it really will occur.
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SAND81-066A

THERMAL NEUTRON ABSORPTION CROSS SECTION

OF SMALL SAMPLES

Joe M. Harris
Applied Physics Division, 2353

and

Patrick J . McDaniel
Advanced Reactor Safety Analysis Division, 4424

Sandia National Laboratories
Albuquerque, New Mexico 8718S

ABSTRACT

Exploration for uranium and other- minerals can many times be aided through

the use of neutrons as a probe into a mineral-bearing formation. Information

about the elements within a formation can be obtained by measuring certain

properties of an injected neutron population. Two properties; commonly measured

are the decay of the population with time and the gamma radiation produced by

neutron capture. Interaction between the neutrons and the formation can be

described in terms of cross sections for given processes. One such cross section

is the thermal absorption cross section. Events in which neutrons with energies

comparable to atomic vibration energies are captured and thus removed from the

neutron population give rise to the thermal absorption cross section.

A quantitative understanding of the impact of this process on the neutron

population requires accurate knowledge of the macroscopic thermal absorption

cross section. This macroscopic cross section contains contributions from

each nuclide within the formation.

The macroscopic cross section can be obtained in two fundamentally different

ways. Experiments which measure the thermal absorption as an intrinsic property

can be conducted on samples from the formation. From the absorption one can

calculate the cross section directly. One such type of experiment is neutron

die-away. These experiments require either samples of the formation weighing

in excess of 15 kg or corrections to the data for neutron leakage.1 The

technique described at this workshop can potentially measure the macroscopic

absorption cross section with an accuracy of about ± 105 of the nominal value
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and requires a sample from the formation weighing less than 100 g. Samples
of 100 9 are easily obtained from a small-bore core, whereas samples of
10 kg may require larger cores. This technique uses the reactivity rather
than the die-away to calculate the thermal absorption. Reactivity measure-
ments were made at the Advanced Reactivity Measurement Facility (ARMF) at
the Idaho National Engineering Laboratory (INEL).2

The second way to obtain the macroscopic absorption cross section is
to sum the contributions from each nuclide within the formation. Such a
procedure requires precise knowledge of the concentration of each nuclide
that contributes significantly to neutron absorption. Certain nuclidest such
as boron and gadolinium are so efficient at absorbing thermal neutrons that
even trace amounts can dominate the absorption process. Chemical analysis
may not be sensitive enough to accurately measure suci small quantities of
these absorbers; hence a cross section calculated from data based on
chemical analysis can be highly inaccurate. A technique is described at this
workshop which will quantitatively measure even trace amounts of nuclides
with large macroscopic absorption cross sections. Prompt Gamma Activation
Analysis can measure such trace amounts because 't measures the ganma ray
normally associated with a neutron capture events consequently, the larger
the absorption the more sensitive the technique.2 PGNA measurements were
made at the National Bureau of Standards Reactor (NBSR) in Gaithersburg,
Maryland.

1 I. S. Allen, W. R. Hills, Tans, SPWLA 15th Annual Logging Symposium,
Paper B, June 1974.

2 Foel, M. K., Small Sample Reactivity Measurement in Nuclear Reactors,
ANS Monograph, 1972.

3 M. P. Failey, et al, Anal Chem, V. 51, #13, Nov. 1979, p. 2209.
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Cross-sections are the fundamental parameters by which the interaction

between neutrons and a geological formation is described. The discussion which

follows will describe two techniques for determining these cross-sections in

small geological samples. The first method, prompt gamma neutron activation
l

analysis, PGAA, provides sufficient elemental composition data to allow calcula-

tion of any cross-section. The second technique, small sample reactivity
2

measurement, SSRM is primarily designed to deduce the thermal absorption cross-

section. These are not the only two methods for obtaining cross-section data.

They do, however, demonstrate two fundamentally different ways for obtaining the

same data.

Prompt Gamma Neutron Activation Analysis (PGAA)

Certain salient characteristics of cross-section determination from PGAA

are given in Table I. The measurements are effected by placing a small sample

weighing about two grams in a thermal neutron beam. Nuclei within the sample

will capture a small fraction of the thermal neutrons creating gamma rays whose

energy is characteristic of the nuclei participating in the capture event. The

gamma rays are collected in a detector whose response is proportional to the gamma

ray energy. A histogram containing the number of gamma rays collected at each

energy is obtained. Since the number of gamma rays produced by each nuclei within

a dilute sample is proportional to the concentration of that nuclide, the histogram
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spectrum can be used to calculate the quantity of each nuciide participating in

the capture process.

The sensitivity of PGAA to a given element within the sample is proportional

to the total number of gamma rays generated by that element within the cample.

For instance, a nuclide whose probability per atom for neutron capture was large

could produce a detectable gamma ray signal even at \/er^ low concentrations and

vice versa. In fact it is this characteristic of PGAA data which makes it ideally

suited for cross-section calculations. Those constituents which exhibit a large

gamma ray signal are the same elements which will contribute most heavily to the

macroscopic thermal absorption cross-section. One exception to this rule is the

nuclide Li which has a significant thermal absorption cross-section but does not

emit a gamma ray. Some other technique, such as atomic absorption,must be used to

measure the quantity of Li in the sample. Since PGAA yields elemental concentrations,

cross-sections other than thermal absorption cross-sections can be calculated as

well as certain chemical properties.

A schematic of the experimental apparatus is given in Fig. 1. Elemental

analysis using PGAA on some sandstone core samples provided by Chevron is given in

Table II. Shown are the elemental concentrations and the contribution from each

element to the macroscopic thermal and epithermal absorption cross-sections. The

data was taken by Dave Anderson working in collaboration with Glen Gordon and
2

Dick Lindstrom at the National Bureau of Standards Reactor. Data for the cross-

section calculations was taken from a three group collapse of the 218 group CSRL

data. Thermal group boundary was 0.4 eV and the epithermal boundary was 1.0 x 10 eV.

One disadvantage of the PGAA technique is that it is slow, requiring from

two to three hours per sample. It also requires experienced personnel to interpret

the spectra. It therefore does not lend itself to production quantities of samples.
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Small Sample Reactivity Measurements (SSRM)

A second way to obtain thermal neutron absorption cross-sections from geological

samples is to make reactivity measurements on those samples. Given in Table III

are some of the salient features of absorption cross section determination from

reactivity measurements. These measurements are made by measuring the amount a

control rod must be adjusted to return a small reactor to critical once the sample

of geological material has been placed in the reactor. The control rod response is

sensitive to nuclear properties of the samples other than absorption. Moreover,

the sensitivity is a function of the position at which the sample is placed in the

reactor. By measuring at various positions in the reactor with materials whose

nuclear properties are known, one can calibrate the reactor. Table IV shows a

mathematical expression for a calibration where four parameters are used to charac-

terize the reactor. Since the model for the reactor is linear, the equations relating

the cross-sections, reactivities and weights can be expressed in matrix form

[ApJ = [W] [Z]

Schematics of the Advanced Reactivity Measurement Facility (ARMF) at the Idaho

National Engineering Laboratory (INEL) are shown in Fig. 2 and Fig. 3. Figure 3

shows the location of the measurement positions within the reactor. The cross

section [£] calculated from cross-section libraries based upon calibration materials

used and the reactor flux. The reactivity [AP] is measured at six experimental holes

in the reactor. With six or more calibration materials the weights [W] can be

calculated for each position in the reactor. These weights are then used to

calculate [s] for a geological sample whose reactivity in each of the six holes has

been measured. The first element of [S] is the thermal absorption cross section as

shown in Table V. Table V shows the expressions for [x] given [W] is known. The

procedure is summarized in Table VI.
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Reactivity measurements using the ARMF have been made and an optimum model

for the reactor is being sought. SSRM lends itself to making measurements on a

higher volume of samples than PGAA because once the weights are known, all that

is necessary to determine S is the reactivity Ap which can be provided by INEL

as a commercial service. Moreover, the calculations are simple enough to be

done on a hand-held calculator.

' Conclusions

The PGAA technique yields elemental composition data which can be used to

calculate the macroscopic cross section for any sample. The SSRM technique yields

the macroscopic thermal absorption directly. Experimentally, PGAA is somewhat

more difficult because of the calibration and data handling than is SSRM. However,

SSRM requires a mathematical model of the reactor which means a rather complicated

analysis. Once the model and calibration are completed, data analysis is routine.

The SSRM technique is production oriented.

References

i M. P. Failey, et al, J. Anal. Chem. 51, 2209 (1979).

2 W. K. Foell, Small-Sample Reactivity Measurements in Nuclear Reactors,
American Nuclear Society Monograph, 1972.
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TABLE I,

ABSORPTION CROSS-SECTIONS
CALCULATED FROM PGAA ANALYSIS (NBS)

1) Concentration of nuclides measured

2) Measurement requires 2-3 hours

3) Small samples ( 2 g)

4) Calculations are flux independent

5) Sample not destroyed

6} Li not detectable

7) Not enduring facility
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TABLE I I

CROSS SECTION LIBRARY: NXSECT. 123
S/m£-CPE283CF37275-22-141

ELFENT

B

NA

MG

AL

SI

CL

K

CA

TI

E

CD

SM

GD

ITAL MACRO

CONC(PPM)

1.370E+O1

1.504E+O4

2.76CE+03

4.310E+O4

3.570E+05

6,940EHO1

1.966EKW

5.34QE+O3

6.050E+Q2

2.220E+O3

8.900E-01

2.190E+O0

2.580E+00

XSECTION-

SIGMAATH

1.257E-03

4.565E-04

9.350E-06

^.832E-04

2.673E-03

8.599E-05

1.416E-03

7.537E-05

1.006E-04

1.318E-05

3.733E-05

LOWE-04

8.581E-O4

7.572E-03

%

16.6

6.0

0.1

6.4

35.3

1.1

18.7

1.0

1.3

0.2

0.5

1.4

U.3

SIGMA A RES

3.172E-05

1.298E-05

5.748E-07

1.864E-05

1.547E-04

2.1UE-06

6.599E-05

1.255E-05

2.67E-06

4.191E-07

4.051E-08

2.283E-05

4.389E-07

3.256E-04

%

9.7

4.0

0.2

5.7

47.5

0.6

20.3

3.9

0.8

0.1

0.0

7.0

0.1
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TABLE I I I

ABSORPTION CROSS-SECTIONS
INFERRED FROM REACTIVITY

AT ARMF (INEL)

1) Reactor has thermal flux

2) ARMF can be calibrated experimentally

3) Calibration can be estimated theoretically

4) Each measurement requires less than 30 minutes

5) Samples are not destroyed

6) Small samples ( 100 g)

7) Enduring facility
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TABLE IV

CALIBRATION

Ap - WTH 2-»THA + WR ^--'RA + W2-»-3 -t- '2->3 + Wl->2 ^—'1+2

. 2 j V » 2 , \-*2 , V~*2 , x-\2

i 3 i V i Y i Y i
Ap = W J H 2-»THA

 + WR - ^ R A + W2+3 ^ 2 - > 3 + Wl->2

1 4
Ap =

1 5 1 \ ^ * 5 1

V - \ H î THA + WR

H0LE A P MATER^
1- = MEASURED REACTIVITY CHANGE FOR "MATERIAL" IN "HOLE".

MATERIAL a CALCULATED MACROSCOPIC CROSS SECTION OF "TYPE" IN "MATERIAL".
TYPE

TYPES: THA . THERMAL ADSORPTION
RA = RESONANCE ADSORPTION
l->2 = DOWN SCATTERING FROM GROUP 1 TO GROUP 2
2->3 • DOWN SCATTERING FROM GROUP 2 TO GROUP 3

JMH 1/80



V-

V-

3APU =

V-

5. U _
Ap -

WTH

2WWTH

3WWTH

WTH

5WWTH

TABLE V

ANALYSIS

1

2 x ^u 2
WR ^ R A + W2->3

WR Z - T R A
 + w2->-3 Z->2-*3

"R iL-»RA "2->3 A - ' 2 - > 3 wl+2

\ 2LRA + S

OR

H • H
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TABLE VI

ARPf MEASUREMENT PROCEDURES

1) Prepare a set of reference materials and verify with PGAA.

2) Model the reactor to optimize parameters in reactivity
equation.

3) Measure reactivity of reference materials.

4) Calculate reactivity weights from measurements on
reference materials.

5) Measure reactivity of geological sample.

6) Calculate thermal absorption cross section from reactivity
equation.
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THERMAL NEUTRON ABSORPTION CROSS SECTION OF SMALL SAMPLES - Joe Harris

DISCUSSION:

RALPH WILEY, Amoco: Have you run any comparison of these two methods against
the pulse type method for absorption cross section?

A. Yes and no. We don't have a setup for doing die-away times. We have looked
at papers where people like the chaps at Mobil who did their die-away mea-
surements and looked at the accuracies which they quoted and took that as
being the gospel and compared our predicted accuracies certainly from PGAA
and out of a fall graph, and compared them and they're not comparable.
Those guys require fairly large samples of 10, 15 kilograms, and it's hard
to come by a core, at least that I have, that I can get that much material
out of it.

There is another problem with the die-aways. That is, you have noticed
that I have very carefully not said anything about having to worry about
the geometry of your sample. Anybody who does die-away experiments on
sandstone because it's primarily a scattered material is going to have to
take into account the fact that there is defusion and you're going to
lose neutrons to free space, not necessarily in your detector. You are
going to have to calculate -- or you can use buckling corrections and there
are all sorts of ways of calculating what your defusion effects are, but
you are going to have to take that in. You're going to have to either
measure it or calculate it. If you calculate it, you may never really
be sure if you have got the right number from a transport code. So you
are going to end up at least once or twice having to calculate it in your
experimental setup. That may or may not be a problem depending on what
your samples look like and how you build your gadget.

Another thing about ARMF is it exists and anybody who wants to do absorp-
tion cross section doesn't have to go into the laboratory and build a
big gadget. You just go up there and hand them the sample, and they get
back a reactivity number as a service. So it keeps your overhead -- it
keeps a few more scientists on the streets.

Q. There are a couple more advantages, One of them is there is an art to
building a sample for measurement.

A. That's right, it's not easy.

Q. Have you run any water or oil samples?

A. No. We could do that easily with the PGAA because we put liquid samples.
We haven't optimized -- our model that we're modeling the reactor with
at the moment does not have any heavy hydrogen bearing species in the
model that we're running on the computer. We're going to put that in
because MgO, which is one of our standards, is very hydroscopic. We
found out that was another one of the little screw-ups we had, we didn't
know it had water in it, and that was one of the reasons why we weren't
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getting good results.

Q. Maybe I missed it. I am not sure — you want to determine the flux or the
neutron population within the vicinity of the well bore as the objective?

A. Unfortunately, no one has ever told me why I want to do this. They have
always told me they want the absorption cross section numbers, As far as
modeling what the thing is going to be used for downhole, we haven't quite
got to that stage yet.

Q. What the industry needs both for the Tight Gas Sands and wherever else
we need a method — maybe it's the Monte Carlo; maybe that's what some-
body should be working on -- taking this data, run the Monte Carlo code
and tell us what the populations are and we can model that C and L in low
porosity, low gas sands. We don't know how they react. They don't give
us good information. For our reservoirs, if it reads 10, it's really 5,
that's not good enough. We need the model C and L. We haven't been able
to model it. If the government would take those Monte Carlo codes they
have developed and apply it to this, we would really be a long way down
the pipeline.

A. That's the kind of things that we primarily do. We are with the modeling
people, so I wasn't aware of that, but that's good information.

BOB DAVIS, Chevron: Are you running your own transport codes or are you
having a service do it for you?

A. We don't do either, The answer is yes and no. We take the ridge codes,
most of them, things like DOT, XSDRN, and MORSE, Monte Carlo — I am not
fond of Monte Carlo myself — but be that as it may, and then we try to
get them to work. The problem with all these codes is that they're so
complex that they're filled with bugs, and so we cross-check one code
against another to try to get the same answers. If we don't, we go
into the code, patch the code, try again over and over until we finally
get a code that gives us answers that we believe, and then we test it
against experiments in our reactor because Sandia has its own ACRR
reactor. In these codes, there's a whole group of people in reactor
safety that are constantly modifying and fixing the codes, and we're
part of it. We found some bugs in Dot, for instance, as a result of
this right here. And that's --

Q.

this right here. And that s --

Do your codes take the thermal neutrons all the way out until forever?

Yes, the time dependent ones. With TIMEX you can go as long as you want
to until you run out of money on the computer. We have some non-time
dependent codes which for this model right here we don't need time depen-
dent because the reactor is in a steady state. We can run Morse on the
types of problems that he's talked about and a few time dependence, but
yes, to whatever you said. There is no combination of experimental setups
that I don't think -- I don't know of any reason why we can't model any-
thing that happens in the ground. We model it in reactors and take it as
a sandstone reactor. Not much power, but — any other questions?
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MR WILEY: One other comment. Not only can we use this for the steady state,
for the dual space neutrons, but in the pulse. We can then examine the fusion
and instrument design section, which would be a combination, but we can find
out what they really look like as opposed to calculations that are around
today, saying these are the effects, but we can't segregate. We don't know
the instrument, and we don't know the fusion of that.

A. Like I say, no one has come and vetoed me and said we want a model of
what the population looks like down there. They just came to me and
asked for a cross section, so I went about measuring cross sections.
That's a little bit of a cop-out because I really plead more ignorant
than I really am on it. As a matter of fact, the Wilson report, the
thing that SAI did, is about the only really complete down borehole
model that I have seen. I have seen a couple other people who did
this, that, and the other, but it wasn't a complete model in the sense
that the SAI guys did, and that thing is fairly old, and our computa-
tional techniques are somewhat superior to that now. I think we can do
better than that. But once again, it depends on who is willing to fund
that because it's not very expensive man-wise, but it sure eats up com-
puter time like it's going out of style.
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PORE STRUCTURE MEASUREMENTS

Leonard E. Duda
Sandia National Laboratories

Albuquerque, NM 87185
Janet K. Pitman

D.S.G.S., Denver CO

The complexity of pore networks in fine-grained low permeability
sandstones mades accurate modeling of fluid flow properties difficult
due to the lack of quantitative information concerning the pore
structure. In addition, the dielectric and NHR response of saturated
rocks is in some way related to the structure of the pore networks in
the rocks. Previous attempts [1,2,3] have been made to correlate the
pore structure observed in a thin-section with some experimental
measurements such as mercury porosimetry [1] or permeability 12].
The sandstones studied, however, have generally had high porosity.
He have been investigating some low porosity and permeability
sandstones from the Uinta Basin, Utah. These sandstones, most of
which are tertiary and cretaceous in age, commonly contain pores that
vary greatly in size. Variation in pore size is in part due to the
dissolution of mineral grains and pore-filling cement; however, many
of the secondary pore spaces contain authigenic clay, principally
illite and kaolinite, which has served to create nicropore space.

We have developed a method to digitize and quantify the pore networks
of fine-grained rocks using the apparent pore space observed in
photographs of thin-sections. By digitizing numerous photographs
statistical data was generated, thereby making it possible to address
the problem of pore structure. Pore structure can be analyzed by
specifying such parameters as the pore size and shape, anisotropy of
the pore arrangement within the rock matrix, and pore connectivity.
Because pore connectivity really requires some three-dimensional
information, this was not addressed here. However, two-dimensional
data can be used to determine pore shapes, sizes, and anisotropies.

The specimens analyzed were obtained from the CIG Exploration, Inc.
Natural Buttes.No. 21 core. Data from the digitized pictures was
processed to obtain pore size, shape, and directional anisotropy
information. Pore sizes as determined by perimeters, areas, and a
linear pore length followed a log-normal distribution. Two
anisotropy analysis methods were used [4) and both have shown that
little directional anisotropy exists in the pore structure of the
samples studied. Statistical shape parameters [5] were derived fron
the measured perimeters and areas of the pores. These suggest tnat
most of the pores within each sample have a tabular rather than
tubular shape.
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PORE STRUCTURE MEASUREMENTS IN WTGS
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INTRODUCTION

Many logging techniques provide information which can be

related to the pore structure within the rock matrix. For instance,

the dielectric response can be related to the pore size and shape

[1] and the NMR response yields a surface to volume ratio of the

pores [2]. It would be useful to know how accurately the models of

these responses reflect the actual structure of the pore system. To

do this some means of quantifying the pore structure is required.

One way to obtain information about the pore structure is to

utilize thin-sections of the rock samples. These provide a

2-dimensional section of a pore system which, using common

stereological practices, may describe the size and arrangement of

the pores. Other investigators [3,4] have attempted to correlate

the pore structure observed in photomicrographs v/ith laboratory

measurements such as permeability or mercury porosimetry, but have

not been too successful. The method which we use to obtain this

data is briefly outlined here. The pore space in the rock sample is

impregnated with a blue-dyed epoxy [61. A thin-section is prepared

of this sample. The blue epoxy defines the connected pore space

within the rock. Photomicrographs of these thin-sections are
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prepared at several magnifications. These photographs can be

projected onto the surface of a digitizer where the outline of the

apparent pore space, as denoted by the blue epoxy, is manually

traced with a cursor. The pore coordinates are stored on a flexible

disk system allowing access by a computer for processing.

Figures 1 to 3 show the resulting digitized picture obtained

from photomicrographs from the CIG Exploration, Inc. Natural Buttes

No. 21 core in the Uinta Basin, Utah representing a tight sandstone

reservoir. Figures 1 to 3f which were taken at different

magnifications, are from a core sample taken from a depth of 6,493

feet.

It has been observed, from careful analysis of the core samples

using an optical raicroscrope and SEM, that the shade of blue in the

pore space is related to the amount of clay present in the pore.

This clay, which is principally illite and kaolinite, contains

micropore space which tends to dilute the color of the blue epoxy.

Hence, a light blue color can be attributed to an almost completely

clay-filled pore, whereas, a dark blue is a nearly clay-free pore.

We have included this information by annotating each pore as it is

digitized with a number corresponding to its shade of blue: light,

medium, or dark. This data may be useful in relating the pore

structure to the rock's fluid flow properties.

PORE STRUCTURE ANALYSIS

The pore structure can be defined by knowledge of the following

parameters:

1. Pore size

2. Pore shape

3. Anisotropy of the pore system

4. Pore connectivity
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The connectivity of the pore system is probably the most

important parameter especially for fluid flow or dc electrical

conductivity properties of rocks. This is a 3-dimensional

parameter, and hence, is difficult to interpret by using only

2-dimensional slices. Attempts have been made to obtain a

3-dimensional model by taking successive slices of a rock sample

17]. This is very difficult since the small separations required

between slices (on the order of 10 microns) cause severe machining

problems with the sample. On the other hand, we can gain some idea

of the connectivity by determining in some manner the number of

connections (i.e., nodes) to a given pore and the size and shape of

these connections. Theoretical calculations using an effective

medium theory from the NMR data of these sandstones [8] provide a

vclue for the^ number of nodes which may be compared with estimations

from the digitized pictures. This data may be obtained by applying

topological concepts £6,7] to the 2-dimensional digitized picture

data. This must av/ait further study. The v/ork that has been done

to understand the other pore structure parameters will now be

briefly described.

AHISOTROPY OF THE PORE SYSTEM

Any directional preference in the pore system will have an

effect on the fluid flow and electromagnetic properties of the rock

samples. Therefore, it is important to be able to determine the

amount and direction of any orientational dependence. V7e have

developed two methods to test a digitized picture for such a

dependence in two dimensions.

Figure 4 demonstrates the two techniques that have been used.

In the picture axis method a set of equally spaced parallel lines is

laid over the entire picture. The number of intersections of the
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test lines and the features and the total length of the intersected

lines are measured. This process is repeated in 10-degree

increments over the range 0-170 degrees. The result is a plot of

the number of intersections or total intersection line length vs.

the angle of the test line system. The pore axis method determines

the largest dimension of a pore and defines this as the pore's major

axis. The angle that this pore axis makes with the horizontal axis

of the picture is found. The result is a frequency distribution of

the pore axis angles. The picture axis method treats the entire

picture, whereas, the pore axis methods considers the individual

pores within a picture.

To demonstrate these two methods, a test picture, consisting of

eleven ellipses, as shown in Figure 5 has been used. The test line

system, oriented at 45°, for the picture axis method is demonstrated

in Figure 6. The resulting data, plotted as the number of

intersections vs. angle is shown in Figure 7. The orientation at 90°

is readily observed. The width of this curve is related to the

degree of orientation or, in this case, to the aspect ratio of the

identical ellipses in the test picture. A polar plot, or Rose

diagram [61, of this same data is shov/n in Figure 8. An isotropic

arrangement or a collection of isotropic freatures, such as circles,

will produce a single circle for the polar plot. A completely

oriented system, such as a system of lines, will produce two circles

which just touch. The amount of overlap of the circles corresponds

to the degree of orientation of the system. For this test picture,

the degree of orientation is about 65%.

Examples of the results of an analysis using the pore axis

method are shov/n in Figures 9 and 10. Figure 9 shows the principal

axis of the pores and also demonstrates another application of this
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technique. Defining the major axis as the x-axis, a grid can be set

up within the outlines of the pore. Measuring the lengths of these

grid lines may provide size and 2-dimensional shape information

about the pores. The angle data is plotted in Figure 10. The

anisotropy is readily seen. The lines are shifted somewhat for

display purposes since the resolution of this method is only 5°.

To compare these results with data from a real sample, consider

the digitized picture shown in Figure 1. For the picture axis

method, Figure 11 shows a plot of the number of intersections vs.

test line system angle. Little anisotropy can be observed. The

data dips down slightly at 0° and 150° but the effect is quite

small. The polar plot of this data is shovm in Figure 12. The data

nearly lies on a circle. The small deviation from a circle

corresponds to a degree of orientation of less than 3%. The data

from the pore axis method is plotted in Figure 13. This plot

presents quite a contrast to the results from the test picture

(Figure 10)«, Little anisotropy is evident, but there does seem to

be a greater density of lines at 0°-180° and 150°-330°. The results

shown here are typical of all the samples that have been studied

which exhibit little orientational dependence. The thin-sections

used to obtain the digitized pictures were just from a single

orientatin within the formation - perpendicular to the bedding

plane. For a really useful test of anisotropy, data from two or

preferably three orthogonal directions is required. This will also

allow a better comparison to permeability measurements.

PORE SIZE

The parameters use-} to characterize the size of pores in two

dimensions are summarized below:

Perimeter
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Area

Surface/Volume

Mean Intercept Length

Maximum Size

The perimeter and area of the pores is a straight-forward

measurement. The surface/volume ratio is computed from the measured

perimeters and areas [9]. The mean intercept length corresponds to

the mean length of test lines passed through a feature at all

possible directions [91. For example, the mean intercept length of

a sphere is equal to two-thirds of its diameter. Finally, the

maximum size is the largest linear dimension of a pore. An example

of a pore area distribution, for the picture in Figure 1, is shown

in Figure 14. This graph demonstrates that the area, and in fact

all the size parameters, closely follow a log-normal distribution,

i.e., there are many more small pores than large ones. In Figure

14, over half the pores have an area in the rage of 0-1,000 fin.

This would correspond to a circle of diameter ranging from 0 to 36#m.

By combining the data from many pictures we obtain a more

statistically valid distribution which tends to more closely follow

the log-normal curve. Figure 15 plots the resulting log-normal

distribution (on a log rather than linear abscissa) of the data from

several pictures at the three magnifications studied. Note that the

higher magnifications contain more of the smaller pores. These

results are related to those of Dullien and Dhawan [3] who compared

pore size distributions obtained from photomicrographs with size

distributions from mercury porosimetry. They found the size

distributions from the photomicrographs v/ere biased toward large

pores, whereas, mercury porosimetry only saw the small pores.

Obviously, using a higher magnification should make more small pore
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visible. The useful point to make from this plot is that the curves

for the two high magnifications are close together suggesting that

some limit, maybe the resolution of the optical microscope, is being

reached. However, the porosity is best estimated by the lowest

magnification (see the caption for Figure 15). This may be due to

the picture sampling procedure in that a nonrandom sampling may have

been taken. In any case, these data suggest that at least two

magnifications must be used to provide an accurate estimation of the

pore size distribution especially since the permeability of the

samples probably depends significantly on the small pores.

PORE SHAPE

Shape is a less well defined parameter. For regular

geometrical features, shape can be defined as circles or ellipses in

two-dimensions or spheres and ellipsoids in three-dimensions.

Figures 1-3 show that the pores have quite irregular shapes. It is

possible to accurately define the shape by, for example, the use of

a Fourier series, but many terras must be included [11] . This tends

to lessen the physical understanding of the system and makes it

difficult to use the data in the EM response modeling. The opposite

approach is to approximate the features by some regular geometrical

shape such as a sphere or am ellipsoid. This is similar to the

approach taken [1] to model the dielectric response of rocks. The

stereological literature abounds with shape parameters. Most of

these attempt to relate the measurement to a regular shape such as

sphere diameters. One such shape parameter [12] can be calculated

from the pore areas and perimeters and can be related to a regular

3-dimensional geometric figure. Figure 16 plots this parameter as a

function of aspect ratio for oblate and prolate spheroids. Below

a shape factor value of 1.5, the shape is not determined. Above
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this, however, the shape only corresponds to an oblate spheroid.

For the samples studied, the shape factor has ranged from 9 to 15

indicating, in a qualitative sense, that the pores are generally

more tabular than tubular.

This has been a brief overview of our effort to quantify the

pore structure within a rock to allow correlation to the different

response models. Much more work needs to be done, but it is

apparent that useful information can be obtained using the methods

outlined here as well as others in the future.
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DIGITIZED PORE PICTURE (lOx Mtg.)
FIGURE 1. Digitized pore picture from a photomicrograph of a thin-
section taken at a magnification of 10X. There are 239 pores in the
picture. Inclusions contained within the pore space (commonly,
quartz, mineral grains, or organic material) are also shown in this
figure as well as Figures 2 and 3. The scale line in the bottom
center has a length of 100 ym.



DIGITIZED PORE PICTURE (25x Mag.)
FIGURE 2. Digitized pore picture at a magnification of 25X,
sample as in Figure 1. 104 pores. Scale line = 100 \im.

Same



DIGITIZED PORE PICTURE (4Ox ,,»g.)
FIGURE 3. Digitized pore picture at a tiagnification of 4OX.
sample as in Figure 1. 42 pores. Scale line = 100 um«

Same



RNISOTROPY TESTS

Picture Rxis

Pore Rxis

FIGURE 4. Anisotropy tests diagram.
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PICTURE RXIS TEST
FIGURE 6. Picture axis test showing the test line system oriented at
45°.
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PORE RXIS TEST

FIGURE 9. Pore axis test, showing grid system defined by the major
axis of the feature.
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270
PORE RXIS RNGLES
RNISOTROPY PLOT

FIGURE 10. Polar plot of pore axis angles for the test picture.
Resolution is 5° so the lines are offset for display purposes.
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FIGURE 13.
Figure 1.
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Polar plot of pore axis angles for the picture of
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FIGURE 15. Pore area distributions for ,;he sample at depth of
6,493 ft at three magnifications. Cur' ̂  1: magnification 10X;
calculated porosity = 9.5%; 843 pores. Curve 2: magnification 25X;
calculated porosity = 8.1%; 489 pores. Curve 3: magnification 40X;
calculated porosity = 5.7%; 401 pores. The laboratory measured
porosity was 9.6%. Note that the abscissa is now a logarithmic
scale, but the area values.are given in non-log units. The curves
demonstrate a log-normal type distribution for the data obtained
from the analysis of many digitized pictures.
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PORE STRUCTURE MEASUREMENTS IN WTGS - Leonard Duda

DISCUSSION:

AUDIENCE: Where is your core from, what well?

A. CIG Number 21.

CLINT DUTCHER, Exxon: One of the things I was struck by in looking through
the photographs is looking at that two dimensional picture, I didn't see any
interconnected pore space?

A. Right, That's the point that everyone seems to make, but it's there
because of the fact of the way that we put the blue dyed epoxy.

Q. It had to be to get it in?

A. Right.

Q. The error in the process of higher magnification is perhaps caused by
the fact that your positive measurements are made dependent on inter-
connected pore space? Do you expect the smaller pores may not be
interconnected so they would exceed it?

A. I suspect that the error that we had seen in the higher magnification is
really due to the fact that we're not taking a good sample. The way the
samples were made was not random enough. In theory, you should be able
to get the same value of porosity even at the higher magnifications.
You just have to maybe digitize more pictures. So I suspect it's really
the fact that we're not taking a good statistical sample at the higher
magnifications. We're just now looking at the right parts of the picture.

Q. What method are you using to determine the process?

A. We calculate the area of --

Q. No, I mean you have got a method of looking at this. What are you checking
it against?

A. We're checking against helium porosity.

Q. Which does depend on interconnected pore space?

A. Right. So we're looking at the same things. We're not looking at open
pore space which isn't connected whereas the other technique is. We're
both looking at the same thing.

WALTER ROSE, IGT: Ninety percent of your picture is solid space where the
rest is porosity?

A. Right.

Q. You're looking at four parameters: size, shape, or ientat ion, mode of
packing. You use different words, but you're looking at these four
parameters?
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A. Right.

Q. You can focus on the solid material just as well as on pore space?

A. Right. We can do anything that we want.

Q. Have you done that to get similar information? What kind of correlation
did you get?

A. We haven't tried to digitize the quartz grains or mineral grains yet,
but that's something we might be doing in the future.

Q. You have a problem with the consolidation error of a specific quartz grain.
You have to consider how it's connected.

A. Right.

ERIC PASTERNACK, Arco: I would like to compliment you on your slides which
were eminently visible at least from here and probably from the back of the
room. Second, how did you digitize these pictures? Was that done by eye?

A. Yes. Someone said — I sat in front of the digitizer and traced the
outline.

Q. And you said this one is dark blue and this one is light blue?

A. It was entirely subjective.

Q. On that basis, did you look at the different colors of pores to do the
same kind of analysis or did you take all the pores and lump them all
together?

A. Everything I showed you here was where other pores were lumped together,
but if you tjnd to exclude pores of the different colors, you obviously
get different distributions. It turns out that the pores which have the
lighter shade of blue which contain probably in most cases clay are usually
the smaller pores. So what you are going to do is, in any size, you are
going to shift it over to a larger size, and also you are going to reduce
the porosity, but not by a whole lot, because the porosity is defined by
most of the large pores and those are usually darker in color. There are
still a lot of things that we would like to try as far as using this in-
formation. I am not quite sure exactly how we can use it, but I know
there is information there that can be used.

MR. DUTCHER: You indicated that when you went to the higher magnifications,
that you suspected that some of the errors were due to the fact that you did
not get good statistical samples. On the other hand, you stated that you
always overestimate porosity. Those two statements seem to be in conflict
with each other. In other words, you are showing a bias if you always over-
estimate.

A. You would expect that you should always overestimate porosity if you're
looking at a thin section which has a thickness because you are going
to have errors due to the fact that you have a finite thickness of the
thin section, and at the higher magnifications for this sample, what we
have seen is that the porosity is lower. And that's why I tend to say
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it's due to the fact that we don't have a statistical sample. Other
samples I have looked at at a higher magnification give me a higher
value for the porosity. So it's probably -- I think that kind of
indicates that we don't have the right amount of samples. We haven't
taken them properly.

JOE OSOBA, Texas A&M: You mentioned these inclusions of organic material?

A. Right.

Q. What fraction of the pore space would you say they are and are you sure
that they're -- they were not filled with any of your plaster, so do you
feel sure they were not connected with the system?

*
A. Well, usually the inclusions are right in the middle of pore space and

so we're taking a cross section, too, so I really have no information.

Q. What do you mean by inclusion? I am talking about the organic material
that is apparently surrounded by matrix. Is that what you are calling
i t?

A. What I am talking about is organic material which is surrounded by the
blue epoxy, so i t ' s contained pretty much entirely within the pore.

Q. I see.

A. And I don't know - -

Q. I don't quite understand what good you think i t is?

A. I don't exactly know what i t i s . I t looks l ike - -

Q. I t ' s just hanging in the middle of the pore?

A. You have.to remember that we're taking a cross-section. I t ' s not hanging
in the middle. So we probably — by bringing the thing down, we might
have induced some kind of error into the pore structure or we might be
very close to a pore wal l .

Q. I t ' s probably the top of an iceberg sticking out?

A. Right.

Q. You call it organic material?

A. That's what the geologist has told me that it most likely is. It could
be maybe some kind of mineral grain. It's not \/&fy well defined when
you look at the pictures.

Q. So you did not find any regions that were pore space and not connected?

A. I have not really seen anything that looks like that. Everything looks
like it's connected.
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Q. Secondly, I am not too fami.lar with this technique. How do you go about
getting the porosity from these cross sections?

A. Well, from the digitized picture, very simply what we do is calculate
the total area of the picture and then we calculate the total area of
all the pores and divide the two and that gives us the porosity.

Q. Would that be the true porosity in three dimensions?

A. It should be if you have a good sample. This is best of three standard
topological techniques for determining void space within a feature, so
the question is you have to have a good statistical sample in order to
get it to come out right.

JOHN MINEAR, Welex: The question on your technique: How do you get the
epoxy into the sandstone and does that mean — go ahead and answer that one.

A. Well, the people that do the work are at U. S. Geological Survey in Denver.
Basically what they do is they apply a low viscosity epoxy, and they have
a blue dye which they dissolve in the epoxy, and they then impregnate the
small sample about a half a centimeter in thickness under vacuum. They
might have to do it a couple of times in order to get it impregnated, but
they are quite confident that they can impregnat all the pore space with-
in a given rock sample.

Q. Are the wettability properties of that epoxy known?

A. I don't know. I haven't really asked them about that. They have done
quite a lot of work on that. I have a reference if you're interested.

Q. Does that mean the effective stress was zero?

A. The effective stress?

Q. Yes.

A. Essentially there was no stress applied to a sample except for the ~

Q. But the pore fluids stress which would be the epoxy would be equal to the
confining stress once you —

A. Right.

Q. Are you looking at the condition of zero effective stress for your porosity?

A. In effect —

Q. Confining stress equals the pore fluid?

A. In effect, that's true, yes, because there is no outside stress except
for whatever the epoxy puts on it.
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JAMES ALBRIGHT, Los Alamos: It's clear from your slide that your pore space
separation is non-random and is that isotropic or is it am"sotropic?

A. I don't know. I haven't looked at pore space separation.

Q. It seems to be very characteristic of pore space — pore space separation?

A. Right. That's something that probably should be looked into.

JOEL WALLS, Stanford: Was the thin section cut parallel or perpendicular to
bedding and have you looked at —

A. I used to know that at one time. I think I have forgotten. I have to
think about it again. I think it was perpendicular to the bedding, but
I am not quite sure.
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EFFECTS OF PARTIAL GAS SATURATION ON WAVES IN POROUS ROCKS

Joel Walls, William Murphy, and Amos Nur
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Abstract

Precise laboratory measurements of compressional and shear velocity,
(V andVs, respectively, and of compressional and shear attenuation, Qpl
and Qg , respectively) have been made on several sandstones, sands, and
porous glass with varying degrees of water saturation. Measurements on
Massillon sandstone at frequencies less than 1 kHz show that, relative
to the dry rock case, QZ^ is higher for both fully and partially sat-
urated rock and that Qpl is much higher in partially saturated rock but
returns to near its initial dry value when fully saturated. Vp decreases
when going from dry to partially saturated'but takes a sharp increase
when fully saturated. V decreases slightly from its dry value when
the rock is either fully or partially saturated. In Berea sandstone,
shear and compressional velocity, and relative attenuation were measured
at 500 kHz as a function of partial water saturation at 145°C. The
results were similar to those found at lower frequencies with Massillon
sandstone. Shear and compressional attenuation were measured for porous
Vycor glass. A strong peak in Qpl is observed at about 65 percent partial
water saturation, whereas shear attenuation is unaffected by changing
saturation. A similar experiment on several sandstone samples in-
cluding very tight sands also show peaks in P attenuation at fairly
high attenuation. The results suggest that accurate attenuation measure-
ment _in_ situ might provide a powerful tool for determination of _in situ
partial water saturation and perhaps also ±n_ situ permeability.
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EFFECTS OF PARTIAL GAS SATURATION ON WAVES
IN POROUS ROCKS - Joel Walls

DISCUSSION:

TOM DOBECKI, Sandia: Just trying to look a bit ahead of what you have been
doing in the lab and trying to move it into a borehole environment, like
Pete showed yesterday, there is a great advantage to doing both the frequency
dielectric measurements downhole, and I can see there is a great application
to multi-frequency sonic measurements downhole, but, however, it seems like
there may be a couple of things competing. If we're talking about making
measurements in a single hole, is that last glitch in your velocity where
you get about 100 percent figure, your velocity goes up?

A. Right.

Q. So it means in your .nvaded zone, you are going to be higher velocity
in theory than what's outside of that. Can you imagine any way downhole
that you can actually sample the volume of rock that you are interested
in if you are trying to back out saturation?

A. Well, unfortunately or maybe fortunately -- I don't know — I guess in-
evitably higher frequencies are going to look at the near surface, near
borehole surface. The lower frequencies, because of the wave length and
so forth, are going to tend to sample deeper into the formation. So maybe
just applying that fact and looking at the various effects of attenuation
and velocity as you change frequency, if nothing else, you may be able
to sort of get some handle on how deep that mud or invaded zone is.

If that's not what you are looking for, then obviously you are going to
have to be using fairly low frequencies and I guess — I don't know. I
am not really too familar with the sonic log as it's used. I don't
know exactly how deep that device normally samples. Does anybody --

AUDIENCE: Two or three inches.

JOE OSOBA, Texas A&M: You have two measuring electrodes. They're one, two
or three feet apart. So you measure the length of time it takes sound to
travel one foot. It doesn't have to go very far. If you take a path that
goes any distance, it's too far. So you are very near the wellbore. You're
looking at a region that is flush. The average diameter invasion of all the
wells in the world, including those in Saudi Arabia, is about 30 inches in
diameter. But the Tight Western Gas Sands, there's some question whether
it's deeper or shallower. So you are likely to be looking only at flush
zone.

A. I believe there are some acoustic logging tools that have much larger —

Q. I am talking about standard logging tools. There are all sorts of new
tools. Now, with this spacing and the fact that you are going to likely
have in a gas zone 30 percent residual gas, when you flush reservoir
rock sandstone with mud filtrate, you tend to displace all but 30 percent
of the gas. Now, the major measurements that we make today or the com-
mercially available is the sonic travel time in traveling one foot through
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this rock with 30 percent gas. Now, normally the correction we make if
it has gas and if the rock is less than 25 percent porosity, we don't
correct for the gas saturation. Data has indicated or what we have had
is that the gas will not affect the velocity. In your work, what do you
feel at reservoir pressure, say 3,000 pounds, 2,000 pounds, pressure with
30 percent gas, how would the velocity be affected by the percent of gas
as opposed to a rock that has a water --

A. I think particularly when the particular log you are talking about looks
just at the primary or first feet sort of thing and that's the compres-
sional wave, there is no question the velocity is fairly strongly affected
by only about 5 percent gas. If you go from an area where the saturation
is truly 100 percent, the saturation is full, into another area where there
is 30 percent gas, and, if there is no lithology change and everything else
being constant, then you should see a considerable change in that feet of
velocity. I think there is no doubt about that. I am not sure what the
percent was, but probably certainly a measureable change — 10, 20 percent,
something like that.

Q. That's not the data -- that doesn't agree with most of the other data that has
been obtained that most people use in log interpretation, x don't know why
it's different, but -- now, the frequency is around 20,000 cycles, I think
most people use that today and the pressure -- you have got a confining
pressure, but it has higher pressure.

A. Right.

Q. And have you gone up to this range to see -- I know we have got some Mobil
people here. I visited their lab and they got a very small change in
velocity with the measurements we made a long time ago, and we got the
same thing. We got erratic results, but not the big changes with the
presence of gas in the rock. We measured this resident, and I could
see this could be superior. We just measured the transit time --

A. Yes, that's the standard lab technique. One thing that we do have
planned is to, again with this vessel -- with the sample in the pressure
vessel and confining pressure applied, to introduce a liquid, say water,
that is more or less supersaturated with gas and introduce this liquid
under elevated pore pressure and then slowly reduce the pore pressure
until the gas begins to come out of the solution. Hopefully, what this
will do is insure us of an even distribution of the gas throughout the
rock, and we will be looking at an effect very similar to what you are
talking about, because we will have high pore pressure and high confining
pressure.

Q. What you need to do is do like the rock does, put some in there and tie
your water and flood it. Then you can entrap the gas at the pressure
you're working at.

A. Right.

Q. The distr ibut ion of gas, and I don't know how much difference i t ' s going
to make, but the distr ibut ion of gas within the pores w i l l be di f ferent
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if you liberate it by dissolved gas drive as opposed to starting with
the gas saturation in the water level. You get a different gas satura-
tion for the same amount of gas. I don't know how much difference that's
going to make, but when you go on an imbibition curve, you end up with a
trap gas saturation of about 30 percent, whereas in 30 percent gas you have
zero permeability gas. But you go the other way of 30 percent gas, and
you will have a high permeability of gas. So you need to --

A. There are a number of things there to keep in mind, particularly one of
the main things is we need to know what the gas saturation is in our
experiment and that's sometimes a little bit difficult.

GERALD KUKAL, CER: I am a little bit concerned, and I don't know if you have
given a lot of thought to the overall justification of this work as far as
borehole work is concerned, but basically I think what you have shown here
is some lab work that demonstrates that as far as velocity is concerned, the
velocity really isn't very sensitive to the differences of saturation of
water.

A. Exactly.

Q. I think you have shown here that attenuation is a l i t t l e b i t more sensi-
t i ve , but what I am concerned about is when you get in a borehole envir-
onment, you have so many other factors that attenuation would come into
play. For example, l i t t l e borehole i r regu la r i t ies , i t would be extremely
d i f f i c u l t to interpret in a downhole borehole s i tuat ion. I don't guess
I real ly have a question.

A. I think I know what you're trying to say, and that is that borehole atten-
uation measurements are not exactly standard, and they're geometry problems,
and they're borehole shape character problems. I am sure that i t is a pretty
formidable problem, and I won't even begin to suggest solutions to them,
but I know there are people working with f u l l wave form sonic logs and
doing special rat io type analysis of the f u l l wave forms and there are some
sort of general waves. I don't know — maybe a l l you're looking at is
relat ive attenuation, maybe not absolute Q or something, but, yeah, I can't
deny that measuring attenuation downhole can be quite d i f f i c u l t .

Q. I t ' s sort of a matter of course, or at least — (inaudible) - - and just a
cursory look of the attenuation of P and S wave does real ly not detect
when gases are present and when gases are not present.

A. What indication do you use of when gas is present or not present? What's
your standard for determining that?

Q. Well, I would hope that you would use the rat io of the attenuation of shears
to heat wave.

A. Right.

Q. As some kind of a guide.

A. Right.
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Q. And actually I have not been able -- maybe I haven't looked at it closely
enough. I have not been able to interpret an actual real effect on the
gas. And I think one of the reasons is because the tool really is not
measuring deep enough into the formation.

A. That may be a \/ery real problem in the acoustic logging devices.

CLINT DUTCHER, Exxon: I don't want to seem to be getting on your case about
this thing, but as mentioned earlier, most of the sonic borehole measurements
that are made right now are at 20 kilohertz and there has been positive data
that we have at 20 kilohertz. Why is that?

A. Why is —

Q. Why did you not take it up to 20 kilohertz? That's where everything is
as far we're concerned.

A. I know that. And the reason that this data does not go to 20 kilohertz
is because of sample geometry, and basically with the system we were using,
we couldn't make the measurements on short enough samples to get the resi-
dent frequency up past 10 kilohertz. And at the time we were doing those
measurements, it seemed that the range we were looking at was fairly sub-
stantial, although we realized it didn't quite go into the logging fre-
quency. And so what will be done in the future with the tight sandstone
is that they will be much shorter samples, and we will push the frequency
up into that range, I am hoping to at least 30 kilohertz. Hopefully, this
data will be available sometime in the reasonably near future, and I can
assure you it will go up past 10 kilohertz.

Q. The other observation that I would like to make and ask a general comment
from the audience in regard to this is that most of the significant effects
that you see are up in the high water saturation area which is generally
not what we're -- we don't want to see that.

A. Yes, I noticed that myself.

Q. Any comments from you or anybody else on that particular aspect? Will
pushing the frequency up change that figure, as a matter of fact?

A. Very possibly. Also, this is one sample, and who knows what the behavior
of the Tight Gas Sands will be because the pore structure is very much
different from this thing. This thing has huge open pores and they're all
\/ery roundish and so forth as opposed to the large number of flat, crack-
like pores, that exist in the Tight Gas Sands. So the picture from this
data doesn't look particularly encouraging for the low saturations, but
at higher frequencies, it may be quite different, and also in the Tight
Gas Sands it may be quite different.

Q. One final observation: Most of the stuff I have looked at so far, and
admittedly it's rather limited, I typically see in zones that we think
are gas bearing and sonic velocities are indeed going down.
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A. Right. I would certainly hope so.

BOB ^'IRPHY, Amoco: Couldn't we offer the comment also that the water
sat ctions in these Tight Gas Sands are fairly high. So that's another
aspect.

A. Right. One thing that's not mentioned here at all, and that is because
of the nature of the attenuation and its dependence on fluid motion and
so forth, there is a good possibility that the attenuation is related
to local permeability on some scale and that means the ease with which
water can flow on sort of a miscroscopic basis. Now, whether that
local permeability can be in any way tied to global permeability in the
sample is another question. But what we're trying to do right now, we
have a considerable body of data on permeability, gas permeability versus
partial water saturation for a number of tight sandstones and that's
actually my primary project, is the permeability measurement. And so
we will be combining the information of the permeability versus saturation
with the attenuation and velocity versus saturation on the same rock type
and trying to make some — see if we can come up with some sort of obser-
vation or relationship there.

K. SAMPATH, IGT: I assume you are measuring the water saturation or gas
saturation by difference in weight?

A. That's right.

Q. Do you think that method is sensitive enough to know a one percent difference
in saturation?

A. Yes. The reason is because the sample is, let's say, 20 percent porosity.
The bulk volume of the sample — well, the pore volume of the sample is
about 30 cc. Now, we measured on a scale that's sensitive to a hundredth
of a gram, so we can see changes in pore volume which go directly to pore
weight or rock weight. In other words, we can detect changes in rock
weight .01 gram, that means .003 percent changes in saturation or some-
thing like that.

LINCOLN ELKINS, Sohio: Your sensitivity is that much, but you don't know when
it's a 100 percent --

A. That's quite another question right there, and we take a lot of pains to
insure full saturation with these rocks because we realize that it's always
impossible to define. You can't go into every little pore and find out if
the thing is full. So all you can do is pull vacuum, as good a vacuum as
you can on the rock, flood the thing with water and apply pressure for as
long a period as practical, and normally we're talking about 2,000 pounds
of water pressure. And since the water is a wetting fluid and we're apply-
ing this large pressure to it for usually a period of several days, then
we're reasonably convinced that we're saturating the rock. Especially this
one because of the high permeability.
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MR. MURPHY: Can you d i p it so you can flow through it?

A. That's something we want to do, and it's a little bit difficult
because normally the pore pressure connection is made right at the
center where the sample is mounted. That's the node. There is no
motion there, so if you clamp it or hold it or connect something
there, you don't change — you don't increase the loss or the decay
rate of the energy. But if you wanted a flow, then you would have
to have connections on either end. That presents somewhat of a prob-
lem, but it may not be insurmountable.

Q. The reason I asked is if you have saturation problems, if you flow
through it, you can measure different pressures and calcdlate
permeability.

A. That's a very good point. Another thing we would like to do with a
flow through situation is to replace one fluid with another of a
different viscosity and observe changes in attenuation behavior with
frequency, and in particular, we would probably use some sort of
silicon fluid, silicon oil, to change the viscosity of the fluid by
flushing one and replacing with another. And these fluid loss
mechanisms, the squirting or sloshing or whatever you want to call
them, should be viscosity dependent.

ALLAN SATTLER, Sandia: In the context of some of the discussions over here
this afternoon about the multi-well test experiment, there rather than deal-
ing with a foot between transducers, you are dealing with tens if not a couple
of hundred feet between transducers and in that environment, all the measure-
ments become quite feasible. In fact, those have been done in other environ-
ments previously. So the application of your work is much more readily real-
izable than in a multi-well experiment.
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ABSTRACT

CATION EXCHANGE PROPERTIES OF THE WTGS

By

Leonard Volk
Bartlesville Energy Technology Center

One of the characteristics of the formations of interest within the basins
of the WTGS Project Area is the relatively high clay content of the potential
producing sands. In this presentation, the influence of the clays on the
measurement of formation (electrical) conductance will be briefly discussed. A
couple of the shaly sands models designed to account for clay conduction
(double-layer potential) will be presented to examine the functional relation
of the cation exchange capacity (CEC) to the water saturation, Sw.

The procedures used at BETC for studying the interface conductivity will
be discussed. Some of the research is concerned with the possible influence
of cations other than Na+ (such as K+) on obtaining Sw. The influence of other
ions, such as Ca + + may be far more important than their free concentration in
formation waters. Other factors, such as the temperature dependence of the CEC,
may influence the use of CEC data in log interpretation.

Typical values for the CEC of the primary basins will be given. Accord-
ingly, logging in the Northern Great Plains Province should.be particularly
plagued by clay interference based on their CEC values. Various methods of
measuring the CEC have been examined and will be presented. The particular
technique to be used depends primarily on the accuracy desired. This presen-
tation will emphasize the research being conducted at BETC.
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CATION EXCHANGE PROPERTIES OF THE WTGS

By

Leonard Volk

Bart!esvilie Energy Technology Center

In this presentation, I am going to discuss some of the work we have been
performing at BETC concerning the cation exchange capacity and its importance
in the WTGS. First, let's examine one of the primary reasons why clays are
important in logging. (Slide 1.)

These curves assume the Waxman-Smits model for rock of 10 percent porosity.
"I" is the resistivity index, which translates to 60 percent water saturation
if there are no clay minerals present. This slide indicates the importance of
the cation exchange capacity when calculating Sw. For example, a cation
exchange capacity of 0.05 + .01 (+ 20 percent) meq/g will result in a change in
Sw of 1.5 percent. As the CEC decreases, an error in the CEC is more important
since we are on a steeper portion of the curve. If you do not account for the
clay at all, the error in Sw can be profound.

Interface Conductivity

Experimentally, the interface conductivity is measured in the laboratory
by plotting the conductivity of the brine-saturated formation versus the brine
conductivity (Slide 2) for several brine concentrations. Extrapolation of the
straight-line portion back to the abcissa allows the contribution of the clay
to the conductivity to be calculated. If no clay were present, the graph
would pass through the origin.

A version of the experimental apparatus we use to measure interface con-
ductivity is given in Slide 3. It has since been upgraded by Jim Jennings of
BETC, but the basic features are similar. The electrical conductivity is
measured as brine slowly flows through the core. The entire system is operated
at 70 degrees Centrigrade.

Slide 4 shows some preliminary results that appear in the May issue of the
Journal of Petroleum Technology concerning the effect of the potassium ion on
the interface conductivity. The dash lines represent the behavior of the sodium
ion. The red are for the potassium ion. The upper curves correspond to
elevated temperature data and the lower pair to ambient temperature runs.
These curves assume the Dual Water model of Clavier, et al. If one were to
assume a Waxman-Smits model, the lines would be straight. The curve for the
potassium ion at elevated temperature is a best fit through the data shown.
Although the potassium and sodium ions behave differently at 25 C, at 70 C
they are very similar. Therefore, as a result of this preliminary study, it
would appear that potassium ion introduced into formations from drilling fluids
will behave similarly to the sodium ion. More work needs to be done, however.

Clay and CEC Values of WTGS

We have looked at core from five wells in the four primary WTGS basins.
Slide 5 gives some pertinent information concerning these wells. As will be
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seen, the JCP well (Northern Great Plains Province) is considerably different
in clay composition.

Slide 6 gives the percentage of samples by well that contain a particular
clay. The number of samples is given in parentheses. ML designates mixed
layer clays of illite and montmorilionite, as indicated by X-ray analysis.
Notice that all samples contain illite. Most of the samples containing mont-
morillonite were from the JCP well--the remainder of samples containing this
clay were shales.

Slide 7 is a summary of clay composition for all wells. The value in the
parentheses is the average amount of clay possessed by those samples having
any of that clay type. The last two slides show that there is not much mixed
layered clays in any of the samples.

The cation exchange capacity data is summarized on Slide 8. This data
includes only those samples that might be categorized as "sandstones." However,
all samples from the JCP well were included because they were all very shaly.
Cation exchange capacities were determined by the ammonium acetate technique.
Each sample was analyzed at least twice and some as many as four or five times
to give an average standard deviation of 7 percent. If you excluded those
samples with a CEC of less than .01 meq/g, then it drops to 5 percent. The
actual accuracy with which the CEC is known would be the standard deviation
divided by the square root of the number of samples.

Measurement of the Cation Exchange Capacity

The ammonium acetate technique has been around for a long time—it is the
standard. However, it is time consuming and tedious, and therefore, expensive.
That is why a number of people have looked for alternate ways to determine the
CEC.

On Slide 9, I have written an equation that would hopefully allow one to
calculate the CEC from the mineral percentage. Clay analysis from X-ray
analysis can be cheaper than CEC analyzed via the ammonium acetate technique.
I am not recommending clay analysis to estimate the CEC, but if clay analysis
is available, the CEC could be calculated if the specific CEC value for each
clay type is known. Published values for the specific CEC have quite a range,
and they are for purified clays. What we really want is a set of specific CEC
values from actual reservoir rock that we could use to calculate the cation
exchange capacity of samples in a given geographic region. We measured the CEC
of over 60 samples for which we knew the amount and type of clays present.
From this data, a set of specific CEC values was calculated. The main problem
with this approach is that the amount of clay from X-ray analysis is usually
only known to +_ 2 to + 3 weight percent of clay. That is, if one had 4 weight
percent of clay in a sample, thr uncertainty could be greater than 50 percent.
The specific CEC values can probably be determined with reasonable accuracy if
enough samples are available, but the problem of error in the X-ray analysis
still plague their use when trying to estimate CEC values.

In Slide 10, the CEC values, as calculated via the equation on the previous
slide, have been plotted against the measured values. The straight line repre-
sents a perfect fit. It is not the least squares straight line through the
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data, but it is very close. The correlation coefficient is .94. This method
may allow estimates of within 20 to 30 percent.

Another possible way of estimating the CEC is to use surface area. In
Slide 11, the surface area has been plotted against the CEC. Surface areas
were determined by the BET technique using Argon. The correlation coefficient
is .67. As with the previous technique, significant error could be made using
surface area measurements to estimate the CEC.

On the last Slide, 12, is plotted the CEC via the ammonium acetate method
versus the CEC as measured by the absorbed water technique. The correlation
is .88, but the slope is only .71. This does not include the obviously
erroneous two points at high CEC. The solid line is for a perfect fit. A
better calibration curve for this geographic region would eliminate the dis-
crepancy in the slope, but not the scatter. Whether or not one uses the
adsorbed water technique depends on the required accuracy.

Another method of evaluating the CEC is based on Barium ion exchange. At
BETC, we have developed a semi-automated technique similar to that of Worthing-
ton. Our apparatus is simpler than Worthington's. It allows one to obtain
CEC's faster at less expense using, not barium chloride as did Worthington, but
barium acetate to minimize corrosion problems. The CEC values are essentially
the same as for the ammonium acetate method with the exception that the CEC's
from the barium ion technique are about 7 percent higher. There are a number
of possible explanations for this. It could be due to the temperature at
which the exchange takes place--the barium exchange is made at 80 degrees
Centigrade to enhance exchange. Another reason could be that the barium
exchange occurs at pH 8.2 rather than 7.0. Whatever the cause, the 7 percent
deviation is consistent and easily compensated for.

Finally, we have been examining the CEC correlations with the lab-derived
potassium-40, uranium and thorium natural gamma ray spectra. These correlations
are not complete, however.
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Slide 4

0.8 1.0

WELL
ABBREVIATION

TA

PTS

MOBIL

CIGE

JCP

Slide 5

SAMPLE
DEPTH, FT.

990-2000

5120-5220

8490-10,000

M60-7430

550-1680
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Slide 6

SUMMARY UF CLAY COMPOSITION BY WELL

% SAMPLES CONTAINING:
WELL

TA (21)

PTS (14)
MOBIL (4)

CIGE (7)
JCP (16)

ALL WELLS
(62)

CHLORITE

100

100

90

100

94

95

KAOLIN ITE

10

21

90

71
88

12

ILLITE

100

100

100

100

100

100

M-L

10

0

75

71
n

16

MONT

10

14

0

0

44

18

Slide 7

RANGE OF CLAY COTOITION

(ALL WELLS)

CHLORITE
KAOLINITE
ILLITE
MIXED-LAYER
MONTMORILLONITE

0-14%
0-12%

2-26%

0-3%

0-17%

(7,8)
(4,5)

(9.4)

(2.0)

(6.5)

MEAN VALUE FOR THOSE SAMPLES HAVING A PARTICULAR CLAY

TYPE GIVEN IN PARENTHESIS.
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Slide 8

RANGE AND MEAN CEC ( M E Q / G ) - SANDSTONES

WELL (BASIN)

1A (PICEANCE)

M (PICEANCE)

CIGE (UINTA)
PT (GREEN

RIVER)
JCP (N. GT,

PLAINS)

DEPTH-FT

1000-2000

8500-10,000

4450-7400

5100-5200

550-1700

NO, OF
SAMPLES

18

4

7

12

14

CEC RANGE

.004-.018

.021-.034

.009-.033

.006-.019

.049-.138

(MEAN)

(.010)

(.026)

(.019)

(.010)

(.081)

Slide 9

CALCULATION OF CEC FROM CLAY ANALYSIS

5
CEC = Z [Sp. CEC]-x [AMOUNT],-

i = 1
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CEC VS SURFACE AREA - ALL DATA
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CEC-AMMONIUM ACETATE VS ADSORBED WATER
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z
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CATION EXCHANGE PROPERTIES OF THE WTGS- Leonard Volk

DISCUSSION:

JAMES PRICE, Gulf: These are still all destructive techniques, are they
not?

A. That's right. The adsorbed water is not entirely destructive, but
it's cluster destructive, depending on what you want to use if for.

Q. So we're not still considering anisotrophy —

A. You mean of the variation of CEC with distance; is that what you are
concerned about?

Q. I am concerned with the CEC and the grinding techniques and so forth.
We know that it does change with grinding and --

A. It does change with grinding, but not with the normal ammonia and acetate
technique where you are passing it through a 16-inch sieve. You have to
grind it down to very fine particles in order for that to make a difference
and we've actually checked that and it's been checked by a number of other
people. Grinding down to that extent really doesn't change it too much.
Now, I say that and then I back off and say that I am really not 100 per-
cent certain what the corresponding CEC would be of an intact rock and that
is going to be difficult because of the kinetics involved with measuring
CEC. Now, you can imagine that the CEC of an intact rock would be some-
what less, but how much less, I really don't know. That again depends on
how the clays are distributed in the rock.

Q. That's what bothers me, I guess, is we're not considering distribution, we're
not considering anisotropic effects in this whole CEC concept.

A. Anisotropic effects would essentially boil down to clay that was locked in
the matrix that you couldn't get to. You could get some kind of an idea
with an SEM for a particular region. That's another aspect of this that we
would like to look at, but it would be strictly from a research standpoint,
because I don't think you could ever get this really commercial, at least
at any price that you or I could afford, and the CEC does vary quite a bit
even from one small region of core to another. I am not a geologist. When
I look at these core, I hold them in my hand and I say, yeah, it's a sand-
stone, but there isn't any evidence of strong bedding or even weak bedding.
I don't see bedding. And yet, I can see a change in CEC by 100 percent over
a distance of a few inches, and so if you are really correlating laboratory
CEC with anything downhole, you may have a problem. That's where it would
be nice to have something such as a natural gamma ray tool that would give
you -- I hope I don't use the word "would" and get jumped on -- would give
you an accurate cation capacity.

BOB MURPHY, Amoco: I may have missed it, but did you have a comparison between
the flow measurements where you use different salinities and compared that with
ammonium acetate CEC?
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A. Flow measurements?

Q. Where you use two different salinity brine — getting back to his
point.

A. Like flow different concentrations of ammonium acetate?

Q. No. Different waters, where you had conductivity water plotted against
conductivity of the core, that approach. Have you got any comparison
between that method and what you measured with?

A. That wasn't really a method at deriving of CEC. That was a method of --
you could estimate --

Q. You can get there?

A. You can estimate CEC, but in order to do that, you have got to get a
handhold on the specific conductivity of these ions. That's all going
to tie it back. Whether you use the dual water or Waxman-Smitts model,
it's only going to be as accurate as that number and so you are going
to introduce another error there.

You have the same problem if you're looking at inner phase conductivity
where you are flowing through a core or doing static test on a core
because you have got to come to some sort of equilibrium, and these are
kinetically very slow situtations. So we don't have any information
where we have used ammonium acetate flowing through that core. Now, the
reason for looking at potassium and the sodium was to see if there was an
effect and, of course, we can't generalize that to anything, I mean to
any other cation, and I don't know that I would use -- you can use ammonium
if you wish, J suppose, just to get some kind of idea, but I think your
errors involved -"n trying to generate a CEC using that would be a little
bit -- might L.~ t.ind of large because you are also assuming a model.

I think probably a better way would be to flow through the core and then
measure the change in ion concentration coming out the tail end of the
core and integrate that. There are a number of ways you can do that, whether
it be atomic absorption or specific ion electrodes or whatever. It's time
consuming and we haven't done that yet.
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DENSITY, SONIC, AND NFIITRON
LOG POROSITY CALCULATION IN THE

UINTA BASIN, UTAH

by

Joe Osoba and Rhett Gist
Texas A&M University

Clarence Raible
Bartlesville Energy Research Center

ABSTRACT

Gas accumulations in Lower Tertiary and Upper Cretaceous formations are the

object of widespread exploration in the Uinta Basin. The complex lithology of

these formations has hindered the usefulness of the sonic, density, and neutron

logs. Current log evaluation practices assume a matrix density of 2.68 gtn/cc

and a matrix travel time of 52.6 micro-seconds/ft. The neutron loq is cal-.^rd^ed

for a sandstone matrix. Conventional analysis yields inconsistent results.

Core and petrographic studies have been made on samples from Lower Tertiary

and Upper Cretaceous formations. Results indicate that a carbonate cement has

filled much of the original porosity and altered the matrix density. Lower

porosity samples tend to be heavily cemented and have matrix densities that

approach, and even exceed, 6.68 gm/cc. Higher porosity samples tend to be

lightly cemented and have matrix densities that approach 2.65 gm/cc.

Log analyses, supplemented by core data, reveal that the higher porosity

samples have matrix travel times that approach r>r>.(> micro-seconds/ft. The

presence of the carbonate cement does not decrease the matrix travel times as

expected. Laboratory measured matrix travel time-, substantiate these conclusions.

Log analyses also indicate the neutron log, when calibrated for a sandstone

matrix, will correctly evaluate the higher porosity, clean sandstones. For

lower porosity sandstones, generally those that a m heavily cemented, an increasingly

dolomitic calibration is needed.
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INTRODUCTION

The problems of log evaluation in the Uinta Bnsin are specific to geology.

Existing logging techniques and interpretation methods, developed for high

porosity, high permeability, and homogeneous formations, are ineffective in

describing the typical Uinta Basin reservoir. The density, sonic, and neutror

porosity logs, particularly important for reserve estimates and economic valuations,

are designed for homogeneous sandstone, limestone, or dolomite reservoirs.

Matrix density, matrix travel time, or matrix composition is assumed constant through

the zone of interest.

Calcareous deposition has occurred in Lower Tertiary and Upper Cretaceous

formations in the Uinta Basin and substantially altered the matrix density.

Current log evaluation practices use a matrix density of 2.68 gm/cc, midway

between the matrix density values of sandstone and limestone. Matrix travel

times are set at 52.6 micro-seconds/ft, a value midway between the matrix travel time

values of sandstone and limestone. The neutron loy is calibrated for a sandstone

matrix. Conventional analysis using those parameters yields inconsistent results.

Information from two wells in the Uinta Basin has been studied to determine

the accuracy of these parameters. Core samples from the Natural Buttes 21 well have

been studied petroqraphically. Core and log data from the Natural Ruttes 21 and

River Bend Unitll-17F wells have boon analyzed.

This study has been divided into two parts. The first consists of a

description and a presentation of the available petrographic, core, and log data.

The second part discusses the results of the analyses and details the parameter

values that should be used to calculate porosity from the density, sonic, and

neutron logs.
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DESCRJPT10N_Q1. PJIROPR.A!'HrC5.
CORE," AND LOR" ANALYS'l S

PETROGRAPHIC

Ten samples from the Natural Buttes 21 woll, !!itter Creek Field, Uinta Basin,

Utah have been analyzed in thin section.

The samples were found to consist of a heterogeneous mixture of frame work

grains composed primarily of quartz, with varyinq amounts of chert, feldspar,

plagioclase, and rock fragments present. The orkjinal grains have been bound

together by a carbonate cement. The carbonate comnnt has also filled much of the

original porosity. Small amounts of authigenie clays, primarily illite and

kaoiinite tend to line the open pore spaces.*

The amounts of each mineral present have been estimated by counting 100

points for each thin section. Quartz grains and carbonate cement are the main

constituents. The quartz fractions for the ten samples range from 24% to 40%,

while the carbonate fractions range from O'i to 58"'..

Porosity and matrix density wen,1 measured on the cores that the thin sections

were taken from. Table 1 lists the porosity, matrix density, and carbonate fraction

for each sample. Figure 1 is a plot of carbonate fraction versus matrix density

for each sample. Figure 2 is a plot or carbonate; fraction versus porosity.

CORE

Cores from two wells in the Uinta Basin have b^en analyzed. Thir ty- f ive core

samples, taken at one-foot intervals wore available- from the Natural Buttes 21 wel l .

Sixty-four samples, taken at one-foot intervals, were available from the River

Bend Unit 11-17F wel l . The porosity and matrix density of each sample have been

measured. Matrix travel time measurements have been made on two samples from

the Natural Buttes 21.

Matrix densities have been converted to bulk densities by the following:

Db = (1-P) DM + (P) Df

where Db and Dm are the bulk and matrix density, respectively, P is the measured

porosity, and Df is the fluid density. This calculated bulk density if the bulk

density of a sample 100% saturated with fluid. Since the Natural Buttes 21 and

* C.W. Keighin 1 has presented a detailed description of the lithology of Upper
Cretaceous formations in the Uinta Basin.
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the River Bend Unit 11-17F are dry holes, the calculated bulk density should be

the bulk density measured by the density log. Figures 3 and 4 are plots of

bulk density versus porosity for the Natural Buttcs 21 and the River Bend Unit

11-17F, respectively. A 'best f i t t i n g ' least squares l ine has been drawn through

the data of each plot . Constant matrix density lines have been added to each

plot . The constant matrix density lino1.; arc a graphical presentation of the

porosity calculation performed by the density log.

Table ? l i s t s the results of (ho in.ilrix travH time measurements on two

samples, saturated with a 2% NaCl solut ion, from Urn Natural Buttes 21.

Measurements were made at reservoir pressure. Thr^e samples were also analyzed

petrographically, so the carbonate fract ion of each is known. Sample 3, with

a porosity of 3.22% and a carbonate fract ion of 58"', has a matrix travel time of

63.0 micro-seconds/ft. Sample 4, with a porosity of 8.367, and a carbonate fraction

of 13%, has a matrix travel time of 55.8 micro-seronds/ft.

LOG

Sonic and neutron logs were available for the Natural Buttes 21 and River Bend

Unit 11-17F wells. Core depths were correlated to log depths, and sonic and neutron

log readings were taken for each sample.

Figures 5 and 6 are plots of sonic porosity versus laboratory measured

porosity. Sonic log porosity calculations were based on a matrix travel time of

52.6 micro-seconds/ft. A corrected matrix travel time was calculated for each

sample using the log travel time, taken from the sonic log, and the laboratory

measured porosity for each sample. Tho following equation was used:

. T. - (P) T f

Tm = ~ -
(1-P)

where Tin is the corrected matrix travel time, T, is the log travel time, P is the

measured porosity, and T f is the f l u id travel time set at 189 micro-seconds/ft.

Since the log travel time and porosity have been measured, the Trn should be the

true matrix travel time of the sample. Corrected matrix travel times have been

plotted versus measured porosity in figures 7 ami R. The laboratory measured

matrix travel times from samples 3 and 4 of the Natural Buttes 21 core, have been

included in Figure 7. A 'best f i t t i n g ' least squares plot has been drawn through

the data of each plot .
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Figures 9 and 10 are plots of neutron porosity versus measured porosity. In

each case, the neutron log has been calibrated for a sandstone matrix. Dolomite,

limestone, and sandstone matrix lines have been included on each plot. Nine

points have been eliminated from Figures 6, 8, and 10 due to holeruqosity in the

River Bend Unit 11-17F well. Duplicate data points in all figures have been plotted

as a single point.

This summarizes the steps used to examine the core and log data that were

available for the two wells. The data iws been presented in the most convenient

graphical form to aid in the discussion of the results.

154



21 J _ _ Pf_RE_SUI.TS.

DENSITY LOG

Figures 1 and 2 show that matrix density and porosity are functions of

the amount of carbonate cement present. Carbonate deposition fills the

original porosity and increases the matrix density. Where no deposition >'di.

occurred, or where the carbonate has been leached away, matrix densities

approach those of a normal sandstone. Natural Buttes 21 and River Bend

Unit 11-17F core analyses (Figures 3 and 4) support this relationship.

Higher porosity samples tend to have lower matrix densities. Use of the

least squares line in Figures 3 and 4 provides the best means of determining

the matrix density that should be used in density log calculations.

The least squares line for the Natural Ruttes ?~\ indicates th.it the

matrix density is truly variable. No single value for matrix density can be

used in density log calculations to obtain statistically correct porosity

values. The higher porosity' zones, however, tend to have matrix densities

around 2.65 gm/cc. Use of this value would provide more accurate values of

porosity than 2.68 gm/cc, which is currently being used.

The least squares line for the River Bend Unit well indicates that although

the matrix density varies, a single value can be used for porosity calculations.

The best fitting line through the data is an almost constant 2.665 gm/cc.

Use of this value in porosity calculations would be more accurate than use of

2.68 gm/cc.

SONIC LOG

Core and log analyses indicate that sonic log porosity calculations using

52.6 micro-seconds/ft are incorrect. Figures 5 and 6 indicate that calculated

porosities are always larger than measured porosities. True matrix travel

times have been calculated using log travel times and measured porosities.

True matrix travel times, plotted in Figures 7 and 8, approach 55.6 micro-seconds/ft

as the porosity increases. This supports the oliMMvation that higher porosity

samples are lightly cemented and resemble clean sandstones. In fact, the carbonate

cement does not decrease the matrix travel time at all. Laboratory measured

matrix travel times, listed in Table ?, support, this conclusion. The current
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adjustment of matr ix t ravel Minos to a v<i]ti<> of '>','.ft micro-seconds/ f t , midv;ay

between the values fo r sandstone and l imestone, to he consistent w i th the .use

of a matr ix densi ty of 2.68 cjm/cc, a vnlun. inidw.'iy hotwoon those of sandstone

and l imestone, i s incor rec t .
3

Research performed by Zanier and Overton indicates that the presence of a

cementing material does not great ly inf luence the matr ix t rave l t ime. Thr>

composition of the framework grains alone determines the matr ix t rave l t i tw:.

The core and log analyses performed in t h i s study show a s im i l a r behavior. Matr ix

t rave l times are unaffected by the presence of the carbonate cement. Higher

poros i ty zones have matr ix t rave l times that approach 52.6 micro-seconds/ f t .

NEUTRON LOG

Figures 9 and 10 are plots of neutron log calculated porosities versus

laboratory measured porosity. Higher porosity samples tend to fall along the

sandstone matrix line. Since the neutron logs were calibrated for a sandstone

matrix, this indicates that the neutron log will be accurate for higher porosity

clean sandstones. The lower porosity samples tend Lo fall around the limestone

and dolomite matrix lines. This is in accordance with the petrographic data. .

Higher porosity samples resemble clean sandstones. The lower porosity samples

have an increasing amount of carbonate cement which causes the total matrix

to resemble limestone or dolomite. Shaliness (..'in also cause the drift towards

the limestone and dolomite lines.

The neutron log, calibrated for a sandstone matrix, will correctly

evaluate porosity in the higher porosity, clean sandstones. As the porosity

decreases, an increasingly dolomitic calibration is needed.
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CON_CLUSl_q_NS

The d e p o s i t i o n o f a c a r b o n a t e cement has f i l l e d t he o r i g i n a l p o r o s i t y and

altered the matrix density of Lower Tertiary ami Upper Cretaceous formations in

the Uinta Basin, Utah.

Current log evaluation practices, which use n matrix density of ?.68 g;*/cc

and a matrix travel time of 52.6 micro-seconds/ft to evaluate the density and

sonic logs, are incorrect. Higher porosity samples have matrix densities that

are less than 2.68 gm/cc and tend to approach 2.65 gm/cc. Matrix travel times

appear to be unaffected by the presence of the enrbonate cement. Higher porosity

samples have matrix travel times that approach 55.6 micro-seconds/ft.

The neutron log , when calibrated for a sandstone matrix, w i l l give accurate

values for the higher porosi ty, clean sandstone. Lower porosity zones require

an increasingly dolomitic ca l ib ra t ion .
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TABLE 1

PETROGRAPHIC ANALYSIS

NATURAL fiUTTES ?1

Sample
No.

1

2

3

4

5

6

7

8

9

10

Percent
Porosity

?.%

4.60

3.??

R.3fi

5.56

9.80

5.18

6.80

5.56

2.46

Percent
Carbonatr

33

37

58

13

9

0

29

42

31

15

Matrix Density
cp/cc

2.69

2.70

2.77

2.fif>

2.67

2.65

2.70

2.72

2.70

2.68

Matrix Travel Time

Matrix Density

Carbonate %

Porosity %

TABLE 2

LABORATORY MEASURFD

MATRIX TRAVEL TTMI'S

NATURAL BUTTfTS ?\

Sample
1

63.0

2.772

58

3.22

Sample
2

55.8

2.645

13

8.36
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figure 3

LARORATORY DKRrVFD I'.H|,f< DENSITY
VS LABORATORY DERIVED POROSITY
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DENSITY, SONIC, AND NEUTRON LOG POROSITY CALCULATION IN THE
UINTA BASIN, UTAH - Joe Osoba

DISCUSSION: .

H. E. BILLINGSLEA, Phillips: Aside from the problem you have with vertical
resolution log versus the small cores, were you really comfortable with the
driller depth of the wire line correlation?

A. We had about an 8 or 9 foot difference in our correlation, up to 10
feet, and it varied somewhat and you could pretty well -- if you
had the section, you could pretty well tell where the logs — you
would have some indication, so that didn't worry me too much after
we got it correlated, but it took a good deal of work. That is a
problem.

And even the two logs, you have to be y/ery careful that when you con-
sider that you are operating a mile and you have got a cable and you
are measuring depths, and some of these tools are pressed against the
side and that cable is like an elastic band. It's like measuring the
width of this with an elastic band rather than a yard scale mark on
it, so you can get variations in depth, and we did some, but that
wasn't too much.

LINCOLN ELKINS, Sohio: I have looked at these problems in a moderately
different way than what you have presented, and this is looking at seven
core wells with all the logs that you mentioned and commercial core analysis,
some of which is plugged and some of which is whole core. But I have looked
at it at a sand zone in a well which may be 10 feet or it may be 60 feet,
treating.it as an individual data point so that everything, all of the poro-
sities, by foot core analysis tends to reduce some of the scatter that your
little graph sample has. It also tends to reduce a little bit of this depth
correlation problem, and I came up with conclusions that are just radically
different than the ones you presented here today.

First of all, the neutron log, these were all plotted by the service com-
pany as sandstone porosity and the bulk of the data of these well averages
are sort of in the 5 to 8 porosity percent range, except that's not all of
them. They go higher and lower. Where the atmospheric pressure core porosity
is on a stress chart like 5 or 6 porosity percent, the neutron porosity goes
anywhere from about 6 percent up to 12 percent, and without a very good trend,
they don't point to a zero. If you put a least-squares line through it, what
have you got? Six percent porosity at zero ~ I mean 6 percent neutron poro-
sity at zero core porosity, so the neutron particularly is not good as a gas
indicator by showing porosity.

Then with all of these, of course, I have plotted ewery way you can plus
then finally going to multiple regression analysis. Of the three basic logs
and not using any handbook values, just curve regression, if you use linear
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regression, why, the sonic log is the best tool. It doesn't give any of the
factors that are the ones that you get out of the handbook. That gives way
too high porosities. The density log is next best. Also we had grain densi-
ties furnished by the service company on this and they go all the way from
264 to 272 as averages for this large group and I made a multiple regression
analysis of grain density versus the three porosity log tools, and I can't
find the low porosity -- I mean the low grain density or the high grain density.
It doesn't identify it. So you're lost on starting with a density log directly.

I finally tried second order polynomials of all three posority logs, and it
best fits the neutron log totally. The best combination that's really usable
is a combination of the sonic log and the density log. It's better than the
sonic log alone, and the standard deviation for that was about 1.1 porosity
percent versus 1.6 for the sonic, versus 1.9 for the density log only.

So I think we have to recognize that in the real world with tools that are
available today, plus or minus 1 or 2 percent porosity as an average over an
interval is the best we can hope for, and then when you plug that into some
formula that uses the resistivity to get to water saturation, why then you
have really changed — well, the sensitivity just isn't there at all.

On those cores, you showed us grain densities versus porosity versus carbonates
and other things that were in it. I don't have anything except grain density
and porosity, and after I heard you present this once before, I went home and
plotted all those, and they all go backwards from the numbers that — it's the
same named sands.

A. You get —

Q. Instead of having a high grain density, low porosity, I find high porosi-
ties.

A. Of course, I got it both ways, so I can't agree with you one way or the
other. The sonic log was wery disturbing. In fact, we got no — you
saw the plot we had for the zone we read, either we selected our zones
poorly or read the logs. Now, in your analysis, how many of your zones
were gas producers?

Q. I don't have this all broken down, but not every one of them has been
tested. Some of these are a dozen zones in one well.

A. What I would expect is that the gas would affect the density log and it
would affect the neutron log, but should affect the sonic log very little.
So if you have zones with or without gas and you get anything but the type
plot we got, you might get a better plot from the sonic log.

Q. I have not gone that much further, but --

A. I think that's very interesting.
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Q. This is work in progress, and you can just look at the plots and the
sonic log is the best. This is using a well zone as a datapoint because
a lot of your scatter areas, scatter of depth correlation that is —

A. We try —

Q. Is reduced on your average pore zone.

A. What we did is we took an interval that we could get a log reading on,
which normally was about two feet, three fee, and then we averaged the
porosity in that interval, but we didn't go as thick a zone as you did.

GERALD KUKAL, CER: I would like to add a little bit more to the already clouded
picture. To point out that sometimes what we need to really keep in mind is the
overall picture in a given basin in a particular formation. And part of the
work that you have done here, for example, with variable matrix tendencies has
to do with the work on two wells, the Natural Buttes and River Bend Buttes where
carbonate is a wery definite problem as far as overall control of permeability.
But I would like to point out that while you might find variable grain densities
in this area, if you go into the Green River Basin, the carbonate is really not
much of a factor in controlling permeability, rather, clay is very much a factor
and the overall energy of the system and the grain distribution of the rock --
how fine a texture the sand grains might happen to be.

So I would just like to throw out something before any overall generalizations,
are made in the Tight Gas Sands porosity determination, that the geology be
figured into each individual basin and a thorough understanding of the control
of the permeability be considered.

DON TOWSE, Livermore: When you look at how you measure your effective porosity
and then you look at your sonic logs, your neutron logs, your density logs,
these kinds of things, and what they measure is the bulk property of the well,
and then if you go back and consider what kind of formations we're talking
about and that these gas sands are where the gas apparently formed in clay,
then you look at this and the formation is not as much as a loaf of bread, but
it did rise a little bit. So I can see no reason to measure the particular
velocity of the mass and bulk property of the rock. It's off because of the
disconnected porosity and this is because the rock has expanded due to the gas
forming in place.

A. Are you saying there is disconnected porosity, that there are zones?

Q. Yes.

A. The pictures — and I asked if they found any in their slides. I keep
•hearing about disconnected porosity, but I haven't seen any. Most of
the rocks I have looked at, and I haven't looked at that many, but I
asked people that have and most of them have not seen this disconnected
porosity because it would have a big effect on comparing core data with
field data if you had a lot of disconnected porosity.
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MR. ELKINS: One more comment. Everything you showed us and everything I have
mentioned here are porosities measured at atmospheric pressure and everything
gets further away from the handbook values when you squeeze those rocks like a
sponge by pulling them and hauling them three or four miles through the core
zone.

A. That's right.

Q. And I don't have any data on that.

A. I agree. We had planned on doing more of that, but time runs out and it
didn't get done.

W. F. BALDWIN, Mobil: Independent of your work, but to back it up after our
first — we quit running the sonic logs and I have got a pretty good correlation
with the density logs with the higher matrix in the sand.

A. We're not as smart as Lincoln. He knows how to do it.

MR. ELKINS: I use the Line method of correlation. I just lay it all out and
look at it.

K. SAMPATH, IGT: Joe, this goes in connection toyour comment about disconnected
porosity. I found out from the geologists I have talked to that if they find
any spot in their thin section rather small epoxy, they assume it's because the
grain has been plugged out during the grinding process. It's possible that some
of it is really disconnected porosity.

A. But on a thin section, you have got a hard time seeing all the connection
channels. I haven't looked at a thin section, but I have seen pictures
of them and I don't know how they could tell whether there is a connecting
link above or below from a —

Q. They say it's connected simply by the fact that the epoxies are —

A. If your epoxy gets in there, that tells you it's connected, but if it
doesn't get in there — well, I am not sure. I am not familiar with this
method, so I have a hard time. I could speak very freely about it because
I don't know anything about it.

MR. KUKAL: I just want to make one further point on porosity because I think
there's a different way of looking at it, another explanation for your observa-
tions. I don't want to steal too much thunder from my paper I am presenting
next May, but basically if you consider two basic things. If you consider a
change in -- (inaudible) -- overall porosity calculation of a density, and
actually what appears from the plots that you have shown, particularly the
Green River Basin project, is that as you get your higher porosities, you have
interpreted a higher grain density as an explanation for your core bulk density
correlation. An alternate explanation would be to assume that you have a lower
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fluid density which would result also in a divergence of the data in the same
way that you explained it. I just wanted to throw that out as another alter-
native explanation. Actually, while I am at it, you might look at tool design.
Not all long spaced detectors have the same spacing.

A. No.

Q. And this actually is pretty critical with this Tight Gas Sands. Some of
the more recent work has shown that the depth of investigation of the
long spaced detector is something on the order of 6 inches in Tight Sands,
and actually this is very critical as far as some interpretations are made
because of the fact that we're interested in how deep the invasion profile
is, and there is every indication that the invasion profile is less than 6
inches in most of the wells we explore today.

A. How do you arrive at that conclusion?

Q. By the fact that as you look at your higher porosity down to about 6 per-
cent porosity, you have a consistently higher log porosity than calculated
porosity.

A. Just the fact that it doesn't correlate with the calculated porosity?

Q. Right.

A. Well, that's a possible explanation, but I think there is a lot of other
explanations for that, too, and one you pointed out, that it would change
with apparent fluid density.

JOEL WALLS, Stanford: You mentioned the sort of non-agreement between your ob-
served measurements and what you would expect from a time average equation, and
the point I would like to make is that the time average equation, if it works,
it's essentially purely fortuitous. There is really no reason it should work,
and the sooner we forget about it, the better off we are.

A. No, you can't forget about it. It's used by everybody and it works fine in
the rest of the industry.

Q. It has no basis in reality.

A. I know that. You can't tell Wiley and those other people that started it
and they've demonstrated it and it works. Like I say, I don't really under-
stand it. It's like the facts of life; I just accept it because it's been
used. Lincoln -- it's the best tool he has got, that's the way he calculates
it. Time average.

MR. ELKINS: But it doesn't use any of the factors that are commonly used in the
industry. It's completely empirical, drawing a straight line and drawing a second
order line through it and --

A. I take it back. It's just a pure guess.
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MR. ELKINS: There is enough other data from the Tight Gas Sands, but a really
detailed study of many suites of cores and logs in the same field that show
it is a nonlinear relation and it is totally an empirical relation. It's just
linear.

CLINT DUTCHER, Exxon: One of the things that I think would be beneficial would
be some idea of why the time average equation works as well as it does and then
show us where the departure comes from. My second comment I think that Gerry
brought up a minute ago and that is that most of the people in this conference
or in these discussions have been concentrating, say, in the Uinta area and
that's different from what I am used to looking at.

Walls said he quit writing the sonic log, Gerry said he likes it, and my results
show I should like it, and I think the emphasis I want to reiterate here is to
look at these things on the basis of the local geology you're working in.

A. Hire more petroleum engineers and geologists.

MR. DUTCHER: And physicists.

MR. ELKINS: This ties in with what he was just saying. All the data I've shown
you here I can put inside a six mile circle. So this is a local spot and I don't
know at all that it will be like any other place, but it is a local thing.

MR. DUTCHER: We appear to have a wide degree of variation locally and globally.

MR. ELKINS: That's right.
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THE DEPARTMENT OF ENERGY'S WESTERN GAS SANDS PROJECT MULTI-WELL EXPERIMENT

D. A. Northrop
Sandia National Laboratories

ABSTRACT

The Department of Energy has initiated a Multi-Well Experiment whose
objectives are: (1) characterization of low permeability, lenticular gas sands
and (2) evaluation of state-of-the-art and developing technology for their pro-
duction. A site has been acquired in the Rulison Field in the Piceance Basin
(S34, T6S, R94W, Garfield Co., Colo.). The lenticular Mesaverde sequence and
the underlying blanket Corcoran-Cozzette are the formations of interest and lie
at depths between 4,000 and 8,600 ft.

Features of this research-oriented field experiment include: (1) three
close-spaced wells (100-500 ft.) for reservoir characterization, conventional
well tests, interference testing, well-to-well geophysical profiling, and place-
ment of diagnostic instrumentation adjacent to fracture treatments; (2) complete
core taken through the formations of interest; (3) a comprehensive core analysis
program; (4) an extensive logging program featuring conventional and experimental
logs; (5) determination of in-situ stress in sand lenses and bounding shales; (6)
application of geophysical techniques to determine sand lens orientation; (7) use
of seismic, electrical potential, and tilt diagnostic methods for hydraulic frac-
ture characterization; and (8) a series of stimulation experiments.

Analysis of data from these activities will yield the following kinds of
information: (1) geologic characterization emphasizing the morphology, proper-
ties, and variability of lenticular sands; (2) a reservoir model for lenticular
sand production; (3) a fracture model including correlations between stress,
geometry, and lens orientation; (4) core-log-well test correlations for imDroved
formation evaluation, and (5) economic assessments.
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THE DEPARTMENT OF ENERGY'S WESTERN GAS SANDS PROJECT MULTI-WELL EXPERIMENT

by

D. A. Northrop
Sandia National Laboratories

Like the advanced logging program you have heard about over the past
day and a half, the multi-well experiment is another activity under DOE's
Western Gas Sands Project. Right now it is the key field activity — one
which will provide direction to our overall program, while at the same time
provide us the opportunity to evaluate the R & D efforts in the field.
It is a completely DOE-funded field experiment that is funded through
Bartlesville to Sandia National Laboratories, the technical coordinator
for the experiment. CER serves as a prime contractor to us and will be
the operator at the sight and provide field engineering expertise. There is
also a technical review panel from industry that provides guidance to us
and gives us an industry perspective on the experiment.

The multi-well experiment is a research-oriented field laboratory,
and its two broad overall objectives are to obtain a comprehensive charac-
terization for a lenticular tight gas reservoir and to evaluate current
and developing technology for the production of these reservoirs. Numerous
specific goals have also been defined and examples of these will be shown
later. The key feature are three close-spaced wells. The ]00-500 foot
spacing planned for these wells is less than the nominal dimensions of the
lenses in the area. Core, log, and well testing and well-to-well siesmic
work will allow a far better definition of the geological setting than has
been possible so far. Full core will be taken throughout the lenticular mesa
verde sequence and into the underlying Corcoran and Cozzette blanket forma-
tion. These lie at depths from 4,000 feet to 8,500 feet at our location.
The comprehensive logging and core analysis programs will be described
in later talks.

The close-spaced wells also allow us to do well-to-well interference
testing and to obtain an accurate value of the in-situ permeability and
porosity. One of the wells is designated as the stress well and will be
used to determine the variation of in-situ stress throughout the interval
of interest. To date, the R & D has shown that this variation in the
stress, or stress profile, has been found to be the dominate influence
on controlling hydraulic fracture propagation. This stress well is one
facet of a comprehensive experiment activity to address the influence
of earth stresses upon stimulation and production. Two of the wells will
be used as observation wells during stimulation in the third well. Once
the wells have been drilled and cased and preliminary intervals selected,
a series of stimulation experiments will be defined. Each experiment will
have its own set of experimental objectives and specific well testing
diagnostics and analyses defined for that individual experiment.
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The overall experiment data will be put into the various analyses and
used in development of various models. An overall systems model will serve
as the bottom line for the experiment. The systems model will consist of
three parts: the geologic model to define gas in place, the stimulation
model to give the production as a function of time, and an economic model
that will yield the cost and the rate of return. This formalism is not
unique or new. However, from this experiment we expect much more data
to be available so the models can be more accurate and the economic pro-
duction from this unconventional reservoir can be better defined.

The motivation for the multi-well experiment is simple: The past and
current field tests provide insufficient data to determine a critical para-
meter's effect in gas production. Let me illustrate this point; slide 1
gives results from a previous government industry field experiment in the
lenticular sands. Shown are four different fracture intervals that were
done at different depths in a given well. Note the difference between the
design-fracture length and the observed fracture length—calculated from a
tight curve match. More striking perhaps is the lack of substantial im-
provement in flow before and after stimulation. Normally we are looking
for something like an order of magnitude increase in flow, or at least four
digits in the post-frac flow. Why the disappointing results? Unfortunately
it is an underdefined problem. Only gas production data along with log
descriptions are available to be used for analysis. Thus, the following
postulates are all valid: Perhaps the fracture went out of zone, perhaps
the lenses are smaller than believed, maybe the shale zones were not propped
or the fracture conductivity is poor, or, concerning the topic of this pro-
gram, the current logs and analyses cannot accurately identify-the gas bear-
ing sands and the amount of gas which is present.

Field tests to date have shared these characteristics. They have gener-
ally cost-shared with industry resulting in production-oriented plans, schedules,
and budgets. The well spacing has been greater than a mile, and we know that
is greater than the lens dimensions, so there is no well control. Limited
core exists for the intervals that were subsequently fractured. Limited, if
any, fracture diagnostics were applied. And, as I have stated before, you
would only have limited data for analyses from gas production and logs.

The intent of the multi-well experiment is to reverse all these charac-
teristics. We believe we will be able to answer many of the key questions
concerning production from these reservoirs. Let me present two examples.
The first question is to determine the fracture geometry in relation to
lens orientation and extent. This is done by combining data from various
activities. The geologic characterization will give the properties and the
amount of gas present within a lens shown here in plan view, slide 2, or in
cross section, slide 3. Seismic surveys will give an idea of the trend of
these channels and some idea of their extent. Fracture diagnostics will
indicate what the fracture orientation is relative to the lens, and also
whether the fracture stayed within the horizon of the lenses or grew up
as shown by the dashed line in slide 3. Finally, the in-situ stress infor-
mation will help explain why the fracture went in that direction. From
these different activities, there is enough information to determine the
effective fracture area in contact with a lens of known geometry and
properties. We think it is a defined problem, and some of the answers can
be obtained.
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The second problem, a critical question for the lenticular sands, is to
determine whether or not lenses not in contact with the well bore can be in-
tersected and produced by a conductive fracture. One way of doing this is
to conduct an initial stimulation with a moderately small volume in an inter-
val where a lens contacts the well bore. The zone is tested, then fractured
again at a later time with a significantly larger volume of fluid. The two
gas productions are then compared. Again we can combine data from various
activities to answer this problem. It seems this question is a real key in
terms of determining whether or not one can produce these lenticular sands.

It has been time consuming, but we now have an experiment site. A five
year agreement was reached with Superior Oil Company. They designated that CER
would be the operator for their lease in the Rulison field near Rifle, Colo.
The location satisfies many of our criteria for a site. It has excellent po-
tential for gas production based on good well control. It is representative
of the lenticular sand resource, the target of our experiment. It has an under-
lying blanket formation for comparison, and, perhaps best of all, it has very good
logistics for year-round operation.

Slide 4 gives the current schedule for the experiment: a one-year construc-
tion phase followed by a four-year experiment phase. We presently plan to go to
the field in May, and we will probably spud the well on June First. We have
funding in hand at the current time to complete two wells and to do the field
efforts associated with them through September 1982. Future funding will dictate
just how well we can meet this schedule.

In summary, the multi-well experiment is a research-oriented field labora-
tory to characterize lenticular gas sands and evaluate technology for their
production. There are various comprehensive activities and analyses being
provided. The bottom line is that we believe we will be able to define the
critical parameters and answer key questions concerning gas production from
these lenticular reservoirs.
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Slide 1

FRACTURING RESULTS: MHF-3 EXPERIMENT

FLUID VOLUME (GAL)
SAND PROPPANT (LBS)
FRAC INTERVAL (FT)

DESIGN FRAC LENGTH (FT)
POST-FRAC LENGTH (FT)

(PRODUCTION MATCH)

GAS FLOW, BEFORE (MCF/D)
GAS FLOW, AFTER (MCF/D)

1

117,500
400,000

40

840
110-170

C
O

 
C

O

HYDRAULIC FRACTURE

2

285.000
880.000

80

920
150

57
137

3

344,000
809.000

112

860
100

43
160

4

228.000
448,000

20

1648
20-30

55
69



Slide 2

GOAL: DETERMINE FRACTURE GEOMETRY IN RELATION TO LENS ORIENTATION AND
EXTENT TO SEPARATE FACTORS AFFECTING GAS PRODUCTION

DATA FROM:

GEOLOGIC CHARACTERIZATION

SEISMIC SURVEYS

WELL TESTING

FRACTURE DIAGNOSTICS

IN SITU STRESS

SAND LENS

HYDRAULIC FRACTURE



Slide 3

CO

GOAL: DETERMINE IF LENSES NOT IN CONTACT WITH THE WELLBORE CAN BE
INTERSECTED AND PRODUCED

FRAC WITH DIFFERENT VOLUMES

DATA FROM:

GEOLOGIC CHARACTERIZATION

SEISMIC SURVEYS

WELL TESTING

FRACTURE DIAGNOSTICS

IN SITU STRESS WELL



Slide 4

CURRENT MULTI-WELL EXPERIMENT SCHEDULE

SITE LEASE
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LOG
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SELECT INTERVALS
STIMULATION

MWX-1

MWX-2

AND
EXPERIMENTS

PRE-FRAC TESTING
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ANALYSIS AND EVALUATION
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THE DEPARTMENT OF ENERGY'S WESTERN GAS SANDS PROJECT
MULTI-WELL EXPERIMENT - Dave Northrop

DISCUSSION:

JOE OSOBA, Texas A&M: Suppose the first well turns out to be a dry hole?

A. We have a plan to get together to look at the data to determine whether
or not we should continue with a second well. We think we have done our
site selection adequately so that we have confidence in the site. We're
back to square one again if it is a dry hole. I should say that the
closest well is a Juhaun Federal well that goes through to Mesaverde
less than a mile away, and that semms to give us very good confidence.

CLINT DUTCHER, Exxon: In your efforts to interconnect the lenticular sands
with the various lenses, you say you test then to see whether or not you have
done that. One of the thoughts that occurs to me is that the production rate
may not change even if you do interconnect them; whereas the total reserves
available may be significantly different. How do you plan to differentiate
between those situations?

A. Are you talking about the experiment with the different fracture size?

Q. Yes.

A. Pose your question again.

Q. The rate may be totally determined by the permeability.

A. Okay.

Q. And so it may be a long time before you would ever really know whether
or not you did interconnect those sands and I am wondering how you
plan to distinquish that situation?

A. If you draw down your first lens while you test it, to some extent, you
will have a low pressure in that area. When you fracture through that
sand again with a fracture fluid, you will probably kill the production
from that original sand that was in contact with the well bore and you
will then get, first, new production out from the new sands which you
intercepted. If you draw that first one down sufficiently, fluid will
invade it and essentially kill production from that for a long enough time.
The question will be when you do your second fracture, will you get any gas
production at all, and if you do, you have intercepted the remote sands.
Eventually that interior sand will come on board again.

CHARLES ATKINSON: I think after that first fracture coupled with sufficient
production times and with our larger fracture in this particular case, we
would be able to know about how much net pay we have got connected and I
think we could probably see a difference there. It's tough, though, I
agree. A lot of ambitious goals here, too.
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MULTI-WELL EXPERIMENT OPERATIONS

R.L. Mann, CER Corporation

ABSTRACT

Three closely spaced wells will be drilled and completed in a similar manner.
The first well, MWX-1, will be cored from the top of the Mesaverde at approxi-
mately 3,950 ft to the base of the Corcoran at approximately 8,504 ft. The
upper portion of the well will be drilled using a conventional low solids non-
dispersed mud system. A 13-3/4 in. hole will be drilled to the top of the
Mesaverde. After running a minimum logging suite, 10-3/4 in. casing will be
set and cemented. After drilling out the shoe, the mud system will be con-
verted to an oil base system and the well cored using conventional coring
equipment. An 8-3/4 in. x 4 in. coring assembly will be used to core this
4,600 ft interval. Approximately 25% of the core will be oriented. DSTs will
be run on potential reservoir sands encountered during the coring operation.

At 6,500 ft an interim suite of logs will be run. Coring and DSTs will con-
tinue to TO. After logging in the oil base system, this mud will be displaced
with a modified polymer mud system and the hole reamed from 8-3/4 inches to
9-1/2 inches through the open hole section from 3,950 to 8,600 ft. The well
will again be logged with the modified polymer mud in the hole and then a 7 in.
production string will be run and cemented.

Present plans are to drill MWX 2 and -3 in a similar manner except that only
selected intervals will be cored and tested based on results of (WX-l. A
limited amount of coring will be attempted in selected intervals using a
pressure core barrel. After the three wells are drilled and cased, the
individual zone testing and stimulation will be initiated.

The closely spaced wells will be used as observation"wells during the fracture
treatment and also as pressure monitoring wells during the pre and post stim-
ulation testing.
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This is a brief discussion about the Multi-well Experiment operations. f*

First of all, criteria for site selection were: (1) a sequence of

lenticular sands representative of those which contain the bulk of the

tight sand resource; (2) a blanket sand section so that a comparison can

be made of stimulation results; (3) sufficient geological control for

assurance of productivity; (4) both water-productive and gas-productive

sands to compare log responses in each; (5) a site close to a road,

pipeline and electric power and at an elevation to allow year-around

operations; and (6) a site to be made available to the government for the

estimated five-year term of the experiment.

Well control in the area is excellent. Northwest Exploration is drilling

a number of wells north of the Colorado River, within several miles of

the location. Also there is one well two miles north and one well 3/4 of

a mile northeast (Juhaun Federal) of the location which have both been

drilled through the Corcoran-Cozzette Formation. This location is in. fact

the old Rulison Field.

Slide 1: Map of area/location. Near Grand Junction and Rifle, Colorado.
The arrow in the slide points to the old nuclear site, Project
Rulison. Site location is Section 34, T6S, Range 94W, Garfield
County, Colorado

The Mesaverde sequence and the underlying Corcoran/Cozzette are the forma-

tions of interest and lie at depths between 4,000 and 8,600 ft. The first

well, MWX-1, will be cored from the top of the Mesaverde at approximately
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3,950 ft to the base of the Corcoran at approximately 8,504 ft. The

upper portion of the well will be drilled using a conventional low

solids non-dispersed mud system. A 13-3/4 in. hole will be drilled to

the top of the Mesaverde. After running a minimum logging suite, 10-3/4

in. casing will be set and cemented. After drilling out the shoe, the mud

system will be converted to an oil base system for coring. An 8-3/4 in. x

4 in. conventional coring assembly will be used and selected core intervals

will be oriented. Oil base mud has been selected because it should insure

better core recovery and stable hole conditions for any DSTs that will be

run on potential reservoir sands encountered during the coring operation, and

because of the long duration the hole will be open.

Slide 2: shows the lower portion of the hole after the 10-3/4 in. shoe
has been drilled out.

At 6,500 ft interim logging will be conducted. At total depth after logging

in the oil base system, this mud will be displaced with a modified polymer

mud system and the hole reamed from 3-3/4 inches to 9-1/2 inches through the

open hole section from 3,950 to 8,600 ft to obtain maximum well bore exposure.

The well will again be logged with the modified polymer mud in the hole and

then a 7 in. production string will be run and cemented.

Present plans are to drill MWX-2 and -3 in a similar manner except that

only selected intervals will be cored and tested based on results of MWX-1.

A limited amount of coring will be attempted in selected intervals using

a pressure core barrel. After the three wells are drilled and cased, the

individual zone testing and stimulation will be initiated.
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Slide 3: casing program = 10-3/4 in. pipe as the intermediate or surface
pipe to about 3,950. Run 7 in. casing to TD. The reason for
7 in. over 5-1/2 in. is that it simply allows more flexibility
during the testing and fracturing stage (i.e., two strings of
tubing—one for instruments).

Slide 4: Drilling time curve projected for operation. Estimate about
15 days to drill the surface hole, log and case it. Another
30 days to the intermediate logging point at 6,950 ft. Continue
coring to TD, another 30 days, and then log, ream, re-log and
run pipe. Total time of about 105 days for the program.

All potential pay intervals that are identified from core analysis and mud

logging will be drill stem tested (DST) using the closed chamber technique.

It is planned to use a very short initial open flow (approximately 30 seconds)

and"then 30 minutes to one hour shut-in to establish initial bottom.hole

pressure in these low permeability sections. The second flow and shut-in

period will be determined from testing experience in other zones. Initially

it is planned for the second flow period to be one hour with a 12-hour

shut-in period. These times will be adjusted as hole condition and testing

experience dictate. Intervals will be selected on the basis of log, core,

and test information for a series of individualized stimulation programs.
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FORMATION TOPS FOR PROPOSED MULTI-WELL EXPERIMENT LOCATION

August 26, 1980

Proposed site elevation: 5,490 ft

Proposed location:

Surface exposure:

1,000 ft FEL, 2,400 ft FSL, Section 34,
T6S, R94W

Tertiary Wasatch Formation

Formation tops for Southern Union Gas Co., #1 Juhan-Federal. All tops
from KB (5,467 ft), GL (5,449 ft).

Fort Union
Ohio Creek
Mesaverde
Rollins

3,200 ft
3,892 ft
3,939 ft
7,620 ft

Mancos Tongue
Cozzette
Corcoran
Base of Corcoran

7,840 ft
8,012 ft
8,343 ft
8,463 ft

Formation tops for the proposed location based on #1 Juhan-Federal. All
tops from KB (5,502 ft), GL (5,490 ft).

Fort Union
Ohio Creek
Mesaverde
Rollins

3,241 ft
3,933 ft
3,980 ft
7,661 ft

Mancos Tongue
Cozzette
Corcoran
Base of Corcoran

Total Depth

7,881 ft
8,053 ft
8,384 ft
8,504 ft

8,610 ft
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6,500' in Oil Base Mud
System - 834" Hole
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PMWX NO. 1
Revised Drilling Progress Chart

i i i i i i \ r i i

' 80 ft of 16 in. Conductor Casing • Redi-Mix Cement to Surface

Drill 13-% in. Hole to 3,900 ft+ to Top of Ohio Creek Formation - 15 Days

Run Open Hole Logging Suite - Run & Cement 10-% in. Casing
Drill out and change Drilling Fluid System - 5 Days

Core Interval 3,950 ft to 6,500 ft - 8-% in. x 4 in.
Core Assembly - 30 Days

Interim J,(iig>iuu ami Well I'mducliuii
Tests in Open Hole - 6,500 ft - 5 Day.-,

l.'oM- l i i l t -n. i l ii.-.Ah) 1! hi
8,(510 l'l K-!i in. \ I HI.

('ore Assembly .')() IKiys

T.D. • 8,(510 II

Log Interval 6,500 ft - 8,610 ft in
Oil Base Mud System - Formation Testing and Kvaluulion
Change Mud Systems - Open hole from 3,950 ft to 8,610 ft
Relojj well in LSND System - Run and cement 7 in. I'roductimi
Casing - 20 Days

0 10 20 30 40 50 60 70 80 yo 100 110 120 130 140 150
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Slide 4
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MULTI-WELL EXPERIMENT OPERATIONS - Robert Mann

DISCUSSION:

JOE OSOBA, Texas A&M: What have you budgeted for the cost of the well?

A. The cost of the well including the entire planning stage to the point,
this is not including the stimulation program, is four million dollars.

Q. For the first well?

A. First well.
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MWX LOGGING PROGRAM

Gerald C. Kukal, CER Corporation

ABSTRACT

The MWX-1 Logging Program is a comprehensive log suite designed to evaluate
tight gas sandstones. A unique feature is its two mud system design which
is necessitated by the extensive coring of this well. Logs will first be
run in oil. The hole will then be reamed, circulated with a fresh-water
mud system, and relogged.

The MWX-1 Logging Program was designed through the combined effort of BETC,
Sandia, CER, Service Company Log Analysts, Logging Consultants, the MWX
Industry Advisory Committee and the WGSP Logging Committee.

The log suite consists of conventional logging tools in addition to develop-
mental and experimental tools. The more exotic logs included in the suite
are Multifrequency Induction, Litho Density, Spectral Gamma, NML, Borehole
Televiewer, Circumferential Microsonic, Dielectric Constant Log, Carbon/
Oxygen Leg and Electromagnetic Propagation Log. Procedures that will be
followed during logging will be those in accordance with the WGSP Log Quality
Control Checklist. Extensive repeat sections will be run on all radio-
activity-type logs. There will be a concerted effort to record as much
raw data as possible. Included will be measurements such as count rates,
sonic wave trains, free precession decay and photographs of neutron-gamma
spectrum buildups.

All data including raw data will be recorded on magnetic tape. Dipmeter
will be processed using Standard Cluster and Geodip. Mechanical properties
logs will be generated using direct measurements from the shear wave. LOGCALC
computer programs will be utilized for computer log analysis.

ORAL PRESENTATION OF PAPER

Thank you, Charlie. I do not have too much this afternoon. I am going to
go through the main parts of the MWX-1 Logging Program. As some of you might
be aware, a log analyst given a chance to design an all comprehensive logging
program is somewhat like a kid in a candy store. The original ground rules
that I was given was act as if money is not a constraint and simply try to
design the very best logging program that can be run for tight gas sands.
So we put out several initial attempts at the logging program. The thing
has been revised several times. There has been a general cooperation on the
part of government and industry, including service companies and major oil
companies. Several logging consultants have also been in on the design of
the program. I think that at this stage we have a pretty good working logging
program. However, it is still not firm. There could be some possible addition;
or at least suggestions made in the overall development of the program.

There are several features that are unique to this logging program (Slide 1).
First, it features the use of two different types of drilling fluids. The
first type would be the oil based system, so of course, the logging program
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is designed to operate in an oil base system. This system is fairly unusual
in that we expect an extremely shallow invasion profile. Studies by Sandia
within the past several months have shown that the depth of invasion is
probably on the order of about a centimeter, with the type of drilling fluid
that we are going to initially use. Actually, it may be a little bit more
than that in some of the more permeable zones. But, for the most part it
is wery shallow. We would then ream the borehole by removing approximately
a centimeter from the radius of the well using a low solids non-dispersed
type system. It is not clear what this system is going to be. It is probably
some type of modified polymer system. Or perhaps a 2% potassium chloride
system. What we want to do is make a more or less fresh-type system, but
at the same time we do not want to jeopardize the hole. So we might have to
compromise a little bit here just in order to get the job done because we have
quite an extensive logging program.

Second, the log suite is somewhat an unusual feature. We do have quite a few
developmental and experimental logs that are included and I plan on going through
the entire program with you this afternoon. However, I just want to mention
in passing that we do have some fairly unusual logs that will be included.

Thirdly, we plan on extensive repeat logging. Particularly for the statisti-
cal type tools, i.e., the radioactivity type tools. When we have different
log runs (intervals), we plan on repeating through that same interval at a
different point in time.

Fourthly, we plan an extensive recording of raw data. This will be all digi-
tal data. Such things will be included as count rates for our radioactivity
type tools. All sonic wave trains will be digitally recorded. We will have
a digital recording of NML free precession decays and a digital record of the
entire spectrum for spectral-type logs.

I am going to go through each stage of logging, i.e., each run. The first
run is of very little interest (Slide 2). It is our intermediate hole and
is prior to actually beginning our coring program. But a couple of these
logs will be useful for establishing profiles and also for a seismic corre-
lation work. So we plan on running a basic logging suite from our surface
to 3900 feet (Slide 2).

Run 2 (Slide 3) is from 6500 feet to 3900 feet, this is our intermediate
stage of logging and it follows approximately 2600 feet of .oring. We will
be running a pretty basic suite. The Dual Induction, Sonic, we will try the
Litho-Density which is more or less a developmental tool and is commercial
now. It is a little better density tool perhaps than some of the tools we
have had in the past because it includes both the photoelectric effect as
well as Compton scattering. Also, we will run the Compensated Neturon and
a Natural Gamma Spectroscopy or Spectralog.

Our third stage (Slide 4) of logging is really our biggie. This is at our
TD and during this stage we really will go all out to do everything we can
that we think is important in an oil mud. This is a pretty exciting stage
of the logging and we expect that this total process will probably take place
over about a week and half. To start with, we plan on running a developmental
tool called a Multi-Frequency Induction. It still has a kilohertz type fre-
quency range, however, three different frequencies. The Litho-Density again
will be used and run over the upper interval as well. We will run the standard
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Compensated Neutron which is a thermal type tool. Our Natural Gamma Spectro-
scopy again, we will be recording the natural spectrum of KUT. The sidewall
epithermal type tool which is a neutron - epithermal type, so it will be
independent of capture cross section. The Long Space Sonic and actually it
is quite likely that this is a multiple spaced sonic, depending upon what we
have available. Again, we will digitize wave forms. We will have the dual
spacing Thermal Decay Time, the M tool which provides a little better statis-
tics. The Nuclear Magnetic Log which is a commercial log - somewhat develop-
mental although, it certainly is not new. And we plan on digitizing the
free precession decays in selected intervals. The Borehole Televiewer will
be taken off the shelf and we will perhaps be able to correlate that with
fractures.

The Circumferrential Microsonic which is a four pad sonic attenuation device.
For those of you who are not familiar with it, it is a device that has trans-
mitters and receivers in four pads and the sonic signal actually goes radial
to the well bore. You can get a pretty good feeling for when there is a
fracture by the attenuation that is taking place between any given transmitter
and receiver.

A Dielectric Constant Log is on our plan. This is a megahertz type tool.
The Compensated Density will be a redundant tool. Actually this is one of
the few redundant logs that we have scheduled although actually it may pro-
vide additional information because of differences in tool design. Also a
continuous Carbon Oxygen Log with a few selected stations. There will pro-
bably be digitization of the entire spectrum.

Run four (Slide 5) is also a fairly complete log suite only in a different
fluid. And of course, we will change the logging program for the different
fluids, trying not to be too redundant and picking up as much new information
as we can. This particular run will now include an SP and the SFL. We will
now be able to run the Dual Laterolog along with the Dual Induction and also
get a Micro SFL or some Rxo device. Also the Electromagnetic Propagation Log
with a Micro-log. The Litho Density again, the Compensated Neutron again.
Actually, we expect to see a different invasion profile so this is of interest
and may not be redundant here. And the Dipmeter with computer processing.
There will be about four separate passes and one of the passes will be the
presentation of the Fracture Identification Log.

Finally, we have a cased hole program (Slide 6). We don't really plan on
doing too much formation evaluation with the cased hole program, but we
would like to have a base log suite in cased hole. We will run the Cement
Bond Log to evaluate the cement job. Also, the Neutron Lifetime Log or
TDT type log and the Long Space Sonic. Also, for correlation with our planned
seismic work, we will have a velocity survey run. This will perhaps help
define the geometry of the sand bodies.

We do plan on doing a minimal amount of computed logging (Slide 7). This
will be a quick look type log at the well site. We will record all of this
information on magnetic tape and we will composite several runs so that we
can have some system available so that we can utilize all of this data. We
plan on doing our fast track and middle track log analysis using LOGCALC
software program for computer log analysis and also we plan on putting to-
gether a mechanical porperties log based upon the measurement we make of
shear wave velocity.
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That is a pretty comprehensive program. I have noticed that even though it
is pretty comprehensive that many of you had some additional suggestions
which is to say that it is not all comprehensive and as a matter of fact,
every suggestion that you made was included in our original logging program.
But this program has been somewhat cut back due to budget limitations.
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SLIDE 1 - MAIN FEATURES OF MWX-1 LOGGING PROGRAM

1. TWO TYPES OF DRILLING FLUIDS

• OIL MUD

• LOW SOLIDS NON DISPERSED

2% POTASSIUM CHLORIDE

2. EXOTIC LOG SUITE

• DEVELOPMENTAL LOGS
• EXPERIMENTAL LOGS

3. EXTENSIVE REPEAT LOGGING OF STATISTICAL
LOGGING MEASUREMENTS, EG. RADIOACTIVITY
TYPE LOGGING TOOLS

4. EXTENSIVE RECORDING OF RAW DATA ON MAGNETIC TAPE

• RADIOACTIVITY TV?E LOG COUNT RATES

ff DIGITAL RECORDING OF ACOUSTIC WAVE TRAINS

• DIGITAL RECORDING OF FREE PRECESSION DECAYS

• PHOTO RECORD SPECTRAL ANALYSIS FROM
MULTICHANNEL ANALYZER
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SLIDE 2 - RUN 1 3,900 FT - SURFACE (LSND MUD)

DUAL INDUCTION

BHC SONIC/GR/TTI

FORMATION DENSITY

COMPENSATED NEUTRON/GR

SLIDE 3 - RUN 2 6,500 - 3,900 FT (OIL MUD)

DUAL INDUCTION

BHC SONIC/GR/TTI

LITHO DENSITY

COMPENSATED NEUTRON/GR

NATURAL GAMMA SPECTROSCOPY
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SLIDE 4 - RUN 3 8,600 - 3,900 FT (OIL MUD)

MULTIFREQUENCY INDUCTION/GR
LITHO DENSITY
COMPENSATED NEUTRON
NATURAL GAMMA SPECTROSCOPY
SIDEWALL EPITHERMAL NEUTRON/GR
LONG SPACE SONIC/GR/TTI
WITH WAVE FORM DIGITIZING

DUAL SPACING TDT (M TOOL)
NUCLEAR MAGNETIC LOG

(20 STATIONS - DIGITIZE FREE PRECESSION DECAYS)
BOREHOLE TELEVIEWER (OR PULSE ECHO CBL)
CIRCUMFERENTIAL MICROSONIC LOG
DIELECTRIC CONSTANT LOG/GAMMA /o-zoo
COMPENSATED DENSITY/GAMMA/CALIPER

(2210 TOOL)
CARBON/OXYGEN LOG CONTINUOUS
PHOTO RECORD EACH STATION
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SLIDE 5 - RUN 4 8,600 - 3,900 FT (LSND MUD)

DUAL INDUCTION/SFL/SP

DUAL LATEROLOGA SFL/SP
ELECTROMAGNETIC PROPAGATION WITH MICROLOG

LITHO DENSITY

COMPENSATED NEUTRON/GR

DIPMETER
STANDARD 4 x 2 FT CLUSTER
GEODIP (800 FT SELECTED INTERVALS)
3 PASS 1 FT x 4 IN. CLUSTER

FRACTURE IDENTIFICATION LOG
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SLIDE 6 - RUN 5 CASED HOLE (FRESH HATER)

CEMENT BOND LOG - GAMMA/CASG. COLLAR

LOG VDL AND WAVE TRAIN PRESENTATION

DUAL SPACING TDT (M TOOL)

LONG SPACE SONIC WITH VDL/GR

SURFACE - DOWNHOLE VELOCITY SURVEY (CHECK SHOT SURVEY)

SLIDE 7 - COMPUTED LOGS - LIBRARY TAPES, ETC.

CYBERLOG

COMPOSITING RUNS (RUNS 2, 3, 4)

LIBRARY TAPES (ALL LOG RUNS)

ADVANCED COMPUTATIONS (COMPRESSIONAL AND
SHEAR MECHANICAL PROPERTIES)

OTHER COMPUTATIONS (RWA, VISUAL MERGERS)
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MWX LOGGING PROGRAM - Gerald Kukal

DISCUSSION:

CLINT DUTCHER, Exxon:. Can I suggest you also run a gamma ray?

A. We don't have a gamma ray in here?

Q. The reason I say that is because in general we've had some real problems,
with this correlation problem, and if you run the gamma, I think on most
of the things you have listed there, you can run a gamma ray. So what
I suggest is you run a gamma on ewery single logging run that you make,
and I know that the dual induction will support a gamma ray in the same
run.

A. This is the point. The original plan was if we had no dollar constraint,
and I realize that adding a gamma ray is pretty minimal, but —

AUDIENCE: It's a foolish trade-off.

A. Let me use an example of, say, a Dual Laterolog. Normally, in this parti-
cular type of rock, you turn it around and it looks like a gamma ray. So
really a gamma ray for correlation isn't necessary. But I will go along
with you on the dual induction. A gamma ray could be pretty helpful.

ROBERT L. MANN, CER: What do you anticipate your Rw to be?

A. It's somewhere on the order of .2 at formation temperature.

Q. Are you going to run a TDT with that using it for something?

A. Well, the main thing, we certainly don't want to exclude it, because we
want to have something set up so that we can compare with our case. We
would like to actually be able to correlate in several stages. If you
look down the line, it would be helpful to have a TDT in open hole, en-
cased hole and then perhaps after a fracture.

R. A. BRODING, Amoco: What's the dollar budget on that?

A. On our entire program?

Q. Yes.

A. $280,000.

Q. I might mention the fact that you have a priority set on the log in case
you have hole conditions that are —

A. Yeah. Our priorities really have not been formalized. They're subject
to review, but we have actually gone through the entire program, and we
put a one - two - three type priority system on it based upon things
most people feel are most important.
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MR. DUTCHER: Do you know whether or not that microlog — whether or not you
could get a prox from the microlog?

A. It's not in the price book, but it's possible that one would be offered.

Q. I would like to suggest that to you because a microlog is not — the
microwave versus the microlog is not really appropriate.

A. Actually they just began presenting their electromagnetic propagation log
with the microlog, and it may be that there is some problem with number
of pads or something, like if you have one pad with a mocrolog and one
pad with the electromagnetic propagation log. I don't know. Maybe the
prox is on the same pad as the microlog, but that's a good suggestion.
We would like to have — I think that most of the service companies will
tell you, though — not most. One of the service companies will tell you
that the MICROSFL is superior in all ways to the prox log.

Q. But I prefer the MICROLATEROLOG.

A. They will tell you that the MICROSFL is superior to the MICROLATEROLOG
as well. I don't want to argue the point, but we feel like we have a pretty
good Rx tool the way it is with the MICROSFL.

BOB MURPHY, Amoco: Why don't you have a neutron log in the program, and also
along the same line, how much time will there be between when you run casing
and when you go in and perforate the test? Would it be quite a long period
of time?

A. Yes.

Q. If so, you could run — some of the invasion would dissipate with time
and you could pick it up with a neutron log.

A. This is an idea. I think it was sort of a tradeoff on money versus where
would it be best to have the neutron. And actually this is something that
can't be just totally tossed out. It's a suggestion we will have to look
at.

AUDIENCE: Have you considered borehold gravity meter?

A. Yes, we considered it. Actually there is only one catch — there is only
one commercial company that I know of that offers the service. I think
USGS might also perhaps offer the service as their research projects
dictate that they should be interested, but actually as far as I know,
it requires bringing a service company out of Oklahoma to do the service
and I would have to say we considered it, but it would be sort of low
down on the priority list.

BOB DAVIS, Chevron: Do you plan on running a carbon-oxygen type log? You may
want an open hole.
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A. I don't see any particular advantage. We will have actually a pretty good
open hole condition. We will have basically a guage hole. We will have
basically stable conditions. Very little invasion, which means that it's
a pretty good application for running it in an open hole without having to
contend with interference from, say, iron or whatever else you would have.

JOE OSOBA, Texas A&M: What is the se inity of the water?

A. The water in the drilling fluid?

Q. The water that — you run a TDT log. How much saline is in the water?

A. Well, the resistivity of the water, the formation water, is about .2 at
formation temperatures, so I don't know what that makes the salinity.

Q. If you are going to be limited in salinity, then I suggest the neutron
log. The neutron log in a number of fields has been found, where you have
gas and water, to be superior in most cases to the TDT. Each neutron log
is more definitive of saturations and location of gas than is the lifetime
log or the TDT. P rti;ularly with fresh water, I would certainly bear in
mind the suggestion that you run it in the cased hole because that's
going to be maybe a key log in preface to the TDT as far as identifying
zones and measuring the gas saturation.

A. Well, we're interested in other things other than -- we're interested in
capture cross section of the formation and, really, as long as you are
not tyring to evaluate a formation for oil, you are not giving up too much
by not having a high chlorate content. This was our thinking.

R. A. BRODING, Amoco: What's the time frame for this activity?

A. For the entire logging program?

Q. Yes.

A. When will it take place or how long?

Q. When will it take place?

A. Well, we anticipate about a June 1st spud, which will put our first
logging run in about 15 days; our second logging run probably about 40
days after spud or thereabouts; and the entire process of something
over 100 days from the time we spud the well to the time we run the
casing.

CYNTHIA MILLER, Gulf: I am just curious. Are you satisfied with your Rw
value and what method did you use to get it?

A. Well, our most -- in just our conventional log analysis, we tend to rely
yery heavily upon an Ro and actually what we tend to do is we tend to
make Rw profiles to establish an Rw at any particular depth, and then a
lot of times what we can do, if we see that in this particular area we
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have a well established water zone, say, in the upper part of the Mesa-
verde, which makes its way into a transition zone and then perhaps into a
pretty well developed gas zone toward the basal part of the Mesayerde,
many times what we can do is extrapolate Rw from the water zone in the
upper part correcting for temperature into the subsurface.

Secondly, we do have some test water data from produced water which tends
to substantiate our technique from the Rw profile.

Thirdly, in this particular case, we plan on sampling formation water
directly because of the fact that there should be formation water in
the core since we're coring it. So we have several techniques we plan
on putting together.

H. E. BILLINGSLEA, Phillips: You may not know. What will the availability
to industry be if these take place — the tapes that you are generating?

A. I think we will make them available generally. I think that it depends
on probably just a cost of copying tapes, so it depends on how much data
you want as to how many thousands of dollars you want to spend to get the
tapes. So if you should want the tapes, I feel sure they will be gener-
ally available.

CHARLES ATKINSON: Every bit of information is public information unless we
would happen to run a particular research tool of some company that would
prohibit us from providing information on the tool itself. However, the log
presentation would be available and we're running this for everyone.

MR. BILLINGSLEA: Will this be out of Bartlesville?

CHARLES ATKINSON: The information will be available in Bartlesville and
Las Vegas and Albuquerque, depending on who particularly handles it. We're
going to have an open file of all this information. So if you want something,
you sing out, and we will get it for you.

A. Actually we had planned on getting more than one copy of the tapes. So as
long as we have at least one copy sitting in some central location, we
will feel pretty free to loan out the tape for a period of time.

JAMES PRICE, Gulf: I am not familiar with the operational problems out there,
but something that seemed to be missing to me: Have you considered drilling
this well with air or gas and doing some empty hcle work? I was particularly
thinking about temperatures.

A. I personally think it's a good idea for a first well to be drilled with
air. I mean, if we were to change the entire project at this stage of
the game and simply drill an exploration well with air to monitor the
gas entry to establish the fact that we do have an excellent area for
the project. But we do have pretty good well control, much better than
we would have in many other areas that we could operate and we feel
pretty confident that we're in a good area. Actually it's been suggested
that one of the other wells be drilled with air. Being that this is a
three-well program, it may be that this is one thing we might want to do
just so we can monitor gas entry through a variety of production holes.
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AUDIENCE: Trying to core over thera and core that much is just bad news.

ALLAN SATTLER, Sandia: Do the walls have to be vertical?

A. We may be running like a Sperry Sun Survey on this, but at the same time
also, our depth meter will contain a directional survey.
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CORE-LOG CORRELATIONS IN THE MULTI-WELL EXPERIMENT

by

A. R. Sattler
Sandia National Laboratories

Albuquerque, NM 87185

ABSTRACT

Established relations in conventional logging have resulted in inconsistent
results in tight reservoirs. Thus, core analysis and core-log correlations are
important goals of the Multi-Well Experiment.

A comprehensive core analysis program will be conducted involving 7500 feet
of core from the Mesaverde formation, portions of which will be oriented, and
limited amounts of pressure core. Special features include: (1) a core gamma log
in the field to correlate log and core depths, (2) taking of plugs for screening
analyses, (3) measurement of dip and strike of core features with a special instru-
ment, (4) core field processing in an all-weather facility at the site, (5) use of
an oil-base mud for improved core recovery and hole stability, and (5) a MWX core
library to be at Grand Junction, Colorado.

Core analysis will be performed on three different "tracks" based on the
turnaround required. The fast track analyses will provide data that must be obtained
rapidly, (1) confirm adequacy of site, (2) aid in locating the offset wells, and (3)
selection of zones for initial testing. The middle track analyses support the
stimulation phase of the experiment including selection of zones for testing and
stimulation, stimulation design, and log interpretation. Almost all core analyses
that do not directly support site verification, placement of wells, well testing,
stimulation, or the first two levels of core-log correlation can be considered slow
track analyses. This work will provide significant understanding of the synergisms
among categories of core analyses and core-log correlation.

Core-log correlations will proceed on three different levels, basic, empirical
and advanced (research). These levels correspond respectively with the tracks of
core analyses. The simple level will be almost a field type correlation, log with
core depth and elementary log lithologic indicators with core analyses. The
empirical level will involve correlations from established relations with measurement
of those parameters from core. Correlations on the research level differ because of
the need to start from basic principles to develop a more inclusive set of relations
which results in the development of new tools and lab techniques. The MWX core-log
correlations will also include some relatively new applications with certain estab-
lished logging devices.
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Cere-Log Correlations in the Multi-Well Experiment

by Allan R. Sattler

The established relations in the logging industry have not

always provided consistent results in the tight gas sands. There-

fore, an extensive core analysis program and extensive prograrr of

core log correlations are important goals of the Multi—Well experi-

ment. The first slide shows an outline which in some sense represents

the talk that I am going to give. The nodes on the slide represent

different junction points between core and log studies in core-log

correlators. We will see that there will be a one-to-one correspon-

dence between portions of the core analysis and portions in the

core—log correlations program.

There are actually going to be three levels of core-log correla-

tions in the Multi-Well Experiment. First, there will be a simple

level. This will be almost a field type comparison of core and

log data. There will be what I call an empirical level of core-log

correlations. This level will use the established relationships

in the logging industry. The third level is denoted as an "advanced"

or research level. This is a level where new relationships hac! to

be developed? relationships more inclusive than the conventional

relationships used in logging today.

The last three papers at this logging workshop gave an overview

of the Multi-Well Experiment, the operational aspects of the activity,

and the legging program. This paper will be given in two parts.

First the Multi-Well Experiment core analysis program will be out-

lined and then the core log correlations to be performed in the
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Multi-Well Experiment v/ill be described. It is necessary to first

give the core analysis program in some detail in order to describe

the program that is planned for the core log correlations. The

objectives of the Multi-Well Experiment core program are to provide

the physical property data, describe the reservoir, support the

major field activities of the project, the formation testing and

the stimulation testing (slide 2). The goals of the program will

provide reservoir engineering data, rock property data, detailed

geological analyses, fracture conductivity work, and, of course,

the imputs to the core log correlations. The core program will

be done at three speeds depending upon the turn around time that

is required for the particular analysis in question. There is a

fast track analysis, a middle track analysis, and a slow track

analysis.

Seme of the special features (slide 3) of this Multi-Well

Experiment core program are: (1) the taking of about 7500 feet of

core through the Mesaverde group, (2) the formation of a core

advisory group of involved agencies in the Multi-Well Exeriment—v;e

also get inputs from the Technical Review Panel from industry, (3)

our own core library in Grand Junction, Colorado, (4) the field

processing of the core at the site in an all weather facility, (5)

oil based mud to be used net only for hole stability but to improve

the cere recovery (it will give us a chance of getting better brine

analysis and some better water saturation data), (6) a specially

fabricated core gamma ray assembly will be used in the field to

correlate log depth with core depth, (7) a limited amount of pressure

core v/ill be taken, and (8) the dip and the strike of fractures
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and prominent structural features in the core will be measured at

the field site with an instrument that has been developed for this

purpose.

There will te quite an extensive cere body. In order tc screen

this core body, we plan to use plug analyses along with log data,

drill stem test data, mud log data and other inputs to select the

zones where we want to concentrate the whole core analyses.

The fast track core analyses is going to have a turn around time

of weeks. This analyses will be done while the rig is still on site.

First, it will help confirm the adequacy of the site. Moreover,

while the rig is on site we will determine the location of the

second well. Finally, we will get a preliminary selection of

zones for further testing. Three types of analyses will be done on

this fast track: (1) rock mechanics type tests such as stress

relaxation and residual strain measurements that would give us the

principal horizontal stress at depth to help us in determining the

location of the offset well and (2) from the plugs mentioned above

for screening the core body, we will get porosities, grain densities,

some water saturation measurements and some limited amounts of

permeability measurements done at pressure (slide 4).

This middle track core analysis is, in some sense, the heart of

the core program (slide 5). This core analyses will support the

field stimulation phase and will assist in the detailed log inter-

pretation. The measurements to be done will be quite extensive—

reservoir parameter measurements at confining pressure, electrical

tests (formation factor, resistivity index, and cation exchange capacity),

stimulation design measurements (fracture conductivity, etc.), rock

211



mechanics analysis (there will be extensive rock mechanics analyses

done in core at a rock mechanics laboratory), and mineralogy analyses.

As mentioned, a limited amount of pressure core will he taken

(slide 6). The primary goals of this are measurements at water

saturation and the analyses of the brine. Secondarily, we hope that

we can collect the gas from this core to give us the gas sample

characteristic of that ten feet of core from the pressure core

barrel. Additionally, we would like to get some very well charac-

terized core for the advanced logging program and for other research

objectives. The pressure coring will be performed on a pilot basis

on the second well of the Multi-Kell Experiment. Additional pressure

core barrels will be taken on the third well. There are some

problems that yet have to be solved. We have got to work with the

service companies to develop procedures for handling the pressure

core from the tight gas sands.

In the laboratory we are developing a non-invasive gel for the

pressure core barrel which will be compatible with the oil base

mud to be used on this project. V7e would like to take-the gas

directly from the inner core barrel and not have it bled out through

the outer core barrel as has been done in the past. Actually,

Pressure Core Incorporated is working on this problem on their

own, and I believe they have tried this on a pilot basis already

for some of their other clients.

All other core analysis that is not directly related to the

ultimate Multi-Well Experiment stimulation activities might be

considered slow track analysis. This important research oriented

analysis will address synergisms between various types of core
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analyses, for example, between the earth's stress and the reservoir

parameters and this analyses will also be used in the core log

correlations.

As I had mentioned, there will be core log correlations done

in three levels. First there is rather simple level (slides 7 and

8) which might be portrayed as a field type correlation. There

are some direct output from logs and the preliminary output from

core analyses (from plugs). A simple superposition of core and

log data is obtained, such as core depth vs log depth. V7e are

building a core gamma assembly. This assembly will have four to

six gamma ray detectors. All gamma ray counts will be summed, and

we should get about the same count rate that the log device provides;

thus obtaining good statistics and therefore a good correlation

between the core and fie log depth. The porosity measurements

from the plugs can be directly superimposed on the three porosities

from the conventional log devices. Some of the basic lithologic

indicators, the total gamma ray count, the spontaneous potential,

and the formation resistivity would be directly superimposed on a

ceded lithologic description. Ue should get water and brine analyses

very early in the core analysis program. These can be compared with

the RWa calculations generated from logs.

The second level of core log correlations is the one that uses

the current log interpretation models (slides 9 and 10). Core data

goes into this. Log data goes into this. In some cases we calculate

a reservoir parameter and, in the case of pressure core, we will

make direct measurements of the reservoir parameter, water saturation.

If the correlation is satisfactory you heave a sigh of relief. In
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the tight sands, which are very shaley, as often as not you have

to revise the models. In the Multi-Well Experiment, the core-log

correlation that will go on of this nature will be in three sub-

classes. One sub-class consists of empirical relationships, the

Waxman-Smits models, dual water models, and Simandoux equations.

Another sub-class consists of comparing rock properties and structura

properties from logs and core. (We will generate a very extensive

amount of core data in rock mechanicj laboratories and we can

compare these data with the rock property printouts from the logs.)

The sonic velocity will be generated in the laboratory at restored

pressure to compare with the sonic velocities measured from the

leg devices. The fracture indicators and the dip meter analyses

from the logs can be compared directly with the data from core. I

have included a third sub-class that is a laboratory study of invasio

of core by the drilling fluid. This should aid in the interpretation

of the logs. Right now Sandia has embarked on this study of the

invasion of core using the cil based mud that will be used in the

Multi-Well Experiment. We think we can bound the limits of invasion

by choosing rock types for the laboratory work that have appropriate

porosities and permeabilities. After the first hole, T5WX-1, is

drilled, if further interpretation is needed to determine the extent

of the invasion, we can take some of the actual core and look at

the invasion profile.

In the case of the advanced or research level of core log

correlations, the flow diagram is essentially the same as the

empirical level, but with one important additional input (slide 11),

there is a new set of relationships. On numerous occasions, log
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data from tight gas sands have given some concerns, or inconsistencies/

in their interpretation. Because of this, we have had to go back and

develop a more inclusive set of relations. This was the main output

of the previous papers from yesterday's session and from the morning

session today. The type of work that is going on is displayed {slide

12) in sort of a wrap up viewgraph. It is kind of a busy drawing/

but let me go into it. The top row shows some of the advanced logs

that will be run—the EM logs, NMR, neutron, litho logs, the KUT log/

and the carbon-oxygen log. We will call the last column "pedigreed

core analysis." The "pedigreed core" could actually be pressure core

or core from an area of interest that is extremely well characterized

by the core analyses program. Perhaps every row in that right hand

column should be checked. The far left column shows some of the work

that is going on in the laboratory. Porosity, permeability, and

perhaps other flow measurements are being done by PRRC at Socorro and

.IGT. The NMR laboratory data will give a product of porosity times

water saturation. Pore size and shape work was described earlier as

was the pore surface to volume from NMR lab data. The reservoir com-

positon from various logs and, of course, the permeability are what we

would like as the end results from this advanced logging program.

There is also an aditional group of correlations that I consider

in this research level (slide 13). These are some relatively new

applications of established devices such as attempting to orient

core from dipmeter data. We will also be doing a study of paleo

currents and depositional environment and obtaining stream flow

and draping parameters from both the logs and the core. We would

like to check these results with some of the interpretations that
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will have been made from dipmeter data. We will compare the clay

mineralogy analyses with the natural gamma ray log. Finally cation

exchange capacities estimated from the natural ganuna log will be

compared with the cation exchange capacities measured from core.

We feel that the core-log correlations are indeed an important

part of the Multi-Well Experiment, and they are going to proceed

at all levels (slide 14).
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CORE-LOG CORRELATIONS IN THE MULTI-WELL EXPERIMENT - Allan Sattler

-DISCUSSION:

AUDIENCE: Do you have any intention to run the spectrogamma on the core plugs
in the lab so you could tie down the minerology rate precisely?

A. Well, I am glad you asked that, If there is interest, we will most
certainly do that. We do have Sandia's weapons lab and we do have a number
of those devices, jelly detectors, that we could borrow, take up to the
core library, and even though we get less statistics than you get on maybe
a comparable loss device in the hole, we can count all night and do the
spectrogamma work. We have thought about it, and there is a mechanism for
us to do that, and the equipment is available and can be borrowed for, say,
10 working days a year and we could do that.

AUDIENCE: Let me make a comment on that. I suspect that some of the work
that Joe Harris talked about this morning will certainly be done on the core
in which case we will be doing the L and M analysis for about a third of the
elements Joe had up on the board. When you say spectra analysis, we will be
doing more than —

AUDIENCE: Unless it's done on the same core you analyzed like this morning
inch-by-inch variations to correlate with the logs or you don't really know
where you are.

PETER LYSNE, Sandia: It will most certainly be done all the way up and down
the hole. Perhaps the situations where we do have a pressure core, then
there won't be all that much. We would be going all out on the neutrons.

JAY BROWN, Los Alamos: On that same topic, on the KUT, since you are going to
be doing the minerology and you pass up the KUT measurement, I think it will
be a mistake.

A. We have no intention of passing up the KUT measurement.

Q. You mean in the lab?

Q. Right. You are going to have the chance to look at minerology and tie it
down to a signature where if we have indications that there is a relation-
ship at least published, but you would have the chance to really tie it
down because the kind of minerals that I recall seeing was kaolinite,
chlorite, illite and smectite. And it's spread up and down the hole.
You have an excellent chance to tie it down.

A. In principle, that's no problem. The core will be at the library. The
assembly, the spectral equipment, can be borrowed and we can set it up
and chomp out those .numbers with relative ease and get our geometries and
everything else.

Q. I would suggest you get a geologist to look at the rock and look at what
the origin of the clays are.

A. This is going to be a major program. The minerology, petrology and diage-
nesis - all of this is the major goal of the multi-well experiment. Sandia's
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geologists and US6S geologists will be pouring over that data, and these
sort of things will indeed be done.

JOE WALLS, Stanford: Is that core library open to anyone?

A. I think it will be open to anyone. Suitable arrangements will have to be
made. I have written up some core handling procedures. We will have to
have some control over it, but get hold of me, and we will arrange visits
for the displays and all of that.

BOB MURPHY, Amoco: One of the things you mentioned, maybe I got the wrong
idea, but I think you said that you were going to not -- you didn't say you
weren't going to freeze it or you implied you were going to bleed the gas off
on location on the pressure core?

A. After freezing, there will be some gas that will have to be bled off.

Q. Do you think you will trap any of the fluids by getting oil filtrate in
it, but not -- just by freezing? Oil will not freeze.

A. We use -- this is gas only. There may be a little bit of condensate, I
think rather negligible amounts. Methane, which is the main component
of gas, is not going to freeze, but some of it could be trapped in the
pores. And for me to tell you that we have worked out the complete
procedure and how to handle it including a potential safety problem
if you have got rather high porosity core, we haven't done that yet.

Q. Then the other thing I was wondering about is: Can you get invasion
from the oil filtrate you have in this core? One of the problems you
may have is how much invasion or how much the core is going to be
invaded?

A. We most certainly —

Q. The oil would be -- I would think that's a pretty fair description if
you could some way determine the extent of the invasion of the core with
the oil by even looking at the face visually?

A. I think we can get good information on that. We might break or slab
one or two pieces in the field. One of the things that I didn't say
is we will have the capacity to do some limited slabbing in the field,
and we could indeed get an invasion profile this way. We have done similar
work in the lab, and by eyeball, you can tell in some cases the maximum
extent of invasion of this oil base mud. Now, in the case of pressure
coring, we will load the core barrel with an organic base gel which
should retard the invasion which is fortunately rather low in this tight
sands by another factor of three or four, but even in that case, I am
not absolutely sure by eyeball whether we can trace the amount of invasion
or not.
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AUDIENCE: But you need invasion in order to trap the fluids in the pore
spaces. That's the point. You have to be able to freeze it if you want to
take the samples out of the core.

A. There will be some invasion and, of course, this core will be frozen,
but any gas in the barrel, including the nitrogen that you originally
pressurize the thing with, will have to be bled off before the core
in some manner can be handled and shipped to a laboratory for analysis.

K. SAMPATH, IGT: You might have some problem with gas hydrate formations if
you freeze the core because we have seen in the laboratory — for example, the
people at PCI have hydrate formation at -60 degrees Fahrenheit, in which case
there is so much increase in volume with the core fluid that you might wreck
the core sample. You won't have a representative core any more.

A. You might not have a representative — if the worst happens, like you say,
you might not have a representative core in the physical sense or this
pedigreed core that I talk about, but the reaction should be reversible
and you still get a shot at the water saturation in that core and analysis
of the brine, which is our first goal.

H. E. BILLINGSLEA, Phillips: Are you going to use Archie's equation in doing
this?

A. Yes, I am going to —

Q. Are you going to take formation resistivity factors?

A. We're going to take the formation factors, we're going to take the resis-
tivity, and we're going to do the CEC's, mostly by absorbed water, but
we will cross check with some acetate. We're going to take all of those.
And in cases where we might not capture the original brine, we might have
to go to the use of F* and the artificial brines and use the equivalent
analyses with the "*" relationship, but we most certainly are going to
do a rather complete set of those over the regions of interest. The
question is: How much of the bucks will last, because while the CEC's
aren't too bad, when you start doing the formation factor, you are running
300 bucks a crack.

JOE OSOBA, Texas A&M: Did you look into the possibility of running side wall
cores in this area? Did they have any success?

A. I have not looked into this possibility of doing this, but on the second
and third wells, if we somehow overlook a region where we feel we have
got to have core, maybe this is something we have to look at.

Q. I am sure somebody has information on it. If we have side wall cores
available, it would be a way of getting information on a lot of things,
and it would be much cheaper down the road rather than rely on logs and
to determine saturations or —
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A. Bear in mind that the second and third wells are not going to run as ex-
tensive an amount of core as we are on the first well, but over the for-
mation of interest, regions which we're going to stimulate, but side wall
coring is something that I have not personally considered in this region,
and something I feel I should look into because of a possibility that we
may desire some. I think that's a good comment.

FOUAD MICHAEL, Arco: You have a well refined log for grinding. Do you have
a similar one in your study of this course especially for sedementary environ-
ments and minerology or how the formation will be handled or is there any
different program?

A. There most certainly is, and we will start very shortly, and we're meeting
today on this subject, that doing a depositional environment study, first
starting from the outcrops, and eventually going to some of the things
that I talked about in the core program. This work will be done by Sandia,
by the USGS, and C. K. GeoEnergy Corporation will be making contributions.
We will be forming a data base for the log, the core, the minerology data,
the well test data, and one of our goals is rapid dissemination of this
data and I think — you can let Charlie Atkinson, myself or anybody know
if you are already on the mailing list for the quarterly, this may be a
way for us to disseminate this type of data. But rapid dissemination is
an important part, and we most certainly have a rather full program planned,
and I could refer you to some program documents afterwards. But we should
be going to the field within a month on the starting of the study of paleo
currents from some of the outcrops from the Grand Hog Back east of Rifle.

AUDIENCE: Do you have any plans to address the problems Joe brought up this
morning about the distribution of the core by taking samples every inch or so?

A. That's the one thing I'm sorry you asked, but let's go into it. We have got
a lot of needs for the core analysis to support the field tests - certainly
your traditional reservoir parameters. You are going to have to have whole
core for fracture conductivity, you are going to have whole core for rock
mechanics. Indeed, we will be doing not only plug work over the regions of
interest to screen the core, but we will be doing some whole core work.

We can't in many instances use air for a given type of measurement because
we have so many requirements. What we've had to settle on is to get, as Line
alluded to, a variation of averaging, but also from these plugs, doing them
every foot over a 20, 30, 40 foot sand body, we have got to get the varia-
tion of these parameters over that core body. And in some sense, that may
be more important than getting a super measurement with three, four or
five feet of whole core at selected intervals.

I may have done a soft shoe around that question, but there are many re-
quirements in the core program, and this gentleman brought up the require-
ments of paleo current which might entail slabbing an entire lens which
would make the core unsuitable for the reservoir parameter measurements
by IGT, fracture conductivity measurements to be made by the service com-
panies, and the stress analysis and rock mechanics analysis from the core.
It's going to have to be a series of compromises to get the most out of
this core buck, especially in these regions of interest. I can't really
say anymore, but I am open to suggestions by all means.
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LINCOLN ELKINS, Sohio: I have one comment which is at least partly germane to
this meeting and partly it's outside, but there has been a \/ery limited dis-
cussion here about natural fractures. There has been a mention or two in
some of the logging records. I have looked at a great deal of pressure
buildup test data that's part of the DOE historical program plus everything
else I can get my hands on, and a lot of the zones in these tight sands that
have made 30 or 50 or 100 or 100,000 cubic feet of gas a day, - those pressure
buildup tests when you plot them on semi-log paper, they're all concave upward.
When you plot them on square root paper, a lot of them straighten out or come
at least more nearly straight than that, and this is indicative of production
from limited natural fractures. And the impression I have out of all of this
is that these sands are really a lot tighter than we think they are, and even
these big shows that we've had are not really a measure of the in-situ per-
meability of the matrix itself, and I think what I am saying is that the pro-
blem is even a lot tougher than we have painted for ourselves, and this is
something that's got to be looked at \/ery thoroughly.

Now, this meeting was looking at logging, but that's going to be our major tool
in most developmental wells, and I don't know the answer, but we need to find
some ways of identifying fractured zones in wells.

A. I agree, and if in the core program or the core log correlation, I didn't
emphasize it, it was my omission. And it was at your behest with phone
conversations with you that we went ahead and designed an instrument to
get an early indication of the natural fractures that occur in the core
as it comes up. Field type measurements, which are rather accurate, 5, 6
degrees, that have slickened sides or cementing, we will save for further
analysis at the core library. We're certainly going to run all the frac-
ture indication logs, but with the limited tools that can be brought to
bear into this, we're going to do our utmost on the natural fractures,
cracks, and joints. And I am glad you brought that out because I had a
fair amount of territory to cover, and I don't think I gave that the
proper emphasis.

MR. ELKINS: My comments were more toward the multi-well program, to try to
call attention here to everybody that's in here of at least an observation
and impression from looking at an awful lot of the data that are available
publicly through the open file and other things we have within our reach.

A. Last night I was talking with a gentleman with one of the service companies
for maybe a possible application of the CO, the carbon-oxygen log, for de-
tecting a certain type of cementing and fractures, and I certainly agree
with those comments.
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WRAP-UP DISCUSSION - Don Ward

RALPH WILEY, Amoco: I would just like to make one comment. I was very
impressed by what I heard on dielectric and NMR and cross-section measure-
ments. I compliment the people involved. I would like to see the cross-
sections taken one more step, and I think it really belongs in the government,
and that is the transport equations using transport codes as has been developed
by the weapons and shielding people, take that and apply it to the formation.
It's not only applicable in tight gas; it's applicable in EOR or whenever we
use the neutron devices.
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WORKSHOP SURVEY

During the workshop, a questionnaire was used to critique the research efforts
described by each speaker. Seventeen questionnaires were returned. Eleven were
from industry; two from consulting firms with U.S. Department of Energy (DOE)
contracts; three from national laboratories; and one, not stated.

The survey questions and results are given on this and following pages. Definite
"Yes" and "No" responses were counted; all other responses were equivalent to
"unknown," "no opinion," or "no response." All pertinent answers to questions
requiring more than a "Yes/No" answer and to "General Comments" are listed. In
some cases, words have been omitted or added to shorten and clarify the response
but retain the meaning.

For "Yes/No" questions, generalization should be made only when the majority
response is at least three-to-one and the majority has at least six adherents.
Answers for questions and comments not requiring "Yes/No" answers should be
taken on their own merit. Some of these reflect inadequate knowledge, but
several suggest positive changes in the research projects.

Western Tight Gas Sands Logging Problems

Herbert B. Carroll, Jr.

1. A major goal of the western tight gas sands (WTGS) logging research program
is to determine the gas permeability to within a factor of five for a 10 yd
formation. Is this sufficient precision to allow useful economic predictions?

Yes - 10, No - 1

2. If not, what precision is required?

Factor of three.

3. Is the prediction of the permeability to within a factor of five a realis-
tic goal?

Yes - 6, No - 9

4. Is the prediction of the water content (Sw <j>) to within +_ 2 percent a real-
istic goal?

Yes - 2, No - 10

5. Can existing logging devices and data interpretation techniques be used in
some manner so as to adequately evaluate lenticular ges sands?

Yes - 2, No - 0

6. Does the overall research approach to the WTGS logging problem seem reason-
able?

Yes - 11, No - 0
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7. How might it be improved?

a) ... overall goal and ... tying all research together seem elusive.
b) Concentrate work more.
c) Keep up the good work.
d) ... compile ... reference list ... on WTGS ... Update every 6 months.
e) More descriptive geology needed.
f) Develop models and methods for S w and <J> using existing logging tools.
g) Incorporate practical economic considerations in tool development.

8. Is the research program an appropriate DOE activity?

Yes - 13, No - 1

9. General Comments:

a) <j> to +_ 1 percent would be better.
b) S w needs to be + 0.5 percent for <j> = 10 percent.
c) The DOE should consider broadening its scope and attack well logging

problems unrelated to WTGS.
d) This effort appears ... appropriate as a DOE activity—longer range,

more risky pay off research...
e) Research on evaluation of tight gas sands is being done by several oil

companies. This should be sufficient, and they have the best incentive
to do a good job.

f) Core permeability analysis ... inaccurate below 1 yd ... Productivity
may be a more accurate way to relate your research.

Nuclear Magnetic Resonance and Flow Estimation

Don Cowgill, Janet Pitman, Del Seevers

10. Can nuclear magnetic resonance (NMR) data lead to useful flow predictions
for conventional reservoirs?

Yes - 12, No - 1

For tight gas sands?

Yes - 10, No - 2

11. Are NMR responses for tight gas sands generally as fast as suggested by
this study?

Yes - 7, No. - 0

12. What useful data can be obtained from d r i l l i ng chips using NMR?

a) <f> and k estimates.
b) Limited porosity measure—perhaps.
c) Porosity, saturation, permeability (?).
d) Volume/surface area ratio.
e) None, because of damage.
f) Tj and T 2 measurements are permeability related.
g) Continuous hole data.
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13. Does this mean that a new NMR probe is not required?

Yes - 0, No - 12

14. General Comments:

a) ... enough merit to warrant an expanded effort toward producing a good
NMR tool.

b) ... improves signal to noise ... variable depth of investigation.
c) A faster NMR logging method is needed. An order of magnitude improve-

ment is needed in the signal to noise ratio.

A New Nuclear Magnetic Resonance Logging Technique

Jasper Jackson, Jay Brown, Ted Crawford and Jim Albright

15. Does the proposed NMR probe design appear reasonable?

Yes - 9, No - 3

16. Is it reasonable to routinely use devices requiring liquid helium in the
field and down hole?

Yes - 6, No - 7

17. Are there industrial probes under development that will obtain adequate
NMR data from tight gas formations?

Yes - 1, No - 4

18. What priority should be assigned to the development of a new NMR probe:

High? - 12, Medium? - 2, Low? - 0

19. Who should build the probe:

DOE? - 3, DOE/Industry? - 10, Industry? - 5

20. General Comments:

a) The expansion of liquid into a gas phase in a borehole tool environ-
ment is probably a fatal restriction on actually using helium down
hole.

b) ... very inadequate penetration. Other tools should do as well.
Dissolved solids ... may have major effects.

c) Feasibility seems good. Implement ability needs to be demonstrated.
d) ... will require superconducting magnets.
e) Holding time may be problem for deeper wells.
f) ... measurement is closely related to permeability. The oil companies

and service companies do not have the magnetic field expertise ...
There is a great need for a wireline measurement of permeability.

g) Diameter too large.
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h) Desired specification: temperature, 350° F; pressure, 20,000 psi;
size, 4-inch OD maximum; weight, less than 400 pounds; down hole
microprocessing; radius of investigation, 4 feet. These are
common limitations which will determine industry acceptance.

Dielectric Logging

Peter Lysne, Jiunn Yu, Charles Vittitoe, Phil Reardon

21. Is the finite difference modeling of coil responses at high frequencies
new, or is it contained in unpublished codes?

Yes - 0, No - 1

22. If unpublished codes exist, are they faster than the DOE code?

Yes - 1, No - 0

23. Would finite element techniques be faster?

Yes - 1, No - 0

24. The analytic modeling of coil responses incorporated a fast integration
scheme. Do unpublished codes of this sort exist?

Yes - 1, No - 1

25. Does the model for the dielectric response of rocks appear reasonable?

Yes - 8, No - 2

26. Do the calculated pore shape distribution functions seem reasonable?

Yes - 7, No - 1

27. Do data exist that they might be tested against?

Yes - 1, No - 0

28. Do you know of any work relating the dielectric properties of rocks to
fluid flow parameters?

Yes - 0, No - 9

29. Are there any multiple frequency industrial probes under development that
will obtain dielectric data in the 1 to 100 MHz range?

Yes - 1, No - 0

30. What priority should be assigned to the development of a multiple
frequency probe operating in the 1 to 100 MHz range:

High? - 5, Medium? - 2, Low? - 2
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31. Should the probe be developed by:

DOE? - 2, DOE/Industry? - 6, Industry? - 3

32. General Comments:

a) If this is to be a valid research project, a probe must be built
and experiments carried out to compare to models. I would assign
this phase ... a higher priority than modeling with an unrealistic
geology. ... more potential for dielectric logging than strictly on
the WTGS problem.

b) Curve fitting is somewhat tenuous.
c) Need some agreement within industry concerning validity of dielectric

measurements using various methods.

Inversion of Resistivity Data Using Ridge Regression Techniques

L. K. Warne, P. C. Reardon

33. Have ridge regression techniques been applied successfully to borehole
problems?

Electrical: Yes - 2, No - 0
Nuclear: Yes - 1, No - 0
Sonic: Yes - 1, No - 0

34. Do present electrical logs and analysis techniques, including focused
current logs, provide satisfactory information on the resistivity of the
surrounding formation?

Yes - 3, No - 4

35. The ridge regression analysis scheme was developed to invert multipoint
resistivity data and to be useful to western sands problems. These data
are required on 2-5 foot centers. Does a probe capable of producing
these data exist?

Yes - 1, No - 0

36. If not, should such a probe be developed by:

DOE? - 2, DOE/Industry? - 1, Industry? - 0

37. General Comments:

a) As with all forward modeling, the simplifying geometrical and geological
assumptions probably invalidate the results. The method ... high
potential, given reasonable constraints. Electric logs ... useful ...
quantitatively often misleading. Modeling ... could be useful ...

b) Statistical treatment of log data needs to be expanded.
c) Ridge regression can probably be applied to the unstable, inverse

problem encountered in the deconvolution of distributed NMR relaxation
times.
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Neutron Cross-Section Determination in Geological Samples

Joe M. Harris

38. Techniques have been developed to measure thermal neutron cross sections
on small core specimens. Should these techniques be developed to the
point that large numbers of specimens can be processed?

Yes - 10, No - 1

39. If so, who should do this work:

DOE? - 6, Industry? - 7

40. A result of the neutron analysis is an elemental assay for those elements
that are strong neutron absorbers (about 30 percent of the periodic table).
Is this information useful by itself for a lithological evaluation of a
formation?

Yes - 8, No - 4

41. Geochemical codes have often been used to aid in the exploration for
minerals, and some of the required data input to these codes can be
obtained by neutron absorption techniques. Have these codes been applied
to hydrocarbon reservoirs in general?

Yes - 0, No - 2

To tight gas sands?

Yes - 0, No - 1

42. Several institutions have worked on the development of spectral gamma
systems using high resolution detectors and pulsed or steady-state neutron
sources. Are any of these probes available for testing in tight sand wells?

Yes - 4, No - 0

43. When might such tools be available?

Now.

44. Should the DOE expand its spectral gamma logging capability (pulsed
source, high resolution detector) to deep holes?

Yes - 5, No - 4
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45. General Comments:

a) We need borehole neutron transport codes to understand the responses
of neutron tools.

b) High resolution spectroscopy both induced elastic/capture and natural
is highly desirable for oil-gas-water identification, hydrogen content,
shale content, lithology and even porosity through casing—as well as
elemental analysis In *ltu.

c) The answer to 40 (above) is critical to the entire justification for
this work.

d) Use these measurements (elemental assay) to determine neutron distri-
bution within the vicinity of the borehole. Then develop models for
compensated neutron (particularly when <j> < 10 percent) and pulsed
neutron techniques. ... develop models for existing tools for
porosity and Sw. Use codes developed by Oak Ridge.

e) Spectral logging is being pursued by service companies and oil companies.
Sand and shale have a very similar chemistry.

Pore Structure Measurement in Western Tight Gas Sands

46. In your experience, can digitized pore structure information be reasonably
related to:

Permeability? Yes - 4, No - 0
Dielectric response? Yes - 2, No - 0
NMR response? Yes - 2, No - 0
Sonic response? Yes - 3, No - 1

47. What kind of useful information may be obtained from the digitization of
grains, minerals, clays, etc.?

a) Distribution of grains, minerals, clays, etc.
b) Useful in analysis of provenance, sedimentary environment, some mineral

identification with appropriate statistical analysis.
c) Clay geometry.
d) Depositional environment, diagenesis

48. The pore connectivity is a difficult but useful parameter on which
to have information. Would such simple knowledge as the number of
pores connected to a given pore be useful?

Yes - 7, No - 0
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49. Is it worth the effort to obtain a more accurate pore size distribution,
i.e., higher magnifications to observe the small pores?

Yes - 6, No - 4

50. General Comments:

a) ... (desirable) to tell connected pores from unconnected... Can auto-
matic digitizing machines help you? Investigate ... clay free and
clay full pore space. More work needed here—with maximum geological
input.

b) Need capability for high-speed, semiautomatic digitizing.
c) High priority ... to developing a method of epoxy-saturating adjacent

thin sections with and without confining pressure to determine if the
pore structure under confining pressure requires higher magnification
to be observed.

Effects of Partial Gas Saturation on Waves in Porous Rocks

Joel Walls, William Murphy, Amos Nur

51. Multiple frequency sonic data can provide useful information on the water
content of rocks. Are multiple frequency logging tools under develop-
ment at the present time?

Yes - 1, No - 2

52. When might they expect to be fielded?

No response.

53. Will these tools be designed to look past invasion zones?

Yes - 0, No - 2

54. Have multiple frequency data been successful in predicting permeabilities?

Yes - 0, No - 2

55. General Comments:

a) Didn't seem to have much bearing on sonic logging as now practiced
(P-wave first arrival) ... data could assist in designing new tools.

b) ... Complete analysis of full wave data at variable frequencies should
allow spectral analysis and measuring of seismic "attributes" as is
done in conventional state of the art surface based seismology. ...
problem in data analysis rather than hardware.

c) ... under in t>itxi pressure conditions, neither velocity or attenuation
is at all sensitive to Sw.
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Cation Exchange Properties of Western Tight Gas Sands

Len Volk

56. The clay content of candidate zones in tight gas formations is not large.
About how much clay needs to be present in sandstones before it appreciably
degrades the interpretation of resistivity data?

a) 10 percent
b) 30 percent
c) 5-10 percent
d) 10 percent
e) 30 percent

57. If clay corrections are required, how accurately do the CEC need to be
made?

a) 15 percent
b) +_ 10 percent

58. In making clay corrections to the interpretation of resistivity data, we
have observed l i t t l e difference between the Waxman-Smits model and the
Dual-Water model for tight gas sands. Is this observation universally
true?

Yes - 3, No - 1

59. If not, which model is to be favored:

Waxman-Smits? - 2, Dual-Water? - 0

60. Potassium-Uranium-Thorium logs can indicate the presence of clays if the
clays contain Kk0 . However, these logs can be biased by the presence of
potassium feldspars, or clays without potassium. Is this a serious
deficiency in the interpretation of KUT logs?

Yes - 4, No - 3

61. Potassium chloride is commonly used in drilling muds to offset the
swelling properties of montmorillonite clays, but these clays are not
common in tight sands. Is it reasonable to drill with fresh muds so as
not to bias KUT, SP and dielectric logs?

Yes - 10, No - 2

62. General Comments:

a) ... not sure of the point of this research.
b) ... IGT has found that the salinity of invading fluids can influence

porosity and permeability—mainly the latter by dissolving the clay
particles.
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c) KC1 water destroys usefulness of electric logs. A less conductive
fluid is needed, not necessarily fresh water, ... (that will) not
cause formation damage.

d) ... have had problems ... of sloughing shales and KC1 was used.
e) KC1 is also helpful in preventing hydration of shales which causes

drilling problems.
f) SP has not been a useful evaluation curve in most Mesa Verde, Frontier

sands. ... KC1 muds ... little effect on SP, GR, or resistivity.

Density, Sonic, and Neutron Log
Porosity Calculation in the Uinta Basin, Utah

63. The core/log correlations have not been very successful. Should one
expect better results?

Yes - 1, No - 6

64. Roughly, what uncertainties should one expect from standard core/log
correlations?

a) 25 percent
b) j^ 3 percent
c) 10-20 percent
d) + TOO percent
e) 3-5 percent
f) 5 percent

65. If one works very hard to obtain the best data, what uncertainties should
we expect?

a) 10 percent
b) +_ 1 percent
c) 1 percent
d) +_ 5 percent

66. General Comments:

a) There are very few (if any) generalizations which may be made about
which porosity devices work best overall in tight sands. Inhomogeneities
of rock properties (porosity, perm, pore size, connectivity) are common
at scales of 1 cm to 1 km. The best contribution to knowledge in this
area would be to collect and publish successful core/log correlation
case studies.
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b) Too much tendency to generalize from.limited data. Large vari-
ability in WTGS is probably the cause of the difficulties, rather
than not having the "best" data.

c) The inaccuracies in making the core measurements as well as the
lack of precision in the different methods for measuring porosity
make core/log correlations an educated guess at best. Also, the
core is the only piece of reservoir rock that no longer reflects the
In iiita properties.

• d) ... different "matrix" properties ... where gas was generated in
place ... could change all physical properties.

e) Porosity measurements shaky when less than 6 percent.
f) Naturally permeability differences will be much greater, assuming

that log permeabilities are derived from computer generated logs
such as SARABAND, CORIBAND, etc. Some of the correlation problems
apparently stem from the practice of determining porosity from
density (or neutron) logs over small (2-3 feet) intervals. Radio-
active type logs have an inherent problem in statistic fluxuation
which can be overcome only by very slow logging speeds. At
standard logging speeds (1800 feet/hour), these porosities may be
in error by as much as 2 or 3 porosity units (20-30 percent error
in a 10 percent porosity sand).

Radioactive type logging is a trade off between statistics and
logging speed. Naturally the only way to completely overcome the
statistical problem is to log infinitely slowly (i.e., stopped
altogether), therefore, a perfect result is impossible. However,
a reduction in logging speed by a factor of only 2 (900 feet/hour)
will produce noticeable differences. This, or slower, speeds will
give better results. Since service companies are paid primarily
as a function of depth and not time, this will be an unpopular
idea with logging crews, so some arm-twisting may be required.

It should be noted that the only alternative to slower logging speeds
is to average porosities over thicker sections of formation, than the
2-3 feet previously mentioned.

g) Correlations should be made only in the same formation and in a local
county(ies) area. Great care ... core and logs are on depth.

h) Tool spacing, rock heterogeneity, and matrix type affect logs dif-
ferently. No log measures porosity. Some are just sensitive to <j>.

Multiwell Experiment, Experimental Plan

Dave Northrop

67. General Comments:

a) Why put all your eggs in one basket? This may have limited applic-
ability to any other tight gas reservoir area.

b) Considering limited budget, seems like reasonable program.
c) The approach seems very naive in addressing the operational problems

and control needed to guarantee that the number of variables in the
experiment are reduced to the minimum. It is very easy to analyze
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field data to 5 decimal places when the original data is not good.
Extreme care must be taken in the logging program to ensure the
maximum log quality to remove the unnecessary variables,

d) How does one know that additional fracturing has intersected new
lenses, as opposed to merely further opening the original lense?
... is there an estimate of the time required to "draw down" a given
lense?

Multiweii Experiment, Operations Plan

Bob Mann

68. General Comments:

a) The assumption that invasion is less than 1 cm seems much too
optimistic. Drilling with oil base mud, reaming and replacing with
fresh water mud will probably leave residual oil in the formation
beyond the reamed zone. This in turn will affect second log run
responses.

Nultiweli Experiment Logging Program

Gerry Kukal

69. Past logging efforts in tight sands have not been very successful. Does
the proposed logging suite represent the best effort that can be fielded
with existing tools?

Yes - 6, No - 2

70. If not, what should be included?

a) Temperature.
b) Long Space Sonic instead of regular BHC sonic to increase depth of

- investigation. Compensated Density along with Litho Density ...
Schlumberger Gamma Spectroscopy in casing. Borehole Televiewer
... in fresh water system ...

c) Proximity and/or microlaterolog.

71. Does the proposed data analysis techniques represent the state of the art?

Yes - 6, No - 1

72. If not, what is lacking?

a) Need to process by special statistical methods that may empirically
show indications of new unsuspected factors and correlations.

73. Is the research logging suite complete?

Yes - 6, No - 1
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74. If not, what additional logs are appropriate?

a) Microlog.
b) Borehole gravity meter—if available.

75. General Comments:

a) ... "run everything, hope for the best" method of operation ...
unfamiliar with some of the tools he is proposing to use. Gamma ray
... on every sonde feasible ... for good depth correction.

b) I did not get a clear picture on how the candidate tools were selected
to meet the multiwell experiment (MWX) objectives.

c) The TDT-M log will be highly affected by the =50 percent porosity
in the cement... It will not help much in low salinity areas. Also,
the field log of the TDT-M does not improve statistics since Sigma is
still calculated from three gates just like the TDT-K.

Core Log Correlations in the Multiwell Experiment

Allan R. Sattler

76. The correlation of core and log data is a major activity of the MWX.
Are the proposed core measurements adequate to evaluate:

Neutronic logs? Yes - 4, No - 0
Sonic logs? Yes - 4, No - 1
Gamma logs? Yes - 4, No - 1
Electric logs? Yes - 4, No - 1

77. General Comments:

a) Add radiography of whole core to detect inhomogeneities before deciding
to take "representative" samples, plugs, etc.

b) ... reasonable program.
c) Is i t f eas i b l e to run microscopic pet rophysica l ( e . g . , SEM) studies on

a large number o f core samples to c o r r e l a t e w i th logs?
d) Run KUT measurements o f core and determine c lay type and o r i g i n on

same core samples.
e) Could t r y s idwal l cores—check analys is against f u l l hole core ana l ys i s .

WRAP UP

Don Ward

78. How do you ra te the ove ra l l logging research program discussed by the
several i nves t i ga to rs i n Sessions A and B? (0 = poor, 100 = exce l l en t )

Scores: 80, 80, 80, 85, 90, 75, 90, 50, 80, 80, 95, 82.3

79. Are the goals of the logging research program realistic? (This question
was asked before; feel free to change your opinion.)

Yes - 11, No - 1
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80. In your opinion, what are the most critical research areas in the WTGS
logging program?

a) NMR logging, neutron transport in boreholes. New tool design and
development.

b) NMR, neutron.
c) In A<Ctu permeability measurements.
d) Core-log correlation.
e) NMR.
f) How to get permeability.
g) Die

high
high
high
high
high

high

6
4
8
7
1

1

med.
med.
med.
med.
med.

med.

3
2
6
5

low
low
low
low
low

low

4
6

1

g) Dielectric and NMR.
h) Practical well and economic considerations.
i) NMR. *
j) •, vsh.

81. What priorities would you assign to DOE activities in the following gen-
eral areas?

Tool design
Tool development
Data interpretation
Core/log correlation
Technology transfer
Develop new empirical

log correlations

82. Is the balance of the DOE research efforts proper?

Yes - 4, No - 2

83. How could it be improved?

a) More experience, more contact with industry.
b) Too much emphasis on new tools...
c) Increase emphasis on core measurement under -In tita conditions.
d) The sonic research is useless in my opinion.
e) DOE research personnel need more communication with industry on the

particular needs of DOE work.

84. In general, is logging research an appropriate activity for the DOE?

Yes - 10, No - 2

85. Should the research work be expanded to other areas such as enhanced oil
recovery?

Yes - 6, No - 3

86. Was this workshop useful?

Yes - 12, No - 1
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87. Would you attend another?

Yes - 13, No - 0

88. General Comments:

a) ... not a working workshop. Too many presentations. Would rather have
another format next time. Should be more complementary to industry
work. Do only work industry cannot do but agrees is pertinent.

b) DOE should stay in fundamental R&D issues, e.g., In hiXu. permeability
measurement techniques.

c) The presentations were short ... It seems that cooperative DOE/
industry efforts would help the DOE from "recreating the wheel" in,
some of their field experiments.

d) Meetings such as this help provide the industrial/DOE communication
needs. Research people need to communicate with the users as much as
possible. It may help you make some decisions. It may also help you
avoid doing some impractical work.
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Clint Dutcher
Exxon
P.O. Box 2189
Houston, TX 77001

Lincoln F. Elkins
Sohio Petroleum Co.
50 Penn Place, Suite 1100
Oklahoma City, OK 73118

Gilbert (Gil) Feather
Amoco Production Co.
Box 591
Tulsa, OK 74102

David W. Flint
Amoco Canada Petroleum Co. Ltd.
444 - 7th Avenue SW
Calgary, Alberta, Canada
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