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From the Editor

Carlos Torres-Verdin
2018-19 VP Publications
cverdin@mail.utexas.edu

We have been busy assembling a new and exciting installment of SPWLA Today. It is all about
displaying the wide and varied fabric of our professional society, from student organizations around
the world to new technologies and novel and old ways of thinking and solving formation evaluation
problems. | personally find it extremely fascinating to explore and learn about the pioneers and
harbingers of the SPWLA, and how the Society has changed with the evolution of technology into
a flexible, adaptable, and unique professional group. This very issue of SPWLA Today has all of that
and more.

Please also note that we have introduced a new permanent column titled “Technology
Innovations”. The purpose of this column is to inform SPWLA members about recent technology
developments in our field. We welcome contributions from all operating and service companies,
academic groups, and interested parties who have some unique and innovative technology
to disclose. However, we ask that contributions be devoid of unnecessary and distasteful
commercialism and solely concentrate on describing the innovation.

We received several suggestions for improvement since the publication of the January 2019
issue of SPWLA Today and we have implemented most of them in the present issue. Rest assured

that all constructive suggestions for improvement are given special attention as SPWLA Today continues to transition into a
permanent format. A note of special gratitude goes to all contributors of columns; your work, time, and motivation is greatly

appreciated by the SPWLA!

Thanks for your continued support and enjoy!

Sincerely,

Carlos Torres-Verdin, Ph.D., Professor
Brian James Jennings Memorial Endowed Chair in Petroleum and Geosystems Engineering
Department of Petroleum and Geosystems Engineering

University of Texas at Austin
cverdin@mail.utexas.edu
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From the President

Dear SPWLA members and friends,

Hope you had a good start to 2019!!
First, | have a few pieces of good news to report. | he’ve learned there have great efforts in
Tulsa and Colombia to revive their local chapters, which have been inactive during the downturn
of our industry. Tulsa is where our society was inaugurated 60 years ago. Colombia is an influential
oil-producing country in South America. | would like to thank those who initiated this endeavor
and | call upon the rest of the membership to reach out to SPWLA members, coworkers and
friends in those locations to join in the recruiting efforts to rebuild these two very important local
chapters. Please contact Director-NA1@spwla.org regarding the Tulsa chapter; and Director-LA@
Zhipeng “Zach” Liu spwla.org regarding the Colombia chapter.
2018-2019 SPWLA President The second piece of good news is that a new SPWLA SIG with respect to Education has been
diu@spwia.org formed to enhance professional competence development—a vital component of our SPWLA
mission. We never stop learning. Whether you are looking to broaden your expertise or to keep up
with the latest practices, the Education SIG will facilitate many interactive, continuous learning programs. Also, with the bimodal
age distribution within petrophysics discipline, this critical SIG will play a key role in passing the baton from the seasoned to the
young professional. A smooth transition in crew change will shape the future of petrophysics discipline. For those individuals and
companies interested in joining this noble undertaking, please contact VP-Education@spwla.org.

The annual election of the SPWLA Board of Directors will be held in March. Ballots should have been sent to current voting
members via email. We have a slate of driven candidates this year. Some positions are highly competitive. Voting is a privilege
for our members to choose the leaders of our society. | strongly encourage our members to exercise your privilege and cast
your vote. Your vote matters, and every vote counts!! Need proof? Do you remember last year’s election? The President-Elect
position election was a tie. The board had to use a now-obsolete arcane rule to break that tie. So, please vote. On a related note,
many local chapters and SIGs are holding elections in the first half of the year. If you have been contemplating running for an
SPWLA local chapter office, or would like to be a SIG officer, | encourage you to take the plunge. This is your year to get involved,
make an impact and advocate for our profession.

| want to remind you again that our 60th Annual Logging Symposium, which will be held in The
Woodlands, Texas, conveniently located just north of Houston, is coming up soon, on June 15-19,
2019. This is really the big show you won’t want to miss it. Registration should open soon. The latest
information can be found on www.spwla2019.com.

I would like to close by sharing a personal update which | generally reserve for Facebook or
WecChat. In January, | accomplished my personal goal of running my first half-marathon race in
Houston with a clocked time of 1:41:09. Through the six-month training program, | made great

improvements to my health and made a few new health-conscious friends.
1AW ORI The moral of the story is that | want to encourage SPWLA members and

s Aﬂ:'n':‘,sgmms“"" friends to stay active and healthy for 2019. We may have very little control

“’“,":'ﬁ { S over oil prices, but we can do something to improve our health.

R Lk I would like to close by sharing a personal update which | generally reserve for Facebook or WeChat.
In January, | accomplished my personal goal of running my first half-marathon race in Houston with
a clocked time of 1:41:09. Through the six-month training program, | made great improvements to
my health and made a few new health-conscious friends.
The moral of the story is that | want to encourage SPWLA
members and friends to stay active and healthy for 2019.
We may have very little control over oil prices, but we can do
something to improve our health.

Best,
Zhipeng “Zach” Liu, P.E.
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Tech Today

For the symposium in the Woodlands we received over 300 abstracts to review, which is fairly
average for a symposium held in the US. The abstracts were split into three groups of a little more
than 100 abstracts each, which were then assigned to groups of 12 members of the technology
committee.

The abstract review process was finished at the end of November. We selected 67 abstracts for
oral presentation and 70 for posters. An additional 12 to 14 papers were selected for auditorium
presentation this year over what was done in previous years and they will be presented in the
dual sessions on Tuesday. An advantage of the dual sessions is that the other auditorium sessions
can be shortened slightly to allow more time to view the posters.

Every year we have several authors who need to withdraw from the symposium. In these
uncertain times in the oilfield, we expect this year will be no different. The process put in place will

L : be to move the highest-ranking poster to an auditorium presentation if the author is accepting.
2%?230:&E:?22¥2¥n Thg presentation format for.p'oster.s is not that different from what is used in the auditorium,
Technology which should make the transition fairly easy.

VP-Technology@spwla.org The Technology committee is composed of 36 members from 12 different countries. Each
committee member had 100+ abstracts to review, which is quite a task. Thirty-one members
were able to complete the review of all the abstracts that were assigned to them, which meant

that every abstract was reviewed by at least 10 committee members. The only limit on committee membership is that no service
company was allowed more than two members. Of the “Big Four” service companies we received feedback from six service
company representatives out of a total of 31 representatives, resulting in slightly less than 20% of the input coming from service
companies.

We had strict rules against commercialism, as we have always done, and I’'m happy to say that this was not much of a
problem. During the review process we cannot ask for revisions to correct commercialism or other issues, that simply gets taken
into account during the review process where those papers are generally not accepted. However, if commercialism becomes a
problem with the manuscripts the authors will be asked to make corrections.

Committee members were asked to recuse themselves from abstracts that they had ties to. However, this year we went to
an anonymous review process where author names were removed from the abstracts making it difficult to recognize abstracts
that the reviewer was affiliated with. Needless to say, there are always going to be abstracts that someone recognizes but in
most cases the process was done without bias. I'm happy to report that the breakdown of acceptance by company, service
companies in particular, did not change much.

The Technology Committee still has a lot of work to do before, during and after the symposium. The manuscripts will be
reviewed as they come in, likewise with the presentations themselves. During the symposium the Technology Committee will
evaluate the presentations as well as rank the manuscripts so that best Oral and Poster presentations can be selected.

As you can see from Figure 1, we had 10 categories. Abstracts were selected based on quality and interest regardless of
category, which is why some categories have so many more papers than others.

Figure 2 shows the abstract acceptance by employer affiliation. As stated above, the selection process was anonymous
where author names and affiliation were hidden from the reviewers.

Figure 3 shows the percentage of accepted abstracts by affiliation.

This year’s symposium in The Woodlands is shaping up to be a very exciting event. | look forward to seeing many of you
there.

Sincerely
James Hemingway P.E.
VP Technology
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Tech Today

Accepted Abstracts by Topic Abstract Acceptance by Affiliation
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Fig. 1—Percentage of abstracts accepted by topic.

Fig. 2—Abstract acceptance by affiliation.
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Regional Understandings—Asia Pacific

Rick Aldred
Regional Director
Asia Pacific

In this column | have previously mentioned the comments | regularly hear about our
society being dominated by Houston and North America. With the next three annual symposia
and most topical conferences and other events being held in North America it is hard to argue
against that point. However, | feel that it is the responsibility of those of us who are not based in
North America to shift the focus of the society to make it more international and make it more
attractive for new members to join, wherever they are based.

This is best done through the local chapters with regular meetings, where people can meet,

share ideas and discuss new advances in our science.
We already have many active chapters in the Asia Pacific region, but there are still centers of E&P
activity that do not have chapters, or where an existing chapter appears to be inactive. If you are
located in one of these centers and would be interested in getting together with colleagues to
form a new chapter please contact me and | would be happy to help.

The same applies to students studying subjects which are related to our profession. This
month we welcome two new student chapters who are joining us in Indonesia, at Trisakti
University and at The University of Pertamina. They are now eligible for cash grants from the

society for organizing internal paper contests as part of the SPWLA International Student Paper Competition.

The next step in giving our society a more international focus is by holding regional conferences. Some chapters in the region
already organize local conferences, such as JFES in Japan, and the East China chapter, but a conference with a regional focus,
attracting people from other countries, can be very useful for the broader exchange of ideas and networking. We have had
successful conferences in Thailand and Indonesia in recent years and there is a lot of interest in continuing these. There is even
a possibility for conference papers to be published in OnePetro, through the SPWLA, so this gives added incentive to prospective

authors.

We are going to attempt to formalize the regional conference format in Asia Pacific, rotating among the interested chapters,
setting up guidelines to ensure that high standards are maintained and encouraging the publication of the best papers.

If you would like to be involved in any of these initiatives please contact your local chapter or, if you don’t have a chapter in
your area, please contact me. All contact details are available on the SPWLA website.
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Regional Understandings — Middle East and Africa

S. Mark Ma
SPWLA Middle East and Africa
Regional Director

The LinkedIn group “Learning and Practicing Petrophysics” is up and running. There are some
activities, more are encouraged.

KFUPM SPWLA Student Chapter. The Student Paper Contest was held on 12 January 2019. The
judges were Faisal AlEnezi (SPWLA SAC President, Saudi Aramco), Wael Abdallah (Schlumberger),
Mahmoud Eid (Halliburton), Mahamed Mahmoud (KFUPM), and S Mark Ma (Saudi Aramco).
Winners in the MS and PhD categories were selected.

Pending Items

SPWLA SAC is planning its 6 topical workshop on Deep Sensing Petrophysics, scheduled for
Sunday 14 April 2019.

Amr Ghaleb Hassan (Geophysics student) is finishing up the paper work to establish a student
chapter at Alexandria University (Egypt). | am communicating with him.

Jassim M AlMusawi is inquiring to set up a student chapter at University of Technology, Iraq.
I’'m trying to establishing some contact with him.

Regional Understandings — Latin America

Ko

Nadege Bize Forest
2018-20 Latin America
Regional Director

SPWLA Chapter Presidents:

Argentina Angel Lopez

Brazil Lenita Fioriti

Brazil UFRJ Student Chapter Fernanda Senra

Colombia Dayane Reyes Qader

Colombia Student Chapter Edwin Octoavio Tapias Barragan
Mexico Hugo Hernandez Espinosa
Highlights

There has been low activity in Latin America since Chapter activity starts in March 2019 after
summer vacations.

Colombia is still looking for volunteers to consolidate their board (Columbia was not active in
2018).

The Mexico board is almost complete, and the chapter should start to organize technical
meetings in March 2019 (Mexico was not active in 2018).

Two new Brazilian student chapters are finalizing documents for affiliation (Parana and Macae).
I am launching a campaign to make our Latin America webpages more attractive.
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SPWLA FOURTH AND FIFTH BOARD OF DIRECTORS MEETINGS
Kinder Morgan Office, Houston, Texas

4th Meeting ¢ December 5, 2018

President Zhipeng Liu called the meeting to order at 8:00
a.m. Attending remotely President-Elect, Dr. Jesus Salazar, VP
Technology, Jim Hemingway, VP Education, Katerina Yared, VP
Finance, Secretary and Administration, Jennifer Market, Regional
Directors, NA 1, Adam Haecker, Latin America, Dr. Nadege
Bize-Forest, NA 2, Doug Patterson, Europe, Mike Webster and,
Middle East/ Africa, Mark Ma, Asia Pacific/Australia, Rick Aldred,
Executive Director, Sharon Johnson.

A motion made by Dr. Nadege Bize-Forest to approve the UIS
Student Chapter was seconded by Doug Patterson. All approved,
and the motion passed.

Three bids to host the SPWLA 2020 Annual Symposium were
receive by the Board

SPWLA Boston Chapter

SPWLA Dubai Chapter

CWLS Sister Society

Survey Monkey Vote for SPWLA 2020 Symposium hosting bid
was granted to CWLS with 63% of the votes.

Action Item: All Board Members should solicit at least two
companies for advertisements in the Petrophysics Journal or
SPWLA Today Newsletter.

Action Item: Sharon Johnson send Rick Aldred the By-laws for
the Malaysia Chapter (FESM).

Action Item: Sharon Johnson add a clause to the copyright form
to make authors aware their papers may be translated into other
languages.

A motion made by Doug Patterson to adjourn the meeting was
seconded by Rick Aldred. All approved and the motion passed.
Meeting adjourned 12:25 p.m.

Respectively Submitted by
Sharon Johnson

Executive Director

Next BOD meeting: February 5, 2019, in Houston, Texas, at the
Kinder Morgan Offices Downtown Houston.
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5th Meeting ¢ February 5, 2019

PresidentZachLiucalledthemeetingtoorderat8:10a.m.Attending
remotely President-Elect, Dr. Jesus Salazar, VP Technology, Jim
Hemingway, VP IT, Mehrnoosh Saneifar, VP Education, Katerina
Yared, VP Finance, Secretary and Administration, Jennifer Market,
VP Publications, Dr. Carlos Torres-Verdin, Regional Directors,
NA 1, Adam Haecker, NA 2, Doug Patterson, Latin America, Dr.
Nadege Bize-Forest, Europe, Mike Webster, Middle East/ Africa,
Mark Ma, Asia Pacific/Australia, Rick Aldred, and Executive
Director, Sharon Johnson.

A motion made by Doug Patterson to approve the Educational
SIG was seconded by Adam Haecker. All approved, and the
motion passed.

A motion made by Rick Aldred to approve Pertamina University
and Trisakti University (pending faculty adviser becomes a
member) student chapter by-laws was seconded by Jennifer
Market. All approved, and the motion passed.

A motion made by Jennifer Market to keep the current
Petrophysics journal editing/production fee, and improve
communication was seconded by Dr. Jesus Salazar. The motion
passed by majority vote with (8 for and 4 against).

A motion made by Doug Patterson to approve Texas A&M
University Kingsville student chapter by-laws, pending review by
Sharon was seconded by Dr. Jesus Salazar. All approved, and the
motion passed.

A motion made by Mehrnoosh Saneifar to approve SPWLA BOD
December 5, 2018 Meeting Minutes was seconded by Doug
Patterson. All approved, and the motion passed.

Action Item: Dr. Carlos Torres-Verdin to explore alternate options
for editors/deputy editors on a trial bases to help Stephen Prensky
with the work load in preparing the journals for publication.

Action Item: Dr. Jesus Salazar and Jennifer Market assigned the
task of putting together new language outlining the qualifications
of Member Tier Il which currently reads “earns an annual income
of less than $40,000 USD”.

Meeting adjourned 12:29 p.m.

Respectively Submitted by
Sharon Johnson

Executive Director

Next BOD meeting: April 3, 2019, in Houston, Texas, at the Kinder
Morgan Offices Downtown Houston
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Petrophysical Education in the Middle East: An Overview of the Kingdom of

Saudi Arabia

Prepared by Nacer Guergueb, Faisal Enezi, and S. Mark Ma (SPWLA-SAC)

It took less than two decades after the first electrical
measurements were acquired in Europe to have this new-
born revolutionary technique—making a detailed record (well
log) of the properties of the rock formations penetrated by
a borehole—to reach the Kingdom of Saudi Arabia. That was
in the early 1940s when the first electrical Logging jobs were
performed by major service companies in the initial wells
drilled at the northern part of the giant field Ghawar. Since
then, the evolution of well-logging practices and formation
evaluation have gained animportant role in the O&G upstream
business in the Kingdom.

Picture of the original first logs performed in the Kingdom by major service
companies.
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With the advancement of logging technology, the
introduction of formation coring, and laboratory core analysis;
a perspective has been developed on the topic of formation
evaluation and reservoir characterization as well as a frame of
common knowledge for petrophysics.

Petrophysics, coversthe evaluation oflogsruninopenhole,
logging while drilling, casedhole logs, core analysis, surface
data logging (mud log), and formation testing. Petrophysics
is a bridge to interact with all subsurface disciplines from
exploration, development, to production (Paul Worthington,
2011),

Geophysics Geomechanics

)1
y

PETROPHYSICS

Geoscience
Modelling

Engineering

Considering such a significant role, petrophysics has been
embraced as a major component in the education system,
not only within the oil and gas industry sector, but also in
academia where major universities in the Kingdom adopted
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Petrophysical Education in the Middle East: An Overview of the Kingdom of

Saudi Arabia

petrophysics in their petroleum engineering and geoscience
academic programs.

At King Fahd University of Petroleum and Minerals-
KFUPM located in Dhahran (Eastern province), the College of
Petroleum Engineering & Geosciences-CPE&G, Petrophysics is
an integral part of the academic curriculum.

M) College of Petroleum
Engineering & Geosciences

Undergraduate students at the college are educated
in the advanced well logging covering fundamentals of
different technologies and formation evaluation principles.
Petrophysics is a fundamental graduate course in the
Petroleum Engineering Department and it covers wide
range of topics, including properties of reservoir rocks, their
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measurements, and formation evaluation techniques for
reservoir engineering applications.

In the central part of Saudi Arabia, at the Petroleum and
Natural Gas Department in King Saud University (KSU), the
petrophysics course is a mandatory class needed to complete
the degree in petroleum engineering. The department was
established in 1973, and it is the first petroleum department in
the Kingdom of Saudi Arabia. For more than 45 years, KSU has
been supporting oil and gas students with the fundamentals
of petrophysics and formation evaluation approaches.

a o o —
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On the western side, King Abdullah University of Science
& Technology (KAUST), located in the coastal city of Jeddah
by the Red Sea, offers petrophysics education in its advanced
degree programs.

To facilitate the educational and research activities, all
petroleum departments in the Kingdom’s universities are
fitted out with laboratories that are well organized and fully
equipped with high-technology instruments for digital rock
analysis, petrography, geochemistry, advanced fluids PVT,
analytical testing and characterization, electrical properties,
coreflooding and MICP, NMR, and rock mechanics. In the
current academic year, there are several MS and PhD students
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Petrophysical Education in the Middle East: An Overview of the Kingdom of
Saudi Arabia

conducting research on various topics of petrophysics.

The graduate courses are planned to emphasize the
type of subject matter that addresses upstream challenges.
Additional courses may be added as the programs progress.
These include courses on drilling, natural gas storage and use,
and well logging. The program maintains a balance between
the basic principles and state-of-the-art new technologies,
targeting the needs in the Kingdom.

With the fast progress in science and technology as well
as the complexity of the targeted reservoirs, there is a greater
need for specialization and collaboration. Hence the role of
academic institutions, companies and professional societies
having communities focused on specific area of knowledge
sharing to keep up with these rapid changes.

Positioned at the front line and covering this educational
role in petrophysics and formation evaluation, SPWLA-SAC
is the Saudi Arabia Chapter of the international Society of
Petrophysicists and Well Log Analysts (SPWLA). The chapter
was established officially in December, 2016 (formerly, the
group was active under the Saudi Petrophysical Society,
SPS). It is dedicated to the advancement of the science of
petrophysics and formation evaluation, through well logging
and other formation evaluation techniques and to the
application of these techniques in exploitation, development,
and production of oil and gas.

A primary purpose of SPWLA-SAC is knowledge sharing
and eduction. The chapter provides a forum for the exchange
of ideas among professionals and students in various aspects
of petrophysics

SAUDI ARAEBIA CHAPTER
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In order to encourage students’ involvement in the
disciplines of Petrophysics and Formation Evaluation, the
SPWLA SAC, in coordination with KFUPM College of Petroleum
Engineering and Geosciences, launched the KFUPM Student
Chapter in early 2017, as the First Student Chapter (SC) in
the Middle East region. During the same academic year, the
SPWLA-SAC association with SPWLA-KFUPM SC organized
the first research-project contest for graduate students.
The winner of the contest presented his research work and
participated in the 59" SPWLA Annual Symposium in 2018, in
London, UK.

SPWLA KFUPM Student Chapter in:
SPWLA Saudi Arabla Chapter o pise:

The First SPWLA-SAC Student Award

i

p:":r::; :;: mu;m students involvement in the Formation Evaluation and

ke i cl:u ines, the SPWLA Saudi Chapter in coordination with SPWIA
pter would fike to announce the 2017 Student Research

Contest a5 pro-selection step for participants to the

caregory will participate in an oral
Monetary awards will be given 1o !:e";’::nnm contest at CPG, KFUPM,

{ Howto particiy
- Competition

nlribution (indus; - ic imy
mony of SPi
ony of :,PL‘I.LA-SACplannmJ in Decem

the annual cere,

SPWLA-KFUPM SC student along with other international students from
SPWLA Chapters at the 59th SPWLA Annual Symposium 2018 in London
for the Student Paper Contest.
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Petrophysical Education in the Middle East: An Overview of the Kingdom of
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Similarly, the technical events as short knowledge-sharing
exchange, such as monthly luncheons, or longer duration
quarterly for topical workshops, are organized, and where
students, young professionals are invited to attend and
encouraged to participate

SPWLA-SAC Student Contest winner with Committee members from
KFUPM-SPWLA Chapter at KFUPM, college of PE&G, Dhahran.

The same contest was conducted in 2018, and the winner
is to participate in the International Student Paper Contest at
the 60" SPWLA Annual Symposium, in the Woodlands, Texas,
inJune 2019.

Other activities aligned to the educational and knowledge
sharing-based process of the SPWLA-SAC are the detailed
presentations by industry subject matter experts to students
in coordination with SPWLA-KFUPM SC. The related topics are
selected in reference to specific technologies and applications
to general subjects of petrophysics, formation evaluation and
reservoir characterization. This initiative has already instigated
coordination with SPWLA-KFUPMSC, and will be extended to
other universities in the near future.

SPWLA-SAC Monthly technical “lunch & Learn” sessions.

Presentation at KFUPM-College of Petroleum Engineering and
Geosciences titled, “Petrophysics, Challenges and Advancements”.
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Petrophysical Education in the Middle East: An Overview of the Kingdom of
Saudi Arabia

SPWLA-SAC Topical Workshops group photos.

In alignment with its educational objectives and as an initiative to outreach broader audience, mainly from students and
young professional communities, on petrophysical topics, SPWLA-SAC has opted for collaboration with other professional
societies in the Kingdom. Examples of this collaborative initiative are with SPE-Saudi Arabia at its annual technical symposium
and exhibition pre-event workshops and with DGS (Dhahran Geology Society) as joint workshops.

SPWLA-SAC and DGS joint Topical Workshop “Linking Geological Facies and Petrophysical Rock Types”
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Saudi Arabia

SPWLA-SAC and SPE joint pre-event workshop, 2018 SP-ATS&E
“Petrophysics—Challenges and Recent Advancement.”

In 2018, SPWLA-SAC held 11 successful technical
meetings, with average attendance of 60 guests per event
with more than 40 speakers having participated in the chapter
events, which provided valuable technical talks. In addition to
that, SPWLA-SAC successfully held three topical workshops on
different subjects including “Challenges and Advancements
in Petrophysics,” “Well Integrity Evaluation: Challenges
and Best Practices,” and “Formation Testing and Sampling:
Fundamentals and Latest Advancements.” There have
been more than 1,200 attendees including students, young
professionals, academics, and researchers. The membership
of the SPWLA-SAC has increased by 27% in 2018.

It is clear that future exploitation of hydrocarbon
reservoirs in the Middle East, and Saudia Arabia in particular,
will need intensive research. This will require highly trained
geoscience and engineering graduates who must create more
joint projects with the oil and gas industry, which in turn,
will increase graduate quality by implementing additional
improvements in the educational plans.
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Petrophysics IS Science, so is Geology; Make Sure They Complement Each Other

My Dear Friends in the Petrophysics Community,

| have been invited by SPWLA’s VP Publications to contribute an opinion column, focusing—I
presumed—on the relationship of petrophysics and geology. Although, or perhaps because, | am
retired | gladly accepted the invitation as this theme is very dear to me.

| have worked over 30 years as a geologist in the E&P Industry, and most of this time in close
collaboration with petrophysicists. During this time | have learned what petrophysics is, what kind of
problems petrophysicists struggle with, and how they strive to address the most pressing questions
the industry asks them to provide. In the course of this, | have obtained great respect and appreciation
for their work. Thankfully, during this period, technological progress has given them newer and more

Stefan M. Luthi advanced types of measurements that slowly eliminated some of the guesswork needed in the early
Professor Emeritus, Delft ~ days of petrophysical interpretation. You all know what they are, so | do not have to go through the
University of Technology, |jst, and | am sure all of you have dealt with at least some of them in the recent past.

The Netherlands 'h | . d unf | d il laimi h hvsics is both sci
Past Schlumberger Senior ave recently—again and unfortunately—read articles claiming that petrophysics is both science
Technical Advisor and art. Being a scientist AND an art lover, particularly of the acoustic versions of it, | find it difficult to

accept this statement. While there are numerous empirical equations in the world of petrophysics,
there are also those based on first principles. And who is to say that empirical equations are not science, but guesswork or
“art”? The field of physics itself, by all standards a large scientific playground, has itself no shortage of empirical relationships,
some of which, with time, have been supported by theory, while others were not. All measurements used in the world of
petrophysics, whether surface- or, more commonly, subsurface-based, are built on solid physical concepts. The problem
is, however, the environment in which they have to operate, an unforgiving, mucky and often hot place, surrounded by
materials that can have a puzzlingly large variety of solid and fluid components. It is they who make the “inversion process” of
translating measurement readings into rock and fluid properties so exceedingly difficult. This process is often nonunique, i.e.,
the desired number of parameters often exceeds, and sometimes vastly, that of the available measurements. Petrophysicists
usually address this by simplifying the “interpretation model”, for example, by assuming that there is just ONE clay type,
not several, as is often the case. This one clay type then forms some kind of equivalent hybrid that is thought to reflect the
properties of the clay mixture (Note: | am still shuddering when | see the term “shale” applied to this. Shale is a rock, not
a mineral). This is just one example of many such simplifications in the “interpretation” process that all petrophysicists are
very well aware of.

Yet while there is complexity in the rock and fluid compositions, there is no randomness. The processes that underlie
them are mechanical, chemical and biological, and they follow rules dictated by the environment. Geologists have studied
these processes for many centuries and have reached a fairly good understanding on how rocks are formed, what their
compositionisin a given environment, how different rock types are stacked upon each other, and how they change with burial,
when they are exposed to higher temperatures and pressures. Without going into details, | mention this because knowing
the depositional environment and provenance of a rock, one can quite successfully constrain the possible rock properties as
well as the sequence of layers to be expected. Channels in deltaic systems tend to have fining-upward sequences, and the
younger they are the more quartz-rich they tend to be. River-mouth bars in front of delta complexes, on the other hand,
usually exhibit coarsening-upward sequences, with porosities and permeabilities increasing towards the top. Coal beds are
to be expected in the floodplains next to the channel systems, and they migrate in concert with the channel avulsions. Many
petrophysicists have a geological background and are aware of these simple but powerful concepts. Yet these still evolve
and therefore need to be carefully followed in literature. It is my sincere hope that they do this and that they use them in
their daily work. The inclusion of sequence stratigraphic principles, grain fractionation trends, diagenetic changes with depth
and other methods can be powerful tools to reach a better, more consistent understanding of rock and fluid properties in
the subsurface, and thus to be able to provide better answers to the industry. The only reason why | write this column is to
remind my petrophysicist friends to not forget about the assistance that geology and its evolving concepts can provide to
their daily tasks. Their science will help your science.
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Petrophysics IS Science, so is Geology; Make Sure They Complement Each Other
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Here | am standing on Precambrian rocks, probably a bit less than 1,000 million years old, at the Félou Falls in the Senegal River near Kayes
(Mali). The rocks are quartzitic sandstones and are not only very homogenous but also almost completely isotropic: Practically no layering can be
seen and there are no changes in grain size horizontally and vertically. There are no fossils, not even tracks, and no plant remains (coal seams),
a clear indication that these rocks are of fluvial origin: In the Precambrian, there were no terrestrial plants and therefore also no terrestrial
animals. Even for geologists, it is difficult to imagine an environment of deposition so bleak, only vast stretches of sand with some water courses
interspersed, nothing else. Yet similar formations contain oil and gas, notably in the subsurface of Algeria and the Middle East, and, given their
simple composition and uniform character, their petrophysical properties are relatively easy to assess. The almost circular depressions are fluvial
potholes created over the eons by the grinding action of stones caught in eddies of the Senegal River. If subsequently covered and buried they
would form a pore network similar to karst in limestone. If there are no land plants to build a top soil with roots fixating clays and feldspars, both
being the weathering products of igneous rocks, as well as organic matter, all of these will be winnowed by the winds or flushed by the rivers to
the seas, and all that remains on land is quartz, resistant to weathering and too heavy to be transported anywhere else. Geological knowledge
thus helps constrain the petrophysical analysis (Photo by Eliane Luthi Poirier).
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X-Ray Imaging With Electric Wireline

In recent years, wireline X-ray
technology has substantially
impacted well intervention.
Operators spend millions of dollars
on well interventions—inspecting,
retrieving and repairing completion
hardware—but in the process
waste huge amounts of money for
the simple reason they have no
clear view of what’s going on deep
in the well. Of course, imaging
techniques exist, but to a greater or
lesser extent all are compromised.
The lead block is very much hit-
and-miss and vyields only crude
indications from the impression
made on it by whatever hardware
it happens to encounter. Ultrasonic
imaging depends for a reliable
interpretation on exact knowledge
of the well fluid and the hope that
no gas bubbles or particulates
are present, which if they are
jeopardizes the measurement.
Video imaging depends on the well
containing clear water or gas, and it
goes without saying that flushing the well with clear water in
the vague hope of obtaining an image remains an expensive
and therefore unpopular procedure.

Since 2015, the Stavanger- and Houston-based company
Visuray has introduced the first wireline X-ray imaging tool
that offers a solution to this imaging conundrum. The primary
advantage of this technique is that their X-ray image can
be obtained in any well fluid—clear, opaque or gaseous—
and therefore eliminates the need for well preparation.
Furthermore, the technology provides images with millimeter
precision. Results so far indicate a dramatic reduction in well
intervention spending for the operator.

Kambiz Safinya
Visuray CEO

Henry Edmundson
R9 Energy Consultants

Measurement Principle

X-ray imaging is used extensively in the medical, security,
and inspection industries, and in most cases the X-ray source
and detector are conveniently placed on opposite sides of
the object being imaged. But for a downward-facing imaging
technique in an oil well, this is simply not possible. Therefore,
a technique must be developed that harnesses X-rays that are
scattered back to detectors in the very tool that houses the
source. Curiously, it is the well fluids that provide most of the
X-rays that are backscattered, not the object being imaged.
This may appear to be a show-stopper, but the reverse is
in fact the case. It turns out that the strength of the fluid
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backscattering can be precisely correlated to the distance
between the detector and the object being imaged—a low
level of backscattering indicates the object is near, a large
amount of backscattering indicates it is distant. Thus, it is
possible to reconstruct the surface of the object, in both two
and three dimensions and create an image of it with precise
dimensions. The variability of well fluids is compensated for
with a simple calibration.

The X-ray tool fields an electronic X-ray tube situated in
the tool’s bottom nose, surrounded by an array of six high-
sensitivity X-ray detectors. Each detector in the array is
divided into 128x%128 pixels, providing high-spatial sensitivity
to the backscattered radiation as it passes through a pinhole
(Fig. 1). The small-diameter aperture of the pinhole restricts
each pixel of the detector to viewing just a small region on the
target object and a corresponding volume of fluid between
the tool and target object. In this way, the pinhole creates a
spatially-resolved image of the scene. In addition, the pinholes
have cones cut either side to reduce scattering from outside
the desired field-of-view as well as stray scattering within the
detector. By inferring the distance to the object from the fluid
backscattering reaching the thousands of individual pixels, the
surface of the object can be precisely reconstructed.

Total pinhole
field-of-view
Cone-shaped Pixel 1
pinhole field-of-view g -

Detector

Pixel 2
field-of-view

Well fluid =

Fig. 1

An early laboratory experiment demonstrates the validity
of the technique and the steps required to create an image.
An adjustable wrench was submerged in water and imaged
using a mock-up of the prototype downhole X-ray tool. Data
from one detector tile (Fig. 2a) create a clear image of part
of the wrench, while the yellow circle highlights the single
detector’s field of view created by the pinhole. If we now add
data from the other five detector arrays (Fig. 2b), a composite
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X-Ray Imaging With Electric Wireline

Fig. 2

two-dimensional image of the whole wrench emerges. Since
all the data provide distance to object, a three-dimensional
rendering of the wrench follows naturally (Fig. 2c).

Implementation in a Wireline Tool

Packaging this measurement into a 3.625-in. commercial
tool was no mean feat—the company currently engages 40
engineers and physicists between their Stavanger and Houston
development facilities. The first field test took place in 2015,
and subsequently the tool has seen commercial service in the
North Sea, the US, the Middle East and Russia, with growth
particularly strong in the US.

A custom-built thermionic X-ray tube operating at
approximately 180,000 volts is situated along the tool axis and
shielded so that X-rays are emitted as a broad beam primarily
through the bottom nose. The six individual detector tiles
are arranged azimuthally around the X-ray tube providing
the tool with a good overall field-of-view. Each detector tile
comprises 128x128 pixels with a pixel size of 100X100 um
and its own pinhole to direct backscattered X-rays onto the
tile. Sophisticated cooling mechanisms maintain the tool at
correct operating temperatures.

The company’s initial offering measures 27.5 ft in length
with a diameter of 3.625 in.; operating specifications are 100°C
and 20,000 psi. The tool is compatible with tractors, strokers,
and coiled tubing, and can be run on all types of electric
wireline, centered or eccentered. Since 2018, a slimmer
version of the tool is available with a diameter of 3.375 in., a
higher temperature rating of 125°C, and is H,S resistant.

Case Study 1

In this example from the Wyoming, the operator was
conducting a routine workover but ran into a problem when
the tubing broke as they tried to pull it out of the hole.
Attempts to fish it failed, so they then decided to mill it and
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try fishing again, but that also failed. It was time to obtain an
image, so they flushed a few hundred barrels of fresh water
into the well and called for a video camera. No clear image
emerged. At that point, the operator ran the X-ray imaging
tool. With the tool run in the hole to just above the broken
tubing, multiple images were recorded to measure the precise
tubing dimensions and to assess its orientation in the casing.

The 3D reconstruction (Fig. 3) clearly shows the damaged
and uneven condition of the top of the tubing, presumably
caused by the milling. More significantly, the image yielded
millimeter-accurate measurements of the tubing’s inner and
outer diameters, respectively 1.80 and 2.68 in. The observed
2.68-in. OD is markedly less than the tubing’s original OD of
2.875 in., and the inner diameter also suffered a reduction.
This immediately explained why a fishing operation designed
for the tubing’s original dimensions didn’t work. The image
also shows that the tubing is reasonably centered in the
casing with no discernible angle of orientation. In short, The
X-ray tool provided the operator with a clear image of the fish,
essential for planning a later successful retrieval.

2.68" Tubing OD

1.80" Tubing ID:

Fig. 3
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Case Study 2

In this example from the Netherlands, a coiled-tubing
bottomhole assembly became stuck in a gas storage well. The
top of the fish, believed to be the coiled-tubing disconnect,
was at a depth of approximately 2,500 m where the well was
inclined at 45°. The well fluid was opaque brine, ruling out
optical cameras without the expense of a freshwater flush.
The key operator requirement was to image the top of the
bottomhole assembly with quantitative accuracy.

The X-ray tool was run in the well and tagged on the
bottomhole assembly. Clear 2D and 3D images of the fish
were obtained in minutes. The 3D images (Fig. 4) show a
reconstruction of the top of the fish (Fig. 4a) and a slice
through the same reconstruction (Fig. 4b). The outermost
circular object is the coiled-tubing disconnect, while the
eccentered circular object positioned inside and below the
disconnect is suspected to be debris that has accumulated
inside the downhole assembly.

Analysis of the 2D image in Fig. 5 showed the outer
and inner diameter of the fish to be 74 +1 and 62 +1 mm,
respectively (red circles). As these measurements matched
exactly the coiled-tubing disconnect, the X-ray tool survey
confirmed that the fish was indeed the coiled-tubing
disconnect and that the coiled-tubing disconnect was intact.
Missing parts of the images are outside the field of view of the

(b)

Fig. 4
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tool. The green circles outline the debris.
Fig. 5

A fishing operation was later successful in a single run,
and the bottomhole assembly was retrieved, confirming the
accuracy of the X-ray image.

Future Potential

A key result of the company’s research and development
in developing X-ray imaging is the establishment of a stable
downhole X-ray platform—the X-ray tube and associated
technology, the detector arrays and the cooling system that
allows the system to function in the well environment. The
downhole X-ray platform (DXP) is now being harnessed for
developing further applications of X-ray imaging, notably a
tool to measure corrosion and scale in tubing, and a tool to
directly measure cement distribution behind multiple casings
and X-ray formation density.
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Twenty-Four Hours in the Life of a Production Petrophysicist

Almost a decade ago |

moved from a regional into a
central role to build the production
petrophysics  capabilities in
BP. Being a specialized branch
within  petrophysics and at
the cross-border with other
upstream disciplines, production
petrophysics is not a common
role. It requires the right skills, the
enthusiasm and the motivation
to plan and support petrophysical
surveillance operations and
integrate the results real time
for immediate decision making.
The challenges are complex and tackling them are different
pending on operating environments: Arctic, offshore subsea/
deep water and desert. It is impossible to generically describe
24 hours in the life of a production petrophysicist. Hence, |
am taking the opportunity offered by SPWLA to introduce
the reader into the life of various practitioners of production
petrophysics at BP.

Adrian Zett
Advisor and Discipline
Lead for Production
Petrophysics, BP

Tom Graham — The Early Career of a Petrophysicist

A degree in straight physics seemed like the obvious
choice; challenging, interesting, well respected and most
importantly, it had transferable skills that big companies
look for when they hire grads. A few years into my degree
| knew | wanted to eventually work in a technical area, but
one that had a commercial motive. Around the same time, |
met my first geologist, who rather quickly convinced me that
the energy and mining sectors would be perfect for what |
was looking for! Sure enough, after a brief internet search,
a petrophysics graduate scheme at BP in the UK was being
advertised. A few months after completing my degree | joined
BP as a petrophysicist, not really knowing what it was other
than that | would be working to develop oil fields in one of the
world’s biggest companies...

My first few months at BP were a huge learning curve;
getting up to speed with the oil industry, and learning the
role of the subsurface practitioners. | was intrigued to go
to a wellsite, and just a couple of months after joining the
Azerbaijan region | got my first opportunity. | remember being
amazed at the sheer scale of the operations and couldn’t
help but feel like a tiny little cog in this humongous machine.
Several reservoir description projects and two years later |
was ready for my next role. An opportunity came up working
in Stavanger for the Norwegian arm of the business, surely it
was an opportunity | couldn’t miss out on.

Things were fast paced in Norway, | was one of only
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two petrophysicists working on a giant mature oil field, with
simultaneous drilling, production and plug-and-abandonment
activities. It was in this role | first became aware of production
petrophysics, and what it could offer in terms of its commercial
value to the company by enhancing our subsurface
understanding of the reservoir. | was tasked with going back
through the entire back-catalogue of production logs and re-
evaluating them in a consistent way. The data went back over
30 years and included some challenging datasets. | grappled
with this task for several months and learned a lot. All too
soon it was time to come home to the UK.

Back in London, | was lucky enough to work in two other
broad-ranging roles over the next two years within reservoir
description petrophysics and coring operations. By now | had
held four totally different positions at multiple stages of field
life, worked centrally and for multiple regions, all of which
gave me a great breadth of experience and an ever-growing
contact base. For my next move | saw an opportunity to
pursue deepening my skills in production petrophysics and
subsequently joined global-based management to work with
a small team of centralized experts.

The original scope of my role was to focus on well-integrity
logging; primarily calipers, ultrasonics and electromagnetics.
The work was challenging and very detailed; providing expert
interpretations of pipe corrosion, scale, pipe deformation and
wear, as well as pursuing the qualification of new sensors. The
work scope soon expanded as | took ownership of the role;
taking in aspects of performance management, community
stewardship and reservoir surveillance. One of the objectives
of the team is to ensure the discipline is visible, collaborative
and approachable. | am privileged to lead our production
petrophysics community of practice (‘CoP’) alongside our
discipline advisor. This CoP is the platform that allows us
to spread the word about production petrophysics, raise
the bar for surveillance excellence and foster continuous
improvement across the surveillance avenue.

The work in the central team is rewarding and fast paced.
We invariably have the opportunity to support the most
challenging and valuable technical work across the portfolio,
as well as being the custodians of new technology. We also
have an obligation to continually build capability in the
regions and ensure the surveillance strategies of each of our
fields continually reduces risk and maximizes any commercial
opportunities.

If there’s one thing | have learned over my last seven
years with BP, it is the value of standing back and looking
at the bigger picture, challenging the way that we do things
so that we constantly and mindfully improve on our safety,
our execution, our efficiency and our understanding of the
subsurface.

March 2019



Twenty-Four Hours in the Life of a Production Petrophysicist

Alexandra Love (Production petrophysicist, offshore region)
— The Journey of a Petroleum Engineer Turned Petrophysicist

| spent my first five years in industry as a petroleum
engineer (PE) before converting to petrophysics. My PE
roles included a year offshore and time spent managing the
production, surveillance and wellwork on several different
fields. | quickly learned that my strengths lie in planning and
executing wellwork.

Fixing underperforming wells is immensely rewarding
work. Though it is often impossible to understand the root
causes from surface surveillance alone. | was frequently
planning production logs, multidetector pulsed-neutron logs
and integrity logs to discover the cause of lost production or
optimize reservoir offtake.

My choice to convert to a production petrophysicist
originated from my curiosity to develop a deeper
understanding of how the casedhole toolkit worked and how
to fully integrate the open- and casedhole logging datasets
with the well behavior monitored by traditional petroleum
engineering. | was first exposed to these concepts during an
internal production petrophysics training course which quickly
led to enrolling on a company program for other disciplines to
convert to petrophysics.

As a production petrophysicist | am lucky to have the
broadening experience from my petroleum engineering roles,
| also feel it has provided me with a unique set of tools to use
as a production petrophysicist.

Anyone who has worked offshore understands that it is
a vastly complex environment. Safety is key, and any planned
operation needs to be simple and streamlined to ensure
value for the company. When | select anything; tools, logging
programs, service providers, | know from experience that a
balance needs to be struck between many factors, logging
time, logging complexity, data quality and number of tools/
providers.

From the interpretation side | have brought over a basic
knowledge of well completions and well design from my PE
background. It is surprising how often the well completion
can affect the ability to both log a well and perform well
remediation (think an openhole completion vs. a casedhole
completion). For multidetector pulsed-neutron logging an
understanding the well design is vital to achieving the correct
guantitative interpretation.

A good interpretation requires the integration of data
from many disciplines; geology, reservoir engineering,
petroleum engineering, well interventions, integrity and
completions. It is wise to complete as much interpretation in-
house as practically possible as it is naive to expect a service
company to understand all these aspects of a well.

Remember while a petrophysicist’s focus is on the data, it
takes a team to execute successful and safe well work!
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Behrooz Raeesi — The Journeys of a Graduate Recruit

After graduation, | joined BP as a petrophysicist challenger
in Alaska and worked initially as a reservoir description
production petrophysicist and then production and operations
petrophysicist for the Prudhoe Bay field.

A production petrophysicist is mainly responsible for
planning and interpretation of casedhole logs, such as
saturation and production logs, cement evaluation and well
integrity logs. It is safe to say that most of the production
petrophysicist’s time is spent on the log data, but it is also
important to work closely with the base and reservoir
management teams to understand the well design and
reservoir geology and fluid history. In that respect, a good
portion of the production petrophysicist’s time is spent in
well-review meetings discussing potential problems and
solutions for the existing wells, usually related to the wellbore
(cement channels, casing leaks, scale) or the reservoir (gas or
water breakthrough, thief or tight zones, sand production). A
production petrophysicist recommends the appropriate tool(s)
and vendor for diagnosing the problem and must consider
wellbore geometry, tool and interpretation limitations, and
uncertainties before explaining them to the subsurface team.
The production petrophysicist is also the link between the
operatorandthe service companies; clear communication with
the field engineers and service coordinators is very important.
One of the production petrophysicist’s tasks that could have
significant business impact is to ensure that the vendors are
familiar with and follow the additional standard procedures
defined by the operator for safe and efficient execution of the
job and standardization of the vendor deliverables.

Gerardo Cedillo — The Experienced Hired Journey

After 12 years climbing through the very demanding, but
as well, very rewarding field engineer role in Schlumberger, |
have had the opportunity to work in almost all the ecosystems
on earth. From the hot and humid jungles and swamps in
Mexico and Guatemala to the Sahara Desert in Algeria and
then, as a petrophysicist with BP, in the cold and majestic
tundra in Alaska. With that, | was exposed to and ran almost
all the wireline tools that the company had. From the very
complex sampling and reservoir evaluation tools, offshore
seismic using air guns or explosives pits and vibroseis trucks
in land, to almost all the production logging, well integrity,
pipe recovery, cement evaluation and perforation services
at the time. My all-time favorite: the casedhole, production
petrophysics world. | felt for this branch of petrophysics,
from the four flavors/branches (production, operations,
reservoir description and seismic rock properties) because as
a pragmatic specimen of our species, | want to see results and
| want to see them now!

The satisfaction of recommending a successful water or
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gas shutoff to the team, after interpreting a very challenging
production logging, casedhole saturation, well-integrity and
cement-evaluation program, could be addictive. Finding
bypassed oil against almost all the subsurface plausible
scenarios, perforate that ratty sand interval that everyone
thought was wet and find thousands of barrels of oil in
it, brings an inelastic burst of self-satisfaction, because in
the end, you are the integrator, you are the ambassador of
maximize production and recovery, own it, enjoy it.

As the integrator, you are tasked with putting the pieces of
thepuzzletogether, likethe subsurface description, production,
depletion mechanism, reservoir model, completions, facilities
constraints, comparing the acquired data to the prework
nuclear or flow modeling and recommending a course of
action.

After 19 years in this journey, seven of them as a
petrophysicst with BP, here is a compilation of phrases and
pieces of advice that I've been given though my career and
some that | just made up as | write. Work hard and play hard,
put the hours in, the Christmas and birthdays away from
family. Stay those extra hours helping and teaching your
peers, never say no to a challenging job even if your knees
are trembling while being asked. Keep learning, fuel curiosity,
make that online masters program that will help to shine some
light on the things you hear, but you don’t fully understand...
and maybe you never will, ha. Remember the John Maynard
quote “it is better to be roughly right than precisely wrong”
yes!! we live in an uncertain world, with uncertain tools,
and to add to the multiphase-mist flow regime, we make
decisions in a biased way. Find your resonance frequency to
deal with stress, decisions in the oil patch, cost a lot of money
and resources, and yes, sometimes the decision could have
done differently. Learn from those, get to the root cause and
don’t hide them below the rug, share them. Prevent them,
by doing peer reviews and prework modeling, overcome that
confirmation bias!!

Finally, the field life and the petrophysics discipline,
specially the branches involved in operations, are not for the
faint of heart. Our internal magnetometers sometimes need
calibration to remember that the most important crew, is
our family and friends, because as interesting, challenging
and rewarding the role can be, there is no logging job or
petrophysical interpretation that supersedes a dual-packer
snug hug from your kid or a wife’s kiss. Log safe.
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Dr. Strangelog’s Principles for Success in the Technical Workplace

After Tom Barber and | wrote the 1987 SPWLA Symposium paper “Strange Induction Logs—A Catalog
of Environmental Effects,” we began to receive emails from field offices requesting us to do modeling to help
them explain their own strange logs. We became their last resource before they gave up on interpretation and
started to believe that the weird log was caused by a broken tool. Below are some “principles” that helped
improve my effectiveness in communicating ideas between research (pages of equations) and log analysts (is
there oil here or not). After retiring, | started using dr.strangelog@gmail.com as an email address. Send your
comments and suggestions for possible future topics of this column to this address, or to the editor.

If you don’t make a mess, then you won’t have to waste time cleaning the mess up. | learned this coding
assembly language during the 1960s, when computer time was much more expensive than programmer time.
Believe me, it’s no fun cutting and splicing punched paper tapes to correct programming errors. This principle

Barbara Anderson

SPWLA President also applies to emails sent in haste and to household messes.
1994-1995 If you have an argument with a colleague or your boss, forget about it and be cordial afterwards. If
?z\c/mﬁ?hmssxﬂ nothing else, it will drive people crazy wondering why you are acting like nothing happened. If the argument
2007 was with your boss, it might distract him long enough to forget about downgrading your performance appraisal.

A good way to improve your productivity is to work on two or three projects at the same time. That
way, if you get stuck coming up with an idea, you can switch to another project to reset your thinking from failure mode. Make sure that
least one project has a long-term deadline, or you may end up decreasing your productivity.

A good way to come up with new ideas is to collaborate with people whose area of expertise is completely different than yours.
Someone in engineering once told me that the best patents come from two sources (1) a combination of two mediocre ideas, and (2)
mistakes (like Post-it notes coming from a failed experiment to improve scotch tape). The first requires an introductory email. The second
requires that you show up often enough.

Newton’s third law of action and reaction also applies to information. This is the geeky version of karma. Briefly stated: if you want
more information, then start sharing the information you have with others. When you do this, you open up previously unavailable channels
of communication so that effective two-way communication can take place. Writing papers for journals and meetings is one of the most
efficient ways to do this. In addition, if you get outside recognition, your boss may finally realize that you are an asset to the company.

Seriously, add a little humor in your technical presentations to keep the audience from getting bored. Use something that applies to
the presentation itself, like a play on words or an addition to a graphic. Canned jokes don’t always work and can lower your credibility. The
focus in low-key humor is incongruity. In addition, humor makes you more approachable for people asking questions after a presentation.

Use simple graphics to explain complex ideas. A good start is to use as few words as possible on a slide or figure. Another useful
concept, which | learned from engineers applying pattern recognition to formation evaluation, is: the human mind is hard-wired to
recognize differences before similarities for survival purposes (think of a lion hiding in tall grass). That’s why people will spot a typo on
a slide before they notice how good the results are. The best book on the topic of good graphics is “The Visual Display of Quantitative
Information” by Edward R. Tufte.

Be curious about learning new things. The easiest way to “learn while doing” is to personally collaborate with or read classic references
by experts in their fields. During my 40+ year career at Schlumberger-Doll Research, | was fortunate enough to be literally just a “walk down
the hall” away from quite a few SPWLA Gold Medal winners: Doll (1966), Clavier (1988), Moran (1992), Gianzero (2000), Barber (2011),
Torres-Verdin (2014), Mullins (2015). They were tough acts to follow, but | managed to survive.

Barbara Anderson joined Schlumberger-Doll Research in Ridgefield, Connecticut, in 1966 as a programmer, and retired from
Schlumberger as a research scientist in 2007. Her first major responsibility was performing calculations for resistivity interpretation
chartbooks. She went on to become involved in the modeling and design of many of the industry’s standard resistivity tools, such as Phasor
induction, dual laterolog, array induction and electromagnetic propagation.

Oneofherongoinggoalshasbeentominimize uncertaintyin formation evaluation by integrating modeling directlyinto theinterpretation
process. In 1986, she wrote an award-winning paper demonstrating how modeling could be used to explain several previously unsolved
interpretation problems. This paper led to significant advances by herself and her colleagues in the areas of geosteering, horizontal well
interpretation and 3D modeling and inversion.

In 1997, she enrolled in the “remote” PhD program at Delft University in the Netherlands, and received her PhD degree in 2001. Her
thesis work involved the inversion of triaxial induction data in order to determine resistivity anisotropy.

Barbara has authored or coauthored over 70 technical papers. She coauthored several SPWLA Symposium and Petrophysics Best
Papers. She won the 2002 SPE Formation Evaluation Award and the 2007 SPWLA Gold Medal for Technical Achievement. She served as
SPWLA President in 1994-1995. She attributes the success of her papers to her collaborations with talented coauthors.

Since her retirement, she has done part-time consulting and taken up weaving as a hobby.
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Great Moments in Formation Evaluation—Part 5: Seatbelts, Peanuts and Cement

Erle P. Halliburton made his start in the Qilpatch in 1919 in a town called Burkburnett, Texas,
which is near Wichita Falls. He started what was known in those days as the “Bett er Method QOil
Well Cementi ng Company". He brought a blowout under control for two wildcatt ers, W.G. Skelly
and E.W. Marland who respecti vely went on to form Skelly Oil Company and Conoco. This
achievement put Erle on the map and his business prospered. Eventually he made Duncan,
Oklahoma, his headquarters and in 1924 incorporated Halliburton Oil Well Cementi ng Company.
The experti se of the company lay in its a bility to pump fl uids under pressure.

In the 1920s Erle frequently flew between locations in World War I-type planes and became so
fascinated with flying that he started an airline in 1929. He had eight aircraft and the company was
known as Southwest Air Fast Express (SAFEWay Airlines). It operated for 18 months between cities in
Kansas, Missouri, and Oklahoma but eventually was merged into American Airlines. To this day, the
Chairman of American Airlines has a seat on the Board of Halliburton Company.

Richard Bateman

Things could have worked out differently. If Erle had been far more successful with SAFEWay Airlines and far less successful
with oilwell cementing, then today we might be able to dream of enjoying an alternative to American Airlines.
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SPWLA Technology Innovations

Carlos Torres-Verdin
2018-19 VP Publications
cverdin@mail.utexas.edu

Issue 02

Dear SPWLA Members,

We are launching a new column, “Technology Innovations,” intended to highlight and introduce
recent technological developments pertinent to our professional community. Undoubtedly, the
format of the column will change with time. Please feel free to submit entries to this new column.
In so doing, please avoid commercialism and marketing and concentrate on informing readers
about the technical development itself. Several companies were invited to submit entries for the
present column; we are including only those entries that were received by the editor by the time of
publication.

Thanks and kind regards,
C. Torres-Verdin, PhD, Editor
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SPWLA Technology Innovations

LWD High-Resolution Imaging in OBM

Baker Hughes, a GE company, has introduced the 6.75-in. ImageTrak™ high-resolution ultrasonic borehole imaging service,
which enables detailed evaluation of formation fractures, features, and borehole geometry in any type of borehole fluid,
including oil-based mud.

Ultrasonic transducers, operating in a pulse-echo mode, are used to measure both the amplitude and travel time, generating
a 256-sector image of the wellbore. The reflectance amplitude image represents acoustic impedance contrasts of the borehole
wall to identify and evaluate variations of lithology, bedding, lamination, or physical rock features such as fractures and
secondary porosity. The traveltime image displays the oriented borehole shape and size, which is indicative of the distance
of the transducer to the wellbore wall. This is especially useful for identifying open, closed, and mineralized fractures. Other
borehole geometry applications include wellbore stability monitoring and geomechanical studies, along with borehole and
cement volume determination.

The LWD ultrasonic measurement was optimized to allow operation in both oil- and water-based drilling mud systems with
a wide range of mud weights. In addition, the system’s high sampling rate and three transducers support ROP up to 400 ft/hr and
can correct for eccentricity effects.
www.bhge.com
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Example plot of an interpreted interval from ImageTrak™ high-resolution ultrasonic borehole imaging service.
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SPWLA Technology Innovations

New LWD Technology Acquires Acoustics Measurements in Large Holes and Slow Formations

The SonicScope 900 multipole sonic-while-drilling service from Schlumberger combines monopole and quadrupole
measurements to deliver compressional and shear slownesses in large, surface hole sections. The new service can acquire the
data while drilling or while tripping and can also deliver top-of-cement measurements.

Seismic uncertainty is often highest at shallower depths and this leads to increased error when estimating the position and
extent of shallow hazards, such as gas-charged sediments, high-pressure zones, faults and wellbore stability problems. Managing
these hazards while drilling requires high-quality acoustics data that are obtained with logging-while-drilling tools. This presents
unique challenges due to the large hole sizes and slow formations typically encountered at these depths.

The new service overcomes these challenges by delivering continuous compressional measurements in both real time and
memory in up to 26-in. borehole. Through a combination of optimized tool design and leaky-P processing options, the service
accounts for the dispersive nature of the arrivals in very slow formations.

Acquiring shear data in these same conditions is highly challenging due to a combination of extremely slow velocities, large-
hole sizes and borehole fluid effects. Monopole refracted shear measurements are not present as the formations are generally
much slower than the fluid speed; therefore, quadrupole shear measurements must be used.

The SonicScope 900 service delivers quadrupole shear in real-time and memory, in up to 18.125-in. borehole and at
slownesses out to 700 us/ft by using an inversion-based, processing technique which provides full-quality control of the shear
results. The key additional features of the SonicScope service, including automated labelling and operational flexibility are
included in the new tool size.

For further information, visit https://www.slb.com/services/drilling/mwd_Iwd/acoustics/sonicscope.aspx
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SPWLA 60th Annual Logging Symposium
The Woodlands, Texas, USA, June 15-19, 2019
Technical Program Abstracts

NOTE: This is a tentative program and selected papers listed below may not be in the order in which they will be presented. The final technical program may differ from
that shown due to paper withdrawals. All technical sessions will be held in the Town Center South at The Woodlands Waterway Marriott Hotel & Convention Center.
Photography and video/audio recording of any kind is strictly prohibited in all areas including technical sessions, workshops and exhibition hall.

CASE STUDIES

Application of Gamma Function in the Evaluation of Heavy Oil
Reservoir In Peregrino Field Through NMR Well Logs

Jesus P. Salazar, Javier Borri and Roberto Arro, Baker Hughes a GE
Company; Jose Eustaquio Barbosa and Katharine Sandler, Equinor

The use of nuclear magnetic resonance (NMR) logs for
petrophysical interpretation and evaluation in the oil and gas industry
has increased in the last decades, especially in Brazil, where the use
of this technology was increased by more than 400% from 2011
to 2018 (from 49 to 208 runs). This is mainly because the porosity
estimation provided by this technology is independent of lithology.
Additionally, the porosity can be associated with different pore sizes.
It can also be divided to quantify the fraction of porosity for the clay
bound water, bound fluid by capillary forces and movable fluid by
applying cutoff times in the spectrum of T, distribution.

Nevertheless, the presence of heavy oil in the Peregrino
reservoir, with oil viscosity varying from 150 to 350 cP, complicates
NMR interpretation because the signal from the oil decays with
a time constant that is comparable with that of capillary- or clay-
bound water, affecting the determination of permeability and the
fluid distribution.

This paper presents the results of applying the innovative
Gamma Inversion to process the logging-while-drilling (LWD) NMR
data acquired in a well from the Peregrino Field, Offshore Brazil. The
Gamma Inversion process uses probabilistic functions, instead of
exponential ones, to generate a T, spectrum that is more consistent
from a mathematical and geological point of view.

This proposed processing combines these different probabilistic
functions with the time decay of each component of the porous
space. Up to 14 different probabilistic functions can be generated
with time from 0.5 to 4000 ms generating a complete T, distribution.
These probabilistic functions can separate signals from different
fluids. A comparison between the products of the standard NMR
processing using the Laplace inverse transform and the Gamma
Inversion processing is shown.

The Gamma Inversion processing to generate the T, spectrum
in the Peregrino Field allowed the interpretation of fluid types
and better prediction of fluid productivity and saturation. It
also supported the petrophysical interpretation by defining the
optimal T, cutoff, and the true fluid distribution in order to get the
different petrophysical properties of the formation, such as porosity
distribution and permeability. These functions are significantly
simple for facilitating petrophysical analysis.

Characterization and Production Influence of Geological Facies in
the Eagle Ford
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Jeremy Magness, Bhaskar Sarmah, Nicholas Garrison and Eli Bogle,
Halliburton

The purpose of this study was to correlate subtle changes in
reservoir quality to production. The groundwork was provided by
unique lessons arising from core and log analysis, including machine
learning, to identify target facies within the reservoir and stage-level
production logs provided by permanent fiber-optic cable. Production
results on a stage level produced by fiber optics provided insight into
production drivers; these lessons were then applied to fracture and
reservoir models.

The workflow began by categorizing unique facies within the
Eagle Ford shale with the help of a self-organizing map model.
Wireline-log variables, such as gamma ray, neutron porosity,
bulk density, deep resistivity, and compressional slowness, were
used to discern different facies within the Eagle Ford shale. These
electrofacies demonstrated an excellent match with whole-
core-derived facies, which took into account mineral volumetric
compositional variation, carbonate grain-size variation, and kerogen
content. Before completing the study well, a casedhole logging suite
was run, and the facies were identified along the lateral. Permanent
fiber-optic cable wasinstalled on the backside of the casing to observe
completions and production trends along the lateral. Experiments
performed throughout the completions included varying rate and
perforation design, use of chemical diversion and acid, and pump
schedules. Fluid and proppant per lateral foot were held constant
throughout the lateral. Calibrated fracture and reservoir models
were then built around the observed completion effectiveness and
initial production results of each stage.

Despite the changes in completion design, the only solid
correlation in initial production is the facies identified along the
lateral. The best producing facies were those with the highest porosity
and organic content. Although a modeled fracture height exceeded
150 ft, the reservoir quality immediately adjacent to the wellbore
is the largest determining factor in production. The completion
design on the test well consisted of low-viscosity fluid and small-
mesh-size proppant. Facies that may be as thin as a few vertical
feet driving production on this well could be explained by proppant
dunning and production being driven by the small channel of near-
infinite conductivity that lies above the proppant dune. Undeniable
trends in unconventional completions are more perforated clusters,
pounds of proppant, and gallons of fluid per lateral foot. Reservoir
understanding and quality lateral landing targets cannot be replaced
by larger completions.

A multitude of studies and laboratory experiments have been
conducted that validate the concepts of proppant dunning with low
viscosity fluids in low-permeability reservoirs. This study expands
upon these concepts and evaluates the effects of proppant dunning
on production in a real-world scenario.
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Estimation of Thomsen’s Epsilon and Delta in a Single Core Using
Ultrasonic Phase and Group Velocity Measurements

Gabriel Gallardo-Giozza, D. Nicolds Espinoza and Carlos Torres-
Verdin, The University of Texas at Austin; and Elsa Maalouf, American
University of Beirut

Elastic anisotropy plays an important role in unconventional and
fractured reservoirs for seismic interpretation and for geomechanics
applications, including the design of well completions and hydraulic
fracturing. The quantification of elastic anisotropy is challenging
because mechanical properties must be measured in cores for which
there is limited availability in number and orientation. Furthermore,
geomechanical measurements on cores are often destructive.
New techniques are necessary to enhance the measurement of
anisotropic elastic properties of cores under in-situ stresses and
variable loading conditions.

Because of pervasive thin laminations, most unconventional
rocks tend to behave as vertical transversely isotropic (VTI) materials.
A common practice used to estimate the dynamic elastic properties
of VTI rocks with triaxial frames requires three ultrasonic elastic-
wave measurements on three independent cores acquired from the
same interval in a well, with bedding angles of 0, 45 and 90°. The
corresponding five independent Thomsen parameters (VPO, VSO,
Epsilon, Delta and Gamma) are estimated from the compressional
and shear arrivals at these three angles.

We developed a method to estimate VPO, Epsilon and Delta,
using a single core with a bedding angle of 0 degrees inside the triaxial
frame. This new method calculates the P-wave acoustic anisotropy
of VTI cores using both phase and group velocity measurements.
We measure phase velocities with conventional ultrasonic endcaps
in the triaxial frame and add small-size transducers around the
core sample to measure group velocities; this approach increases
the angle coverage of the core, thereby enabling the calculation
of Thomsen’s Epsilon and Delta. The transducers work both as
receivers and transmitters, generating a waveform dataset with
tomographic coverage used to invert for the anisotropy parameters
of the compressional-waves.

Estimating VPO, Epsilon and Delta is accomplished with
least-squares inversion of phase and group velocities. Velocities
for the inversion are obtained by picking the first arrival of the
compressional-wave using only the small-sized transducers around
the sample. Both the shear and compressional velocities measured
using the ultrasonic endcaps are used to constrain the inversion; the
shear velocity constrains the values of the estimated Epsilon and
Delta, while the compressional velocity provides a measurement of
the compressional velocity in the parallel-to-bedding direction.

Results from our study show that elastic anisotropic parameters
can be measured at different stresses for a single core, with an error
lower than 5% in weak elastic anisotropic rocks. Inverted parameters
are consistent with parameters obtained using the conventional
methods that requires three cores. Results can be biased if
heterogeneities, fractures, or vugs are present in the core. Therefore,
a preliminary analysis using X-ray tomography is recommended to
define the location for the receivers and avoid the deleterious effect
of rock discontinuities.

A tomographic coverage with small-size receivers in contact
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with a VTI core allows to quantify the dynamic elastic properties of
rocks that are undergoing triaxial stress loading and fracturing inside
a triaxial vessel. The elastic properties obtained using the proposed
method show consistent results for weak elastic anisotropic samples
when compared to measurements acquired from a single core.

Evaluation of Light Hydrocarbon Composition, Pore Size and
Tortuosity in Organic-Rich Chalks Using NMR Core Analysis and
Logging

Zeliang Chen, Philip M. Singer, Xinglin Wang and George J. Hirasaki,
Rice University; Harold J. Vinegar, Vinegar Technologies LLC

The laboratory NMR core analysis integrated with downhole
NMR logging has proven to contribute significantly to formation
evaluation. In this paper, we integrate laboratory NMR measurement
with NMR logging to estimate the hydrocarbon composition in
an organic-rich chalk prospect. We also use the NMR laboratory-
measured restricted diffusion to estimate the mean pore size and
tortuosity of the hydrocarbon-filled porosity.

Our core analysis consists of pressure saturation of the as-
received reservoir core-plugs in an NMR overburden cell, followed
by in-situ NMR T,-T, and D-T, measurements. The saturating fluids
in the core-plugs include water and light hydrocarbons, including:
methane, ethane, propane, n-butane, n-pentane and n-decane.

The laboratory-measured T, distributions (projected from
T,-T, measurements) of the hydrocarbons in saturated cores are
converted to [ (T, apparent) distributions by simulating the effects
of diffusion in the magnetic-field gradients of the NMR logging tool.
The core data indicate a large contrast in [ distributions between
the different hydrocarbons due to different surface relaxivities
and diffusivities. This contrast is used to estimate the downhole
hydrocarbon composition by minimizing the least-squares error in
the T e distributions between core and log data.

The laboratory-measured T, /T, exhibits contrast between water
and light hydrocarbons. The magnetic-field gradient of NMR logging
tools amplifies the contrast and makes the downhole-measured T /
[ favorable for fluid typing. We find that methane and natural gas
liquids (NGLs) tend to yield higher Tl/TZapp compared to water and
longer alkanes.

The laboratory-measured restricted diffusivity indicates that
the saturating methane can be distinguished from liquid-state
hydrocarbons by the higher diffusivity. In addition, the laboratory-
measured restricted diffusivities of different light hydrocarbons are
fitted to the Padé approximation to estimate the mean pore size,
heterogeneity length-scale and tortuosity of the hydrocarbon-filled
porosity.

We show how these new techniques could, in principle, be used
to evaluate the tight-rock reservoirs.

Feasibility Study of Deriving Water Saturation From LWD NMR
Transverse Relaxation Time in Two Siliciclastic Reservoirs In China

Zhou Xin, Schlumberger
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To evaluate formation properties, a common methodology is
to determine the reservoir porosity, permeability, water saturation
through conventional measurements including gamma ray, resistivity,
density and neutron. In order to obtain these properties, at least two
orthreeloggingtools needto be connectedinthe downhole assembly
with a radioactive source. Several coefficients, such as a (tortuosity
factor), m (cementation exponent), n (saturation exponent), and
clay volume need to be determined through local experience or
core laboratory results. Moreover, because resistivity is apt to be
influenced by many factors, to obtain a reliable petrophysical result
is costly and challenging.

A newly published method allows water saturation (S ) to be
derived from NMR transverse relaxation time (T,) distribution. The
method is considered an effective way to address the previously
mentioned challenges because it is independent of resistivity.
Especially in China, LWD nuclear magnetic resonance (NMR) tool
was used in lots of 12.25-in. sections as an alternative tool replacing
density-neutron measurements to eliminate the risk of running
radioactive sources. To be more specific, the workflow to determine
S, builds on recent advancements of T, methods to extract maximum
information from minimal NMR data acquisition, such as factor
analysis, a statistical method to determine various T, cutoffs, and
fluid substitution, a method to replace all hydrocarbons with water
in the T, distribution. The workflow is summarized below:

1. Identify free-fluid T, cutoff from factor analysis of the T,

distribution.

2. Perform T, fluid substitution to get T, log mean (TLM) of

the distribution when pore space is filled with 100% water.

3. Establish T,LM of 100% water and hydrocarbon, then,

calculate Sw.

Using the proposed workflow, we conducted a case study on
two wells in Bohai Bay. The target formation is a heterogeneous
shaly sand formation that produces light oil. Both wells have core
data in the main reservoir intervals. LWD triple combo, NMR and
resistivity were acquired in both wells.

Overall, S derived from T, shows very good agreement with
S, calculated using the Archie equation in both wells. The feasibility
of the proposed NMR method is well demonstrated in the study
field. Although the reservoir is heterogeneous, NMR gives good
results in most intervals. The differences between the two S values
are attributed to factors, such as resolution difference, depth of
investigation, shaly sand parameters, fluid characteristics, and have
been closely studied.

With S computed from the T, distribution, NMR now delivers
complete petrophysical answers of porosity, permeability and
water saturation. S_ from T, can be used to corroborate resistivity-
based interpretation or provide an independent reference when
conventional interpretation is not conclusive.

Identification of Bitumen in Najmah Source Rock, Using Organic
and Inorganic Analysis, a Case Study

Jalal Dashti, Kuwait Oil Company

The Najmah Formation is a Middle Jurassic tight, fractured
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formation, distributed across all fields in Kuwait. The Najmah
Formation in Kuwait is represented by a carbonate sequence with
highly variable thickness with abundant kerogen and bituminous
matter in the Lower Najmah Mudstone (source-rock unit).

The entire formation is interesting for its prospectively and it
is cored in different locations in Kuwait in several wells, since its
reservoirs are often vertically and laterally heterogeneous due to
depositional variability and diagenetic alteration through space and
time.

The bituminous intervals, often encountered drilling the
Najmah, can induce damaging effects on oil recovery, such as
reduction of total “productive” porosity, creation of permeability
barriers, diminution of waterdrive efficiency, modification of fluid
circulation and rock wettability. Drilling challenges associated with
bitumen presence may also arise.

While fundamental questions still remain unclear and
controversial, such as how bitumen behaves at in-situ conditions
(high stress and high temperature), what shape is bitumen formation,
and what mechanisms drive bitumen into the wellbore, the current
consensus is to avoid bitumen intervals as much as possible.

This paper describes how geochemical data allowed for (a) the
characterization of the organics present in the main reservoir, (b)
the control of the presence of bitumen and the quantification of its
amount in key cored well samples, and (c) the establishment of a
methodology to tentatively extend the previous results to noncored
wells.

Both organic and inorganic geochemical investigations were
employed, namely total organic carbon (TOC), pyrolysis analysis,
thermal desorption gas chromatography (TDGC), X-ray fluorescence
(XRF), and X-ray diffraction (XRD).

Carbon is present in all organic components of the rock:
kerogen, bitumen and liquid hydrocarbon.

Pyrolysis analysis can distinguish between free oil (the S1 peak)
and heavy organic matter resulting from thermal cracking (the S2
peak), but it cannot differentiate the kerogen from the bitumen,
both being included in the S2 peak.

However, kerogen is, by definition, insoluble in all organic
solvents. This chemophysical property helped in the correct
identification and isolation of this range of organic compounds:
A long cycle treatment in a Soxhlet extractor using an azeotropic
mixture of a high-polarity solvent; and a low-polarity one guaranteed
an efficient extraction of all the soluble components, including
the soluble part of bitumen. The comparative pyrolysis, i.e., the
comparison of the original analysis with the second, post-treatment,
analysis revealed the amount of the removed organic matter. An
estimation of bitumen solubility, based on previous analysis on pure
bitumen samples, allowed the assessment of total bitumen amount.
An analogous procedure was set up for cuttings samples and its
feasibility proved to depend on the type of drilling fluid used while
drilling.

This study represents the first integrated characterization of
a formation working both as source rock and reservoir rock with
the inclusion of comparative pyrolysis in order to determine the
presence of bitumen.

March 2019



Abstracts - SPWLA 60th Annual Logging Symposium

Imaging High-Resistivity Carbonate Reservoir Delineation and Well
Placement—Application of a New HTHP Resistivity Imaging-While-
Drilling Tool in China

Qiming Li, CNPC and Oliden Technology

High-resolution wellbore imaging, deep and extended-range
focused resistivity, and the ability to provide azimuthal quadrant
resistivity measurements while sliding are key features of a new
175°C-rated laterolog resistivity imaging-while-drilling tool that has
already generated high impact in China. This paper presents field
application examples from different fields in China to show how
the new technologies are solving field development challenges and
generating significant cost savings for the operators.

The azimuthal laterolog resistivity imaging tool in 6.75-
in. collar has been used to acquire logging-while-drilling (LWD)
resistivity and wellbore-image logs in more than 10 wells in the
Sulige Gas Field, Changging Qilfield, and Jidong Qilfield, addressing
formation evaluation needs in heterogeneous, low-porosity, or low-
permeability and other complex reservoirs. Excellent agreement has
been achieved between the LWD resistivity measurements from the
new tool and traditional wireline resistivity logs, when available.
High-resolution wellbore images from the tool have been used to
delineate more accurately formation layers and to determine the
reservoir thickness. Borehole breakouts from wellbore images are
also used to aid wellbore stability and geomechanical analysis. In
a high-angle well in Jidong Oilfield, wellbore images while drilling
reveal how the wellbore enters and exits the dipping formation
layers, demonstrating the ability to describe accurately the formation
structures and to optimize the placement of well trajectories.

In Qinghai Oilfield, the fine wellbore images from the LWD
tool are used to characterize the complex geology in the presence
of extensive faults, fractures, and complex folds, providing the
same types of information that are traditionally obtained only from
wireline electrical images. The ability to characterize formation
geology while drilling presents significant opportunity in operational
time and cost savings in high-angle wells by eliminating wireline
trips, which could take up to 100 hours to run.

In the Tarim Basin of West China, complex geological structure,
high tectonic stresses, and overpressured and fractured reservoir
formations in the field, coupled with downhole temperatures above
150°C present a huge challenge to drilling and logging programs.
Wireline logs typically cannot be obtained due to the risk of
wellbore instability. Understanding formation type and geological
structure, and characterization of complex dolomite karst, such as
caves, vugs and fractures, are important for well placement and field
development. Wellbore images while drilling from the 4.75-in. collar
tool have been used instead to characterize the reservoir types and
identify unique characteristics in different formations. In addition,
the tool’s ability to measure very high resistivity in the range of
thousands of Q-m in conductive mud allows proper delineation of
potential pay zones from anhydrate formation, meeting the logging
requirement for the wells. The integration of deep resistivity,
wellbore images, and azimuthal gamma-ray measurement into the
same collar and HTHP rating makes this LWD tool a versatile sensor
to include in any bottomhole assembly to aid accurate formation
evaluation and well-placement applications.
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LWD Resistivity Anomalies in Overburden Sections Provide Critical
Information on Drilling Safety and Borehole Stability: Gulf of
Mexico Case Studies

Michael Rabinovich, John Bergeron, Gerardo Cedillo, Maryam
Mousavi and Wilson Pineda, BP; Jeffry Hamman, BP Retired; Fei Le
and Hans-Martin Maurer, Baker Hughes, GE; Ettore Mirto and Keli
Sun, Schlumberger

Typically, only conventional logging-while-drilling (LWD)
resistivity and gamma-ray logs are acquired in overburden sections
of deepwater wells. Very important decisions impacting drilling
safety and borehole stability must be made based on correct and
timely interpretation of these logs.

Drilling-induced fractures, faults, and eccentricity effects
in large holes drilled with oil-based mud are common reasons
for anomalous responses of LWD resistivity tools in overburden
sections. These anomalies are often associated with fluid losses
and other drilling hazards, such as borehole assembly sticking.
With the limited number of real-time (RT) measurements, even if
the optimal minimal set of RT curves is selected, the interpretation
of these anomalies is challenging. Drilling-induced fractures can be
misinterpreted as eccentricity or even as a permeable zone with
resistive invasion in water sands or with a hydrocarbon-bearing
layer, which is especially important for proper casing and cementing
decisions. Resistivity modelling is an irreplaceable tool that enables
us to uniquely identify the cause of each anomaly.

Time-lapse measurements also help to recognize and identify
the causes of anomalies as borehole conditions change with time.
Fractures can become deeper with continued overbalance or healed
with lost-circulation material or a reduction of equivalent circulating
density. Washouts typically enlarge with time and after reaming.

We present several case studies from deepwater wells in the
Gulf of Mexico illustrating typical LWD resistivity anomalies in
overburden sections. The examples include fault identification and
borehole events, such as fluid losses, borehole enlargement, and
gas-bearing intervals. The challenges of interpreting each anomaly
and the necessity of the appropriate LWD resistivity modeling kit
are clearly demonstrated. Many of the examples illustrate the
advantages of measuring after drilling (MAD pass) logs.

Turning a Negative into a Positive: Shale Annular Barrier
Identification for Plug and Abandonment

David Lavery, Halliburton; and Gulnara M. Shafikova, Var Energi AS

While shale formations can be problematic during the drilling of
a well, those same shales have mobile characteristics that can make
them extremely valuable as barriers during plug-and-abandonment
(P&A) operations. Under certain circumstances, the mobility of shale
formations can displace against the casing and create impermeable
annular barriers. The impermeable nature of the displaced shale
formation means that it acts as an acceptable annular barrier where
the cement annular barrier is not of acceptable quality.

Particularly relevant to P&A operations, the ability to efficiently
identify suitable shale annular barriers during logging can negate the

March 2019



Abstracts - SPWLA 60th Annual Logging Symposium

need for any costly and time-consuming remedial cement work, yet
ensure well integrity for P&A.

A comprehensive road map for identifying shale annular barriers
using acoustic and ultrasonic logging tools is discussed. Using
available openhole data, the expected shale-barrier impedance-log
response was predicted, lending more confidence in the results.
The simultaneous ultrasonic casing-inspection data are integrated
into the shale-barrier assessment to measure the casing ovality, a
feature of formation displacement compared to a cement annular
barrier. A robust pass-or-fail criterion was established before logging
operations.

Multi-Variable Threshold Processing (MVTP) was used to
automatically compare the logged result to the established criteria
for an acceptable formation barrier and allowed the operator to
determine the way forward before the logging tools were even at
surface.

Case studies are presented from multiple wells as part of a P&A
campaign to highlight the success of shale-barrier identification using
logging tools ostensibly designed for cement-evaluation logging. The
integrity of the shale barriers was subsequently confirmed using
pressure testing per the relevant regulations.

Uncertainty Analysis in Formation Evaluation: Rationale, Methods
and Examples

Philippe Gaillot, ExxonMobil Exploration Company; Roza Nursaidova,
National Caspian Oil Company; Jerome Lewandowski; Exxon Mobil
Upstream Research Company

Upstream Uncertainty Analysis (UUA) frameworks are designed
to support geologic and engineering decisions with significant
business risks. While those frameworks ultimately focus on the 3D
(static) and 4D (dynamic) characterization of the subsurface, their
implementation start at the 1D well-scale with petrophysicists as key
players.

This paper aims to highlight that petrophysical interpretations
are not ‘hard’ data and that there is much to gained by estimating
and communicating petrophysical uncertainties. Petrophysicists
deal with incomplete and unknown information in all steps of the
petrophysical analysis: well-log acquisition, calibration, processing,
and interpretation. Each of these steps has uncertainties that can
affect the final results. The key objectives for petrophysical analysis
are to reduce the systematic errors, and to perform a consistent
analysis between wells. Formation evaluation (FE) uncertainty
analysis (UA) attempts to include different sources of uncertainty
(log measurements, submodel approximations, heterogeneity, and
natural variability of the rocks), and efficiently communicate those
uncertainties to team members and management.

This paper explains how uncertainties in FE can be practically
quantified through various error-propagation approaches, and
proposes simple standards for communicating FEUA outputs. Direct
benefits and limitations of FEUA are illustrated with applications
ranging from (1) assessment of farm-in opportunities, (2) challenging
multiwell petrophysical model development and implementation in
a tight carbonate field for geomodel building, and (3) petrophysical
support for rock physics modeling linking the physical properties
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measured at the well with petrophysical, elastic and seismic
properties.

General and systematic use of FEUA helps petrophysicists
to take full ownership of well data and interpretations, including
uncertainty, and conform to standards defined by UUA framework,
i.e., software tools and workflows for systematic integration of data
and interpretation to quantify magnitude and probable distribution
of asset value. The most direct and obvious benefits of FEUA include
a check that (1) petrophysical results are within expected errors, (2)
alternative scenarios/interpretations have been considered early
in the evaluation process, and (3) inputs to sensitivity studies and
geostatistics for static and dynamic subsurface descriptions are
produced in a timely and consistent manner.

What if There was a Better Formation-Testing Probe? A Case Study
on Optimizing Flow Geometry

Camilo Gelvez and Carlos Torres-Verdin, The University of Texas at
Austin; Mayank Malik and Yegor Se, Chevron Corporation

On a recent logging job, a formation tester was used to acquire
water samples across a zone drilled with water-based mud (WBM).
During operation, the formation-testing tool encountered severe
plugging and malfunctioned. The end result was that a sampling job
that was planned to take two hours ended up taking 10 hours and
another run (more rig time). Eventually, low contamination samples
were successfully collected but the logging job was suboptimal.

This paper examines several what-if scenarios on how long
sampling should have lasted if the tool had worked under optimal
conditions and with more adequate probe configurations. Selecting
the best tool for a specific type of reservoir properties is a crucial
part of a fluid-sampling job. Moreover, uncertainty in sample quality
increases when the fluid phases are miscible, e.g., water-saturated
formation invaded with WBM filtrate. Our objective is to quantify
the filtrate-cleanup efficiency for various formation-testing tools
to optimize fluid-cleanup times and sampling quality, under both
wireline and logging-while-drilling conditions. The study is carried
out using a reliable compositional simulation algorithm for the case
of a water-saturated reservoir invaded with blue-dye tracer included
in WBM filtrate.

History matching of the field measurements allows calibrating
the model for further modification to account for a wide variety
of fluid and reservoir conditions. Complex tracer dynamics of a
blue-dye WBM invading a water-saturated formation and fluid
pumpout are accurately and expediently modeled using a flexible
numerical algorithm to account for different probe types and tool
configurations. Under normal operating conditions, the chosen
formation tester would have taken one hour to clean the filtrate
contamination to a target value of 5%. On the other hand, the best
choice of tool was found to be the focused elliptical probe, for which
fluid cleanup would have taken less than 40 minutes. Additionally,
a different tool configuration with a combination of multiple probe
geometries spaced radially around the tool would provide even
faster cleanup times, of only 30 minutes or less, thereby saving
precious rig time.

Our study ranks 13 commercial probe designs as part of what-
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if scenarios under equivalent reservoir conditions. These examples
highlight the importance of probe geometry and configuration
together with reliable and expedient numerical modeling during
the prejob phase to reduce cleanup time in anticipation of complex
reservoir conditions. Furthermore, numerical simulations compare
the fluid-cleanup efficiency for various commercial formation-testing
probes together with innovative probe designs that could potentially
lead to a new tool or probe development. Perfecting both the probe
geometry and the fluid-pumping schedule is the most important
output of our study.

COMPLETION PETROPHYSICS

A New Petrophysical Correlation for the Permeability of Carbonate
Rocks

Yuhai Zhou, Ding Zhu and A.D. Hill, Texas A&M University

Investigation of the permeability of carbonate rocks is essential
and challenging due to the heterogeneity of carbonates at all scales.
At the microscale, pore geometry, pore-size distribution, and pore
connectivity are important factors controlling permeability. This
study focuses on the influence of pore-size distribution and pore
structure on permeability to better understand the fluid flow in
carbonate rocks.

In this paper, we use microcomputed tomography (micro-CT)
to capture the microscopic heterogeneity in the pore structure.
Firstly, we collected seven 1%6 in. carbonate rock samples
including Indiana Limestone, Desert Rose, and Travertine with
various porosities and permeabilities. The porosity was measured
gravimetrically, and permeability was measured with core-plug
flooding experiments. Cubic centimeter-size core samples were
scanned with enhanced micro-CT imaging with the resolution of 6
to 8 mm/voxel, then scanned 2D images were processed with image
processing software to distinguish the pore system from the matrix.
The pore-size distribution for each rock sample was determined
by fitting a statistical function based on the binarized images. We
defined a concept of equivalent pore radius to characterize the
pore system, which effectively filters out the noncontributing small
pores and preserves the pores actually contributing to fluid flow.
The relationship between the equivalent pore radius of each rock
and permeability was investigated. Based on the 2D image stack,
we also constructed the 3D pore network to observe the pore
structure, quantify connectivity and specific surface ratio to study
their influence on permeability.

We found that laboratory-measured permeability from
core plugs was strongly correlated to the equivalent pore radius
calculated from micro-CT scanned images among the investigated
carbonate rock samples. The semilogarithmic correlation between
permeability and effective pore radius fit the measured permeability
data very well over a permeability range of more than two orders
of magnitude. The findings of pore-scale pore structure and pore
-distribution in this study are helpful for carbonate rock analysis, and
the proposed new correlation between equivalent pore radius and
permeability is practical for permeability estimation for a wide range
of carbonate rocks.
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A Petromechanical Approach to Completions Optimization in the
Bakken

Carrie Glaser, Fracture ID, Kyle Trainor, NP Energy Services and Joel
Mazza, Fracture ID

In unconventional reservoirs such as the Bakken petroleum
system in North Dakota, completions operations account for over half
of well costs. The investment in completions reflects the importance
of an effective stimulation in driving well performance. Optimization
of stage length, cluster efficiency, and fluid and proppant volumes
to maximize production while reducing costs can have a significant
impact on an operator’s return on investment. The ability to account
for variations in lithologic attributes between stages and wells may
help to simplify the complex process of completions optimization.

Petrophysical analyses in horizontal wellbores can be designed
with the requirements of the completions operation in mind, focusing
on lateral heterogeneity of mechanical and reservoir properties.
By comparing these analyses directly to key production and
stimulation metrics between stages and between wells, compelling
improvements in ROl and future cashflow can be demonstrated.

Minimizing stress variability within a given stage improves
cluster efficiency and proppant distribution. Evaluating the role of
fractures during stimulation and post-treatment production helps
identify how to distribute capital spending in the lateral. Identifying
changes in reservoir quality that correlate to production helps
identify segments of the lateral that may require different levels
of stimulation intensity. Petrophysical interpretation in horizontal
wellbores helps to maximize the return on investment for each well.

This paper describes a petrophysical workflow and completion
optimization through a Bakken case study. The results incorporate
water- and oil-specific chemical tracers and in-situ rock mechanics
data from drill-bit accelerations. These form the foundation of a
petromechanicalinterpretation of the lateral variability in mechanical
and reservoir quality. The resulting completions optimization
strategies are shown to significantly improve ROl in the Bakken.

Integrated Approach to Evaluate Rock Brittleness and Fracability
for Hydraulic-Fracturing Optimization in Shale Gas

Mohamed Ibrahim Mohamed, Colorado School of Mines

To economically develop unconventional reservoirs, it is
essential to understand the variation in reservoir properties and
rock physics throughout the entire field to help identify sweet-spot
areas and guide both completion and hydraulic-fracturing designs.
The brittle shale is more likely to be naturally fractured and more
likely to respond well to hydraulic fracturing. Ductile shale, on
contrary, is more plastic, absorbs energy, and is not considered a
good producer. In such cases, formation tends to heal any natural
or induced fractures. Thus, formation sections with high brittleness
are considered a good candidate for hydraulic fracturing. However,
many authors argue that this viewpoint is not reasonable because
rock brittleness is not an indicator of rock strength and the current
brittleness indices are based on elastic modulus or mineralogy.
Brittle rock just has shorter plastic deformation, and it is not certain
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that it is easier to fracture brittle rock than ductile rock since brittle
formation may have greater strength than ductile formation.

The paper presents a fracability model that integrates rock
elastic properties, fracture toughness and confining pressure.
Logging and laboratory core testing data were collected from
Khataba shale wells in Egypt. Laboratory testing was conducted
to understand the complex rock mineralogical composition.
Geomechanical rock properties derived from analysis of full-wave
sonic logs and core samples were combined to develop sophisticated
models to verify the principle of brittleness and fracturability indices
and to demonstrate the process of screening hydraulic-fracturing
candidates. Tensile and compressive strength tests are conducted to
better understand the rock strength. Once the data were available,
different methods were used to calculate brittleness and fracability
indices considering effect of mineralogical composition and elastic
moduli.

A rock fracability term is introduced to correct the shortcoming
of rock brittleness. Fracability is defined as the rock failure under
the ultimate rock strength in either brittle or ductile formation.
The higher the fracability of the formation, the smaller formation
strength. Therefore, the good hydraulic-fracture candidate is the
formation that not only has high brittleness but also high fracability,
thus, less energy is required to induce fracture. Higher fracability
index represents the best candidate intervals for hydraulic fracturing
because lower energy is required for the induced fracture to
propagate. The rock exhibits fracable and is easier to respond to
hydraulic fracturing and tensile failure at condition of high Young’s
modulus, low Poisson’s ratio, low bulk modulus and low fracture
toughness conditions.

This study improves the understanding of brittleness and
fracability indices and reservoir mechanical properties. In addition,
it provides valuable insight into optimization of completion and
hydraulic-fracturing designs and helps in identifying desirable
hydraulic-fracturing intervals and identifying sweet spots within
each prospect reservoir.

DEEPWATER RESERVOIR ANALYSIS

A Neutron Induced-Gamma-Ray-Spectroscopy Logging Method for
Determining Formation Water Salinity

Lili Tian, Feng Zhang, Quanying Zhang, Qian Chen, Xinguang Wang
and Fei Qiu, China University of Petroleum

Formation water salinity is a crucial parameter for reservoir
evaluation. Traditionally, sigma logging, resistivity logging and core-
sampling methods are used for the water-salinity determination.
Due to the high capture cross section of the elements (such as boron
and gadolinium) existing in the borehole or formation, the salinity
results from the sigma logging may be unreliable. For the resistivity
logging, the salinity results always are affected by the conductive
minerals, and there are some limitations when it is working in the
cased hole. Generally, the salinity results derived from the core-
sampling method are the most reliable for geological analysis.
However, the sampling method is time consuming and easily affected
by the formation heterogeneity. As a result, accurate water-salinity
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measurements always require a joint interpretation of sampling and
logging data.

The neutron slowing down or capture ability is depending on
the formation cross section. Usually, the lithology, porosity and
borehole-fluid condition will affect the salinity determination when
using a neutron logging method. Here, we developed a neutron
induced-gamma-ray-spectroscopy logging method for determining
formation water salinity. The measurement system Controllable
Neutron Element Tool (CNET) consists of a D-T generator, one
gamma detector (LaBr,), and two thermal-neutron detectors (He-3).
The LaBr, detector is covered with a thin boron-containing material
for absorbing the thermal neutrons. The timing sequence of the D-T
generator is designed according to the energy and time windows
for the gamma-ray and thermal-neutron acquisition. Therefore, the
energy spectrums of gamma rays in the inelastic and capture stage
can be recorded, as well as the time spectrums in the attenuation
stage.

As well known, chlorine content is a key index for formation
water salinity. The characteristic gamma rays of the chlorine and
other formation elements overlap on the capture-gamma energy
spectrum. By using the weighted-least-squares method, the capture
spectrum with a specific energy range can be resolved to derive
the gamma counts related to chlorine. Then, formation porosity
can be given by the thermal-neutron count ratio. Combining the
gamma counts related to chlorine with thermal-neutron counts and
porosity, the water salinity is derived. Meanwhile, the formation
sigma information from the gamma-ray time spectrum can be used
as a reference parameter for the water-salinity results. In addition,
corrections for borehole water salinity and borehole size need to be
considered.

This paper introduces a new method and its performance
in different formation and borehole conditions. The effects of
formation lithology and elements with high capture-cross-section on
the salinity measurement are eliminated. Borehole and formation
sigma responses for water salinity can be a good comparison for
more believable results. The logging method is applied in two wells
with different lithology and borehole fluids. Formation water salinity
of different depths is calculated and comparing with sampling
information to validate the effectiveness of this logging method.

Integrated Reservoir Characterization in Deepwater Gulf of Mexico
Using Nuclear Magnetic Resonance (NMR) Factor Analysis and
Fluid Substitution

Tianmin Jiang, Jason Gendur, Li Chen, Weixin Xu, Dan Shan, Nnadozie
Nwosu and Jesus Canas, Schlumberger

A novel integrated workflow using nuclear magnetic resonance
(NMR) data is developed to evaluate sand reservoirs in deepwater
Gulf of Mexico. Accurate characterization of the reservoir properties
is the key to predict the formation producibility. Traditional
interpretation methods based on triple-combo logs (density,
neutron, resistivity and gamma ray) have been widely used to
characterize clastic formations to provide cost-effective answers
of lithology, porosity, saturation and permeability. Nevertheless,
zones with fine-grained rock texture or clay-rich thin beds represent
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low resistivity, causing net-to-gross estimation often pessimistic.
Grain-size variation and clay distribution also affect the vertical
permeability and connectivity. Moreover, the traditional methods
cannot provide other important quantities of interest, such as
hydrocarbon properties, sand facies and reservoir quality indicators.

The new approach incorporates modern techniques of NMR
factor analysis and fluid substitution to fully characterize the
formations by: (1) identifying fluid types, evaluating clay distribution
and hydrocarbon properties, quantifying porosity, saturation and
permeability; (2) analyzing fluid facies from NMR factor analysis
for rock typing to separate shale, clean sand and laminated sand
intervals; (3) computing grain size distribution from a simulated
100% water-filled formation using NMR fluid substitution; and (4)
evaluating reservoir quality and producibility based on the reservoir
properties estimated from steps (1) to (3).

In this paper, we demonstrate the successful application of
the proposed workflow to wells in deepwater Gulf of Mexico.
Case studies are presented using NMR data integrated with triaxial
resistivity, borehole image, core analysis and formation-testing data.
The results provide more accurate reservoir properties for better
reservoir quality characterization. Furthermore, the new workflow
can help reveal additional pay in the low-resistivity laminated-sand
zones.

Using a Neural Network to Estimate Net Sand From Borehole
Images in Laminated Deepwater Reservoirs

Bo Gong, Dustin Keele and Emmanuel Toumelin, Chevron

Deepwater reservoirs often consist of highly laminated sand-
shale sequences, where the formation layers are too thin to be
resolved by conventional logging tools. To better estimate net sand
and hydrocarbon volume in place, one usually needs to rely on high-
resolution borehole image logs, which can detect extremely fine
layers with thickness of several millimeters.

Traditionally, explicit sand counting in thin beds has been done
by applying a user-specified cutoff on a 1D high-resolution resistivity
curve extracted from electrical borehole images. The workflow
generally requires meticulous image QC, multiple preprocessing
steps and log calibration, and the results are often highly sensitive to
the cutoff selection, especially in high-salinity environments, where
resistivity in pay sand can be very close to that in shale. In oil-based
mud (OBM), accuracy of the cutoff method is further limited by the
presence of nonconductive mudcakes and possible tool artifacts.

This paper presents a new method that estimates sand
fractions directly from OBM borehole images without extracting
an image resistivity curve. The processing is based on an artificial
neural network, which takes a 2D borehole image array as input,
and predicts sand fractions by applying a nonlinear transformation
to all the elements, i.e., electrical measurements from all button
electrodes. A cumulative sand count can be computed after
processing the borehole image logs foot-by-foot along an entire
well. The neural network is trained on a large dataset with example
images of various degrees of laminations, labeled with sand fractions
identified from core photos. Upon testing, a good match has been
observed between the prediction and the target output. The results
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have also shown advantages against another sand counting method
based on texture analysis.

The described method offers new opportunities of quantifying
thin sands in the absence of cores, which can be used to improve
petrophysical interpretation in laminated reservoirs. With
appropriate tuning, a pretrained network model could also be
generalized to applications in new wells or even new fields with
similar depositional environments.

FORMATION EVALUATION BEHIND CASING

A Second Life for a Giant: Casedhole Pulsed-Neutron Logging in
Complex Completions and Challenging Fluid Scenarios

Gabriele Duci, Roberto Zarauti, Alessandro Fasto, Marco Pirrone and
Giuseppe Galli, Eni S.p.A.

Years and years of huge hydrocarbon exploitation from a giant
field results in a not efficient production optimization strategy
due to the high uncertainty in current reservoir fluid distribution.
This scenario can be even more challenging in the case of old and
complex well completions and areal field compartmentalization.

This paper discusses design, interpretation workflow and
results of a massive casedhole pulsed-neutron campaign performed
in such conditions. The outcomes have driven several targeted well
interventions for additional hydrocarbon production.

The presented case study deals with extensive pulsed-neutron
log use in a reservoir characterized by more than 3,000 meters of
gas, oil and water-bearing terrigenous sequence. An integrated
capture (sigma mode) and inelastic (carbon/oxygen mode) approach
overcomes the criticality of a strong change in formation water
salinity (one order of magnitude from hundreds to tens parts
per thousand). Small tubing in large casing environments, long
perforated sections, and different fluids in completion make the
interpretation even more complicated. The available openhole
formation evaluation represents the input for the pulsed-neutron
modeling while a standalone casedhole formation evaluation
has been deployed in the oldest wells characterized by a limited
openhole log dataset. Actual water saturation and hydrocarbon
type from the described approach have been used for water shutoff
interventions and new perforations in front of bypassed oil-bearing
levels avoiding undesired gas production.

The aforementioned production optimization activities for all
the analyzed and treated wells resulted in an overall increase in oil
rate of about 350% and a water-cut reduction of about 40% with
respect to the previous performance.

Caliper-Behind-Casing—Using Nuclear Logging Tools to Replicate
Openhole Caliper Measurements in Cased Holes
Ben Clarricoates and Manus Lang, Weatherford

There are approximately 10,000 coalbed methane (known
locally as coal-seam gas or CSG) wells in the Surat and Bowen Basins

of Australia. It is estimated that a third of these wells experience
significant levels of solids production. This is a notable problem for
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CSG operators and requires some form of corrective action. Believed
to be caused by deterioration of interburden clays, a measurement of
how the wellbore outside of the casing has changed since openhole
logging, such as caliper, would enable a more intelligent approach to
any remedial workover. Research into such a ‘caliper-behind-casing’
measurement is relatively unexplored. This paper introduces and
investigates the use of wireline nuclear logging tools for this unique
problem.

Using nuclear simulation software, the relationship between
borehole diameter and detector count rate was characterized for
standard completions found in Queensland CSG wells. A range
of typical formation properties was then simulated to develop
a correction algorithm, which was able to compensate for the
variations in formations found in these environments, the input to
be provided by precasing openhole logging. These variations are
normally the variables of interest in conventional logging, but for a
caliper-behind-casing measurement, they represent sources of error.
Testing of this measurement was done with controlled laboratory
logging of well characterized blocks, in addition to field-based testing
on identified problem wells scheduled for remedial work.

In this paper, we show how nuclear logging tools can provide a
caliper-behind-casing measurement of up to 18 inches when logged
through casing. Therefore, estimations of hole volume are calculated
more accurately by taking into account the unknown rugosity.
Identification of potentially problematic features, such as bridges,
is made possible. Excellent verification of the modeling provided
by the laboratory-based benchmarking is seen. Finally, example
logs from case studies show measurement repeatability and
improve understanding of the fundamental problem of formation
deterioration in the CSG wells that were included in this study.

The application of this new measurement provides significant
potential for improvements in operational efficiency in Queensland
CSG.

Impact of Cement Quality on Carbon/Oxygen and Elemental
Analysis From Casedhole Pulsed-Neutron Logging and Potential
Improvement Using Azimuthal Cement-Bond Logs

Haijing Wang, Michael Sullivan, Yegor Se, David Barnes, Michael
Wilson and Michael Lazorek, Chevron

New-generation pulsed-neutron logging (PNL) tools can now
measure thermal-neutron capture cross section (sigma), carbon-
oxygen ratio (C/0), and mineral composition of the formation through
casing and cement. Environmental corrections, including casing and
cement corrections, are required for proper interpretation. Such
corrections are currently done through empirical manual shifts,
without considering the actual cement-bond quality or possible
voids and channels in the cement, and the proximity of those voids
to the position of the logging tool. Information from azimuthal
cement-bond logs can be potentially used as quantitative inputs for
C/O saturation calculation and mineral composition analysis, such
that voids in the cement are accounted for, and with assumptions on
what fluids might be filling the cement voids.

Here, we use the Monte Carlo nuclear modeling technique
to quantitatively assess the impact of cement quality on C/O and
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elemental analysis. A generic two-detector PNL tool model is used
in the simulation, along with realistic formation and borehole
properties to reflect a horizontal cased-well. Several scenarios are
simulated with a variation of casing centralization, the location of a
channel in cement, and the type of fluid filling the channel. Neutron-
induced gamma rays are tagged by the location and element of
their generation and counted at two PNL detectors as a convenient
measure of C/O and calcium yield. We demonstrate that a channel
filled with oil-based mud could have considerable effect on C/O
saturation calculation, whereas a channel filled with water-based
mud has negligible effect. Calcium in cement can have considerable
contribution to the total calcium signal. Any channel or void in
cement will affect the calcium correction for elemental analysis.
These significant impacts of the cased hole environment can be
more efficiently accounted for by integrating azimuthal cement-
bond logs as a quantitative input to the C/O and elemental analysis
of PNL, but advances in workflows and environmental corrections
will be required to make this practical.

Lessons Learned From Casedhole Formation Evaluation Along
Unconventional Horizontal Wells

Michael Sullivan, Haijing Wang, Alexei Bolshakov, Lisa Song, Michael
Lazorek, Vahid Tohidi and Yegor Se, Chevron

Revolutionary development of unconventional resources for
the last two decades has been largely enabled by horizontal drilling
and multistage hydraulic fracturing. With geosteering, horizontal
wells as long as 20,000 feet can now be placed within a stratigraphic
target window as thin as 6 feet, maximizing the wellbore exposure to
the reservoir. The philosophy of engineered completions is to place
perforation clusters in like rock so that all perforation clusters fracture
simultaneously, and not have one cluster take all the fractures.
Petrophysical data are needed as a foundation for engineered
completion efforts to maximize stimulation effectiveness. Driven
by constant effort to reduce rig time, offline casedhole logging has
been tested as an alternative to openhole wireline logging along
horizontal wells. Acquisition of petrophysical data in cased hole is
possible, but there are additional complications that do not exist
when logging in open hole, which if not properly accounted for,
can result in the logging objectives not being met. The intent of this
paper is to communicate those complications and potential pitfalls
as well as recommendations to help ensure success.

Here, we show a case study of casedhole formation evaluation
along horizontal wells in unconventional reservoirs, and share
lessons learned from an operator’s perspective. The casedhole
logging suite includes spectral gamma ray, new-generation
pulsed-neutron, and dipole sonic logs, with objectives to evaluate
porosity, mineralogy, total organic carbon, Poisson’s ratio, and
Young’s modulus along lateral wells. We emphasize the impact
of completion design and hardware on casedhole measurement,
which would require additional casing and cement corrections for
pulsed-neutron spectroscopy logs and impose special requirement
on sonic tool properties and functionalities. For instance, the
iron and calcium elemental measurements from pulsed-neutron
spectroscopy logs need to be corrected for completion hardware,
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such as casing clamps and centralizers, and variable cement-bond
quality along the circumference and lateral direction, respectively,
before proper interpretation. A sonic tool used in horizontals needs
to be stiffer and shorter than a regular sonic tool and should be able
to fire and acquire both monopole (for compressional slowness) and
four-component crossed-dipole (for fast- and slow-shear slowness)
modes. Casedhole dipole sonic logs can be dominated by the casing
signal especially if microannulus is present. The significant impact
of the casedhole environment can be more efficiently accounted
for by integrating azimuthal cement-bond data as a quantitative
input to the analysis of the nuclear and sonic logs, but advances in
workflows and environmental corrections will be required to make
this practical.

FORMATION EVALUATION OF CONVENTIONAL RESERVOIRS

A Logging Case Study of a Gulf of Mexico Subsalt Deep Miocene
Well: Highlighting New Technology and Applications in a
Challenging Environment

Brian LeCompte, Murphy Oil; Charlie Jackson, Rohin Naveena-
Chandran, Gary Kainer and Baris Guner, Halliburton; Nicola
Capuzzo, Task Fronterra Geosciences; Ron Balliet and Glenn Wilson,
Halliburton

An exploration well, drilled to over 30,000 feet to evaluate an
ultradeepwater Gulf of Mexico prospect, was logged to evaluate
stratigraphic and structural features identified in the prospect’s
initial exploration well. The 2018 wireline logging campaign
included a high-fidelity borehole imager, multicomponent
induction, multifrequency magnetic resonance, rotary coring, and
formation sampling for pressure and fluids. The formation sampling
encountered extreme high-pressure overbalance, which required
over 10,000-psi drawdown to obtain a fluid sample in one zone, and
made all coring and sampling challenging.

This paper discusses the process of job planning, data
acquisition, processing, and analysis of the multisensor petrophysical
data, together with detailed borehole image analysis, to differentiate
between the structural and stratigraphic features within the
reservoir units. The resistivity image resolved uncertainties with
the previous sedimentological interpretation. Logging from the
previous exploration well in the field only acquired dips from triaxial
resistivity. Anomalies and dip reversals were interpreted as faults,
when in fact, the resistivity image log in the second well determined
them to be slumps. The high-fidelity resistivity image was also used
for determining the sand distribution in the reservoir, which is
critical for characterization of subsalt, deep Miocene reservoirs in
the Gulf of Mexico.

A New Apparatus for Coupled Low-Field NMR and Ultrasonic
Measurements in Rocks at Reservoir Conditions
Paul Connolly, University of Western Australia; Joél Sarout and

Jérémie Dautriat, CSIRO; Eric F. May and Michael L. Johns, University
of Western Australia
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Models that describe the effect of pore fluids on elastic-
wave propagation in rocks are the basis for quantitative reservoir
analysis. Laboratory ultrasonic measurements conducted on rock
cores are often used to test the applicability of the various models
and adapt them as required. Current saturation-wave velocity
models usually require some description of fluid saturation and/or
distribution, pore-aspect ratio, wettability and fluid viscosity. These
are often measured indirectly at different experimental conditions
to the reservoir or simply assumed. Hydrogen (*H) nuclear magnetic
resonance (NMR) is a technique that can be used to quantitatively
describe some of these important parameters. Here we report the
design and performance of a novel NMR-compatible core-holder
system allowing for the measurement of both ultrasonic P-wave
velocities and NMR relaxation parameters in rock cores at reservoir
pressure and at variable fluid saturation conditions. Successful
validation against a conventional benchtop ultrasonic measurement
system was performed using a dry Berea sandstone core, while
sequential NMR and ultrasonic measurements were performed on a
Bentheimer sandstone core at reservoir pressures and as a function
of variable brine saturation (coreflooding conditions).

To the authors’ knowledge, this new apparatus represents
the first documented example of coupled NMR and ultrasonic
measurements conducted at the same experimental conditions on
the same rock specimen, and allows for a new approach to study
pore-scale saturation effects on elastic-wave propagation in rocks.

A New Workflow for Joint Interpretation of Electrical Resistivity
and NMR Measurements to Simultaneously Estimate Wettability
and Water Saturation

Chelsea Newgord, Artur Posenato Garcia and Zoya Heidari, The
University of Texas at Austin

Wettability of rocks can be assessed from interpretation of
borehole geophysical measurements, such as electrical resistivity
and nuclear magnetic resonance (NMR). The existing wettability
models often require additional inputs (e.g., water saturation,
porosity, pore-geometry-related parameters) that are difficult to
obtain independent of resistivity and/or NMR measurements.
Consequently, a multiphysics workflow that integrates resistivity and
NMR measurements can reduce the number of input parameters
and nonuniqueness of the results, resulting in a more accurate and
robust wettability assessment. The objectives of this paper are (1)
to introduce a new method for joint interpretation of resistivity and
NMR measurements for simultaneous assessment of wettability
and water saturation, and (2) to verify the reliability of the joint
interpretation workflow in the core-scale domain using experimental
measurements.

The new workflow for estimating wettability and water
saturation combines our newly developed nonlinear resistivity- and
NMR-based rock physics models. The resistivity-based wettability
model requires as inputs the resistivity of the rock-fluid system and
brine, porosity, and pore-geometry-related parameters. The NMR-
based wettability model requires the transverse (T,) responses of the
rock-fluid system, of the saturating fluids, and of water-wet water-
saturated and oil-wet oil-saturated rocks. To verify the reliability of

March 2019



Abstracts - SPWLA 60th Annual Logging Symposium

the new workflow, we perform resistivity and NMR measurements
on core samples from different rock types, covering a wide range
of wettability and water-saturation levels. These measurements
are inputs to the aforementioned nonlinear models, which are
simultaneously solved to estimate wettability and water saturation
for each core sample. We verify the reliability of the wettability
estimates using the Amott Index and contact-angle measurements
and the water-saturation estimates using the gravimetrically
measured water saturation.

We successfully verified the reliability of the new method
for wettability and water-saturation assessment in limestone and
dolomite core samples. For the wettability ranging from oil-wet to
water-wet, we observed an average relative error of 30% between
the experimentally measured Amott Index and the estimated
wettability using the new method. The estimated wettability
values were also consistent with the contact-angle measurements.
In addition to wettability assessment, the new method enables
enhanced assessment of water saturation in mixed-wet rocks. For
water-saturation levels ranging from irreducible water saturation
to residual oil saturation, we observed an average relative error of
approximately 15% between the gravimetrically assessed and the
estimated water saturation using the new method.

It is challenging to estimate water saturation in rocks with
multimodel pore-size distribution uniquely and reliably from the
interpretation of NMR or resistivity measurements, separately. The
introduced integrated workflow improved the accuracy of water
saturation estimates in rocks with complex pore structure. This new
multiphysics approach for simultaneous assessment of wettability
and water saturation can potentially be adopted for in-situ reservoir
characterization using borehole geophysical measurements. This
new workflow relies only on physically-meaningful and measurable
parameters which minimizes calibration efforts. Furthermore, the
introduced multiphysics workflow eliminates the nonuniqueness
associated with wettability and water-saturation estimates
obtained from independent interpretation of NMR and resistivity
measurements.

A Rapid Noninvasive Evaluation Method for Reservoir Fluid
Samples

Ansgar Cartellieri, Erik Lehne and Maryam M. Alohaly, BHGE

The accurate prediction of crude-oil properties is essential for
a comprehensive reservoir modelling and fluid characterization.
Therefore, various analytical systems and measurement techniques
are applied. The reservoir-fluid composition and physical properties
are determined in certified laboratories on live oil and gas samples.
The required samples are provided by wireline or while drilling-
fluid sampling services or determined during production tests.
The analytical data are then delivered to the production and field
developing companies in turnaround times of several weeks to
months.

For early decision making during the field development this
is unsatisfactory. Obtaining the volumetric and phase behavior
of the hydrocarbons already while drilling or soon after POOH
provides important information on reservoir characteristics, such as
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compartmentalization, and local compositional variability of oil and
gas enables an efficient field development. In addition, the provided
data are essential for the reservoir and production management
to mitigate operational risks, and to maximize production. Optical
spectroscopy is the most common nondestructive fluid evaluation
technique for sampling services. Due to limitations in current
measurement systems and missing or inaccurate correlations to
fluid laboratory data the prediction of the fluid pressure-volume-
temperature (PVT) behavior based on this measurement technique
is dissatisfying.

This paper presents a new measurement and quality-control
system to provide analytical data of live hydrocarbons to determine
the fluid composition and PVT properties in a fast and nondestructive
way. Fluid measurements are performed in the laboratory or at the
wellsite using a high-resolution spectrometer that covers the whole
range from visible to near or mid infrared light in combination
with an advanced optical sample tank or fluid transfer kit. This
enables fast PVT correlations and contamination measurements
without altering the fluid sample prior to the detailed laboratory
measurement. The reproducibility and repeatability of the analytical
system and procedure will be illustrated on performed laboratory
measurements, whereas the benefits of the new technique will be
discussed on first field applications.

Application of an Integrated Petrophysical Modeling to Improve
Log-Based Reservoir Characterization and Oil-in-Place Estimate of
a Freshwater Shaly Sand Reservoir

Sushanta Bose, Michael Myers, Peila Chen and Ganesh C. Thakur,
University of Houston

We describe the application of a joint low-resistivity and
saturation-height model for analyzing the log-measured resistivity
of a freshwater shaly sand. Two lithologies were identified: thin
beds with relatively clean interbedded sands and massive sands
containing significant amounts of dispersed and structural clays. This
discrimination, using a Thomas-Stieber analysis, allows for improved
estimation of saturations and identifying locations of bypassed pay.

Measured reservoir porosity ranges 20 to 31% and permeability
varies between 130 and 4,500 mD. As much as 30% of the measured
porosity is microporosity associated with clay minerals. Rock-quality
index (RQl) and flow-zone indicator (FZI) values were combined
with thin section, CT scan, and mercury injection capillary pressure
(MICP) data to define four rock types. The XRD and thin-section
analysis showed clay content of up to 20% bulk volume with kaolinite
as the dominant clay type. In the shaly zones which contain Fe-rich
minerals, the grain density is significantly higher. The measured C -
C,, data indicate cation-exchange-capacity (CEC) values of up to 0.08
meq/gm, consistent with typical values for kaolinite. The measured
formation water resistivity (R ) is ~0.82 Q-m (~3,000 ppm NaCl). It
is this low brine salinity that necessitates the use of a shaly sand
model.

Thomas-Stieber analysis clearly indicates that the western
area of the reservoir is characterized by laminated sands while the
eastern area is dominated by massive sands containing dispersed and
structural clay. This is supported by thin section, core description,
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and XRD.

A laminated-clay resistivity model with parallel conductors
(shale layers and Archie sands) was developed for the western area.
Net-to-gross (NTG) for the laminated sand was estimated from
the Thomas-Stieber plot, and conductivity of the shale layers was
assessed using a conductivity-NTG crossplot. This crossplot was not
only used to calculate the relative contributions to the conductivity
from the shale layers, but also allowed direct estimation of water
saturation in the interbedded sands using the logs.

The eastern area sands have varying properties depending on
the amount of dispersed and structural clays. A Waxman-Smits model
was therefore applied. The cleanest sands are characterized by high
porosity and permeability. These sands are however challenged by a
rapid increase in water cut, interpreted to be due to streaks of high
porosity and high permeability.

Leverett J-function-based saturation-height functions (SHFs)
were also generated for the four different rock types. The water
saturation estimated from the SHF and the log-based resistivity
model both lie around 15% in the best quality rock and at 20% for
the medium quality rock.

The reservoir characterization and oil in-place estimation
were significantly improved by implementing this ‘shaly sand’
petrophysical analysis tailored to the amount and distribution of the
clays. The results obtained were used to improve the static model
and a corresponding new simulation study that was able to identify
potential infill areas in this mature reservoir.

Building a Reservoir Rock Dielectric-Properties Database
Matthew Josh and Ben Clennell, CSIRO

Measurements of rock dielectric properties can help to
quantify porosity, mineralogy, clay content, texture and especially
water saturation of reservoir rocks. Permittivity in the range of
MHz to GHz, which can be measured rapidly using downhole
tools and also in the laboratory, offers insights into rock flow and
mechanical properties not only for conventional reservoirs, but also
for tight reservoirs and overburden shales. One barrier to the wider
acceptance and adoption of dielectric logging has been the scarcity
of laboratory measurements on a range of standard rock types at
controlled saturation levels that are verified with independent
methods. A second limitation is the lack of well-understood and
calibrated models for the interpretation and inversion of advanced,
multifrequency permittivity and conductivity logs.

For several years, CSIRO has been at the forefront of developing
practical methods for measuring the dielectric properties of
intact rocks, cuttings and fluids, but much of our recent work has
focused on shales and other tight rocks. We are now embarking on
a program to collect standardized dielectric spectroscopy data on
a library of different rock types obtained from sources worldwide.
The library of available samples includes a diversity of carbonate
and clastic formations having a wide range of texture, porosity and
permeability. We present examples of the data collected so far
on typical clean sandstones and carbonates as a function of brine
saturation, and for a number of different brine salinities. We also
show how these data are tied into standard core analysis results,
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2D (SEM) and 3D (micro-CT) petrography, and critically, how it can
be cross-matched with NMR T, distributions measured in the same
rocks across the full range of saturations. These are the initial steps
in building up a comprehensive database of measurements for
pore volume- and saturation-controlled dielectric permittivity and
effective conductivity from 10 MHz to 1 GHz in combination with the
NMR response.

The combined dataset can be used to build, test and improve
upon, dielectric rock physics models based either on effective-
medium theory or on solutions of electrodynamic equations in
3D digital rocks. We show examples of data matching for forward
models computed using a modified Hanai-Bruggeman equation in
an incremental effective-medium method, and with the new 3D
method of direct solution implemented in the Data Constrained
Modeling (DCM) environment. While the more advanced DCM
outputs are more accurate for ab-initio property computations
where the rock microstructure is known and can be populated
with true 3D distributions of solid minerals and fluids, the simpler
effective-medium models are much faster and more practical for use
in inversions to obtain rock type and saturations from log data.

Calculating Porosity and Permeability of Miniplugs From a Low-
Resistivity/Low-Contrast Hydrocarbon Reservoir Using Digital Core
Analysis

Hijaz Kamal Hasnan, University of Malaya

Low-resistivity/low-contrast (LRLC) hydrocarbon reservoirs are
increasingly targeted for hydrocarbon production due to their relative
abundance as conventional sandstone reservoirs become scarcer.
However, determining the petrophysical properties, such as fluid
saturations, hydrocarbon content and permeability, is challenging
in LRLC reservoirs due to thin and alternating layers of sandstone,
mudstones and siltstones which cannot be resolved by well logs As
a result, well logs tend to average out the variable properties, often
neglecting the highest-quality layers, and thus underestimating net
pay and hydrocarbon saturation. Developing LRLC hydrocarbon
reservoirs requires an analysis of multiscale flow properties to
reduce uncertainty in hydrocarbon reserves estimation. To date,
properties at millimeter and centimeter scales are less examined in
reservoir characterization and modeling due to the limited resolution
of well-logging tools used to measure flow properties. This study
uses X-ray micro-CT (XMCT) and digital core analysis (DCA) software
to calculate porosity and permeability of thin sandstone beddings
within core plugs from a Malaysian LRLC reservoir. Miniplugs
extracted from the core plugs are imaged in 3D using XMCT and
the porosity and permeability are calculated using DCA software.
Four of the five miniplugs indicate significantly higher permeability
than their corresponding core-plug permeability measured using
conventional routine core analysis (RCA). Meanwhile, the calculated
porosity using DCA is consistent with RCA results. Further studies
are required to upscale small-scale flow properties of different
LRLC rocks to reservoir-scale to investigate their effects on effective
flow properties and hydrocarbon reserves. This study shows the
ability XMCT and DCA to resolve and reconstruct micron-scale pore
networks of reservoirs rocks to calculate petrophysical properties at
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very small scales that could contribute to multiscale characterization
of hydrocarbon reservoirs with small-scale heterogeneity.

Combining Logging-While-Drilling (LWD) Resistivity and Capture
Sigma to Identify and Evaluate Waterflood Encroachment—Case
Study of a Field With Multilayered, Complex Reservoirs

Doug Murray, Schlumberger; Miguel Ascanio, Matthew Hoehn and
Patrick Garrow, Chevron

This study focuses on field development where stacked reservoir
layers are undergoing secondary recovery via water injection.
Certain reservoir layers experience significant waterflooding, while
other layers experience little to no flooding. Historical evaluation
approaches to understand water encroachment involve production
logging and/or production tests. Both approaches are expensive in
terms of lost production and data acquisition.

Waterflooded reservoirs contain an unknown mixture of
connate and injected water. As such, fixed water salinities cannot
be assumed in water-saturation computations. Water production is
a concern, only reservoir layers with hydrocarbon volumes greater
than a predetermined cutoff are to be completed.

During the infield drilling program, an innovative approach to
enhance reservoir understanding with log data acquired while drilling
was implemented to compute water salinities and saturations across
the stacked layers. LWD data acquired while drilling experiences
limited drilling fluid invasion such that relatively shallow depth-of-
investigation (DOI) measurements, such as capture sigma, which are
sensitive to reservoir fluid chlorine content, can be used to estimate
water saturation in environments of known formation water salinity.
Likewise, Archie-based resistivity-based approaches can also be
used to compute water saturation when water salinity is known.

In this paper, we use LWD logs acquired on multiple wells
acquired across multiple layers to demonstrate a simultaneous
inversion of sigma and resistivity to evaluate reservoir water salinity
and saturation. In these examples the reservoir environment
consists of unknown and/or mixed water salinity. We show that
the simultaneous inversion approach correctly identifies changes
in formation water salinity and saturation while the conventional
resistivity approach overestimates hydrocarbon saturation and can
lead to errors in the completion of zones with high water cut.

Core-Log-Geomodel Integration: Advanced Classification and
Propagation Workflows for the Consistent, Rigorous, and Practical
Upscaling of Petrophysical Properties

A.A. Curtis and E. Eslinger, eGAMLS Inc.; S. Nookala, Cerone Pvt Ltd

An improved procedure for reservoir characterization is
presented that focuses on the integration of core and wireline log
data for the development of geocellular models. Concepts that
clarify the reservoir characterization problem are explained and
the scales that are important to developing a tractable solution are
defined. Workflows are presented illustrating how both basic (static)
and saturation-dependent (dynamic) petrophysical properties may
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be moved from one scale to the other. The similarities and the
differences in the procedures at each scale are described. In addition,
an explanation is given as to why a multiscale approach involves far
more than just upscaling, as is often assumed. Examples are given at
various scales of what a comprehensive multiscale approach entails.

The need for five major reservoir characterization steps at
every scale change of the multiscale characterization workflow is
explained. These steps are: Classification, Selection, Evaluation,
Propagation, and Upscaling. Each step is vital in securing a robust
suite of petrophysical properties at the succeeding larger scale, with
each step being covered in detail. Recognizing the distinctiveness of
each step also leads to the ability to improve any step independently.
The methodology is applicable at the core-plug-scale—where
petrophysical properties are derived—and is then carried through
the wireline log petrophysical-scale to the geomodelling-scale
and ultimately to the simulation-scale. The difficulty of ensuring a
rigorous characterization at the 1D wireline log-scale, especially of
saturation-dependent properties, is explained and a consistent and
robust solution is provided.

Workflows that have proved effective at selected scales in
both siliciclastic and carbonate reservoirs are presented to illustrate
the five steps of the methodology. Examples of what constitutes
effective Classification are provided and are used to illustrate why the
probabilistic (Bayesian-based) multivariate classification procedure
that has been adopted is highly desirable at all scales and necessary
at some. The importance of the Selection of representative fine-
scale samples is stressed, and the constraints surrounding the
Evaluation of properties at each fine scale are explained. The critical
step of the Propagation (distribution) of the petrophysical properties
derived at the fine-scale into the coarse-scale volume using the
Bayesian probabilistic model is illustrated as it is essential to the
success of the workflows. Finally, the use of appropriate Upscaling
technologies at each scale is stressed. An explanation is provided
of how the Classification, Selection, Evaluation, Propagation, and
Upscaling steps should be adapted for any given project scale.

The paper introduces workflows that have been developed over
many years to overcome some of the more intractable elements
of the overall reservoir characterization process, particularly the
Classification and Propagation of saturation-dependent properties.
These workflows have been applied at various scales in reservoir
studies and are continuing to be developed because of the resulting
successes. The workflows are comprehensive, consistent, and
rigorous in their specification and implementation, but also are
simple enough in their design to permit them to be embraced by all
disciplines involved in the reservoir characterization process.

Digital Rock Technology for Accelerated RCA and SCAL: Application
Envelope and Required Corrections

Nishank Saxena, Justin Freeman, Amie Hows, Ronny Hofmann, Faruk
O. Omer and Matthias Appel, Shell

Digital rock physics (DRP) is a rapidly advancing image-based
technology for predicting subsurface properties of complex rocks
(e.g., porosity, permeability, formation factor) to achieve more,
cheaper, and faster results as compared to conventional laboratory
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measurements (RCA and SCAL). This is possible since DRP analyses
can be carried out on a small piece of rock (< 1 cm?3) that can come
from whole core, sidewall core, or a drill cutting, using state-of-the-
art micro-CT technology and novel digital approaches. However, for
this technology to mature, it is important to demonstrate that it is
feasible to estimate two of the most fundamental rock properties,
porosity and permeability. Shell has recently performed a series of
detailed studies to benchmark commercially available digital rock
tools. The conclusion of these studies is that present technology
consistently underestimates porosity (in our study by as much as 6
p.u.) and overestimates permeability (by a factor of 10 or more in
some cases) for reservoir rocks. At this level of accuracy, DRP is not
considered a viable alternative to RCA and SCAL.

Reliable measurements of porosity are critical for hydrocarbon
reserve estimation and are important for establishing rock-
property trends, such as permeability versus porosity. For
example, underestimating porosity by 4 p.u. in a 10 p.u. rock can
make a conventional tight gas field uneconomic, resulting in a lost
opportunity. Similarly, underestimating porosity of an unconsolidated
reservoir rock can significantly overestimate sand strength, leading
to suboptimal sand-control schemes and a subsequent requirement
to retrofit. In deepwater wells this may be prohibitively expensive.
Similarly, overestimating permeability by a factor 10 can be
disastrous from the point of view of project economics for tight gas
or deepwater fields.

Through our studies we understand how a combination of
limited image resolution, biased segmentation of images with
coarse resolution, and a finite field of view, lead to the systematic
underestimation of porosity and overestimation of permeability
calculated using DRP. The primary cause of the discrepancy between
image-derived and laboratory-measured properties is constraints
on image acquisition. Micro-CT scanners are typically limited to an
effective image resolution of approximately 2 pm and field of view of
about 2,000 voxels. We can quantify these effects, and thus derive
correction factors directly from the image. Unless these corrections
are applied to the DRP-computed properties, the simulation results
will not be comparable to laboratory measurements. These novel
proprietary solutions allow us to deploy DRP as a technology for
integrated reservoir modeling in existing and future conventional
sandstone and carbonate reservoirs.

Discovery of New Horizons in a 36-Year Old Conventional Oil
and Gas Play by Use of State-of-the-Art Formation Evaluation
Approaches: A Case Study From Thrace Basin, Turkey

Murat Fatih Tugan and Ugur Yuce, TPAO

Due to relatively low hydrocarbon prices in recent years,
making the most out of each well become crucial to increase the
profit margins of oil and gas companies, hence they can maintain
investing on exploration and production (E&P) activities. Discovery
and delineation of new prospective zones in pre-existing wells is
the quickest, cheapest and most efficient way to strengthen the
economics of oil and gas companies.

In this study, a very successful formation evaluation case study
will be discussed which totally changed the destiny of a conventional
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play. By re-evaluation of formations via use of a low-resistivity pay
approach firstly, new gas zones have been discovered in a pre-
existing gas well drilled in 2006 (Yesilgol-O1), which is on the verge
of abandonment. Furthermore, the experience in this well opened a
new horizon for a nearby oil well (Yesilgol-1), which never produced
at economic rates after it was drilled in 1982 to produce deeper
oil-bearing zones. In order to monitor the current saturation of the
shallow gas reservoir in this well, a pulsed-neutron logging operation
has been performed. Its interpretation has been supported by five
different data sources (seismic cross sections, lithology recordings
and X-ray diffraction (XRD) analysis of drill cuttings, gas readings in
mud logging unit (MLU), sonic (DT) and deep resistivity (LLD) logs
recorded in openhole well). As a result of this work, new reservoir
intervals have been discovered in this 36-year old well with
considerably high gas rates.

This case study involves integration of various data sources
and use of state-of-the-art approaches for a successful formation
evaluation, especially in thin beds, low-contrast pay zones and
previously bypassed hydrocarbon-bearing zones. Last but not the
least, the most important factor in the success of this work is the
robust, inclusionary project-management approach to integrate
different disciplines and make them all focus on the ultimate goal.

Diverse Fluid Gradients Associated With Biodegradation of Crude
oil

Oliver C. Mullins, Schlumberger; Yngve Bolstad Johansen and Joachim
Rinna, AkerBP; John Mayer, Kosmos, Steve Kenyon-Roberts, Premier;
Li Chen, Julia C. Forsythe, Vladislav Achourov, Richard Jackson,
Soraya S. Betancourt, Julian Y. Zuo and Jesus A. Canas, Schlumberger

Severe biodegradation of crude oil is widely known to increase
viscosity quite significantly. Water washing is shown contribute
to this increase under some circumstances. What has been less
understood is the spatial variation of viscosity in reservoirs that is
caused by biodegradation. Biodegradation-induced gradients are
expected because the microbes live in water and consume oil at the
oil-water contact (OWC), thus, biodegradation is far from uniform
in the oil column. Case studies reviewed here show that reservoirs
with biodegraded crude oil can have large viscosity gradients at/
near the oil-water contact (OWC), or no variation of viscosity or
variations of viscosity at the top of the oil column. These entirely
different outcomes depend on reservoir fluid geodynamic (RFG)
processes that occur in conjunction with biodegradation. The
combination of downhole fluid analysis and geochemical analysis
is shown to delineate the particular RFG processes that control
viscosity variations associated with biodegradation. The extent of
spill-fill and the evolution of biodegradation is of particular concern.
In addition, diffusive mixing can minimize viscosity gradients from
biodegradation and depends strongly on overall distance from the
OWC, and thus depends on tilt angle of the reservoir. In addition,
reservoir temperature is important in that biodegradation ceases
above 80°C. The different case studies presented herein account for
the dominant viscosity profiles associated with biodegradation and
provide guidance for optimal reservoir evaluations.
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Downhole Neutron-Spectroscopy Element and Mineral Estimates
Compared to a Ring Tested Core Reference

Yngve B. Johansen and Olav-Magnar Nes, AkerBP; Harish Datir,
Lalitha Venkataramanan and Paul Craddock, Schlumberger

Use of advanced measurements, such as neutron-induced
spectroscopy is important when characterizing complex networks.
It infers dry-weight elements from inelastic- and capture-neutron
gamma-ray spectra. Subsequently, using the dry-weight elements as
input to multimineral log analysis, mineral fractions are estimated.
There are many benefitsin having the accurate minerals characterized
when doing formation evaluation. One benefit isimproved geomodel
inputs like volume of shale, net/gross, porosity, and permeability.
It was shown previously that improvements in these inputs can
alter modeled in-place oil volumes and reserves significantly. Other
benefits include improved pore pressure predictions, better inputs
to fluid substitutions and rock mechanical models. Due to this,
AkerBP started a comprehensive study, comparing downhole log-
based dry-weight elements and mineral fractions to core-laboratory
XRF, XRD, EDX-SEM and FTIR measurements. The motivation was to
increase confidence in this technology.

Neutron-induced spectroscopy logs were run in three wells
through a mineralogically complex sedimentary sequence of Jurrasic
and Triassic age in the Norwegian North Sea, and were subsequently
compared to reservoir core data in the same wells. The core plugs
(62 samples) were drilled perpendicular to bedding plane, and split
in three sectors along the center plug axis. The plug material was
sent to three laboratories (commercial and academic) for chemical
(XRF, EDX-SEM) and mineral (XRD) analysis. The dry-weight elements
and mineral mass fractions from multimineral log analysis (ELAN)
were compared to these ring-tested laboratory results.

A critical step in the validation of log data from core is to
ensure that core data can be taken as an accurate ‘ground-truth’.
Blind-test samples with known mineral concentrations were sent
to all laboratories to assess accuracy. This provided an estimate of
interlaboratory deviation (e.g., 2-sigma standard deviation) of the
geochemical and mineralogical measurements. The deviation of the
blind-test XRD results was surprisingly large. For example, kaolinite
and montmorillonite deviated by ~9% w/w. One laboratory showed
high accuracy for all blind-test analyses. XRD has potential to be
accurate, but is highly dependent on the laboratory XRD procedures
and skill of the operator performing the analysis. A similar blind test
was also performed for XRF measurements, with interlaboratory
deviation for the abundant rock-forming elements of ~2% w/w.

The agreement between log elemental dry-weights and
average of the XRF elemental concentrations at the corresponding
depths was determined to be good. Log mineral fractions were
estimated by three methods: (1) radial basic function, (2) multiple
linear regression, and (3) multimineral ELAN. We compared these
three methods to each other, to the individual laboratories and
to the average of the XRD mineral mass fractions. The agreement
at all 62 core depths was determined to be good, well within the
deviation of the core mineralogy measurements. The careful
validation of downhole log measurements from independent core
studies provides confidence in the use of advanced neutron-induced
spectroscopy logs for petrophysical interpretation of formation
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minerals in complex reservoirs, such as offshore Norway.

Estimating Capillary Pressure From NMR Measurements Using a
Pore-Size-Dependent Fluid Substitution Method

You Wang, David Medellin and Carlos Torres-Verdin, The University
of Texas at Austin

Capillary pressure is an important property necessary to
quantify fluid transport in rocks, and is widely used to assess pressure
seal capacity, transition-zone thickness, and free-water-hydrocarbon
depth, among other important reservoir conditions. Capillary
pressure curves are commonly measured in the laboratory through
mercury-injection (MICP), porous-plate, or centrifuge methods.
The MICP method is destructive, whereby often nondestructive
techniques, such as the centrifuge or porous-plate methods, are
preferred to perform multiple collocated core measurements.
The aforementioned methods, however, are expensive and time-
consuming because they must be performed under very restrictive
laboratory conditions. Alternatives such as NMR-based methods
have been developed for the same purpose, but only apply to fully
water-saturated rocks. In practice, however, reservoir rocks can
include both water and hydrocarbon, which makes these methods
impractical.

We introduce a workflow to calculate capillary pressure curves
from NMR T, distributions of partially oil saturated measurements:
First, we develop a pore-size-dependent fluid-substitution (PSDFS)
joint inversion method to correct transverse relaxation time (T,)
distributions for the hydrocarbon effect in partially oil-saturated
rocks. A PSDFS joint inversion on the T, distributions of different
oil-saturated levels is used to estimate irreducible water saturation
and reconstruct the fully water-saturated T, distribution. Next,
we convert the T, distribution to pore-size distribution using a
measured or estimated surface relaxivity. Finally, using a reliable
correlation between pore and throat-size distributions, we estimate
the capillary pressure curve from the cumulative porosity derived
from the measured and fluid-substituted fully water-saturated T,
distributions.

Thisstudyincludesvalidation of the PSDFS jointinversion method
and the application of the workflow with laboratory measurements.
For the validation, we acquire NMR data for a synthetic pore-size
distribution with different values of oil saturation. Applying PSDFS
joint inversion on the measuremeants yields the best PSDFS
parameters, which makes it possible to calculate the fully water-
saturated T, distribution from partially oil-saturated T, distributions.
The feasibility of our joint inversion method is confirmed by
comparing the calculated fully-water-saturated T, distribution to
the T, distribution of the synthetic fully water-saturated pore-size
distribution. We apply the workflow to sandstone and carbonate
samples, where a DDIF-CPMG pulse sequence is used to acquire the
NMR measurements at different saturations of water and oil. We
derive the capillary pressure curve from the measured and fluid-
substituted fully water-saturated T, distributions and compare them
to MICP and centrifuge measurements.

The workflow is limited to water-wet rocks with negligible
internal field gradients for which a correlation between pore- and
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throat-size exists. Consequently, it is not well suited for complex pore
networks with mixed wettability. Additionally, in low-permeability
rocks, a low signal-to-noise ratio together with uncertainty in pore-
and throat-size determination due to NMR tool ringing and echo-
time limitations can impact the determination of capillary pressure
curves.

Despite these limitations, the NMR fluid-substitution-derived
capillary pressure curves show a good match with MICP and
centrifuge measurements, thereby successfully verifying that our
NMR FS-based method enables the estimation of capillary pressure
curves from NMR data of partially oil-saturated rocks.

Experimental Estimation of Relative Permeabilities Using X-Ray
Computed Tomography

Andrés Felipe Ortiz, Edwar Herrera Otero, Nicolas Santos Santos and
Luis Felipe Carillo, Universidad Industrial de Santander

Through the mechanical integration of an X-ray computed
tomography (CT) scanner and a coreflooding system, tomography
images can be obtained, during all the time of performing a water-
injection experiment on a rock sample. These images are used to
estimate in-situ saturation profiles, therefore, the movement of the
displacement front and the distribution of the fluids in the different
stages can be seen.

A computational tool is implemented that allows simulation
and automatic history match, of the experimental differential
pressure, the production of the phases and the saturation profiles
calculated with CT. This software is programmed in Matlab and it
uses numerical optimization methods to minimize the difference
between the observed and the simulated data.

The method can be used to analyze any unsteady-state
experiment of relative permeabilities and it does not present the
restrictions of other classical analysis methods, such as the JBN.
Additionally, tomography allows to see the flow of fluids inside any
type of rock, it is fast, precise, exact, and due to the configuration
implemented in this work, it is possible to work under reservoir
pressure and temperature conditions (up to 10,000 psi and 150°C).

The results indicate that including saturation profiles in the
calculation can be useful to improve the accuracy of the estimated
relative permeabilities. Similarly, it is found that the history-matching
approach offers remarkable strengths over traditional methods, such
as the JBN. It is determined that the estimated saturations by means
of tomography present errors lower than 3% in comparison with
the material balance. The application of this technology produces a
better and easier estimation of the relative permeabilities, reduction
of the uncertainty in the predictions about the performance of the
reservoir. The visualization of the displacement font improves the
qualitative understanding of the phenomena related to fluid flow in
porous media.

Fast Forward Modeling of Borehole Nuclear Magnetic Resonance
Measurements in Vertical Wells

Mohammad Albusairi and Carlos Torres-Verdin, University of Texas
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at Austin

Nuclear magnetic resonance (NMR) logs are widely used to
characterize in-situ rock and fluid properties. The vertical resolution
is mainly controlled by the antenna length, logging speed, sequence-
dependent signal-to-noise ratio (SNR) and mud/formation electrical
conductivity. To overcome SNR limitations, signal depth-stacking is
used to improve measurements accuracy at the expense of vertical
resolution. Hence, borehole NMR measurements suffer from
considerable spatial averaging of formation properties, especially
in thinly bedded rocks, causing a significant uncertainty in the
petrophysical interpretation. Also, electrically conductive formations
and mud-filtrate invasion can influence the petrophysical properties
estimated from NMR logs. The implementation of forward modeling
and inversion techniques can capture and quantify the shoulder-
bed, invasion and environmental effects in spatially complex rock
formations and permit a reliable interpretation. However, the
computation time required to invoke the forward model restricts the
use of inversion methods. Fast and accurate forward methods can
overcome these limitations and allow a more reliable quantification
of spatially variable formation properties.

We develop a new fast and accurate forward algorithm using
spatial sensitivity functions (SSF), which are calculated from first-order
perturbation theory. The SSF quantify NMR porosity dependence on
spatial formation property perturbation with respect to a reference
formation. The discrete adjoint method (DAE) is employed to
efficiently calculate the SSF with two simulations runs only, the
reference and the adjoint solutions respectively. We generate
a library of precomputed first-order linear SSF in homogenous
reference formations to rapidly simulate NMR magnetization decay
in complex environments with variable fluid and rock properties.
We develop a three-dimensional (3D) multiphysics forward model
that includes NMR tool characteristics, magnetization evolution,
and electromagnetics (static and radio-frequency) propagation to
derive tool sensitivity maps. Finite-element method (FEM) is used to
calculate the magneticfields, and thenthe NMR sequence-dependent
magnetization decay is evaluated using Bloch-Torrey equations. We
apply the SSF-derived forward approximation to a series of synthetic
cases in a vertical well, that include thin layers, variable fluid, and
rock properties, and mud-filtrate invaded formations. We validate
the accuracy of the fast forward model through comparison with
analytical models and the multiphysics forward tool.

Results show that NMR sensitivity depends on two formation
properties (porosity and electrical conductivity), NMR pulsing-
sequence, tool geometry, and borehole/mud properties. The
sensitivity functions to formation porosity are controlled by the
reference  mud/formation electrical conductivity and not the
reference formation porosity. Therefore, one SSF can be used to
approximate NMR response in a layered formation with low-contrast
resistivity. Analysis of a wide range of examples confirms that the
proposed forward approximation can be computed in a few central
processing units (CPU) seconds with maximum relative errors of
4%. The SSF-derived forward routine constitutes a fast, reliable and
efficient alternative for accurate modeling and interpretation of
NMR logs acquired in complex environments.
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Heterogeneity in the Petrophysical Properties of Carbonate
Reservoirs in Tal Block

Umar Farooq, Jawwad Ahmed, Kashif Mushir Ahmed Khan, Farrukh
Siddiqi and Asad Ali Kazmi, SPE Pakistan

Exploring for a wide range of hydrocarbon reservoirs, including
carbonate systems is increasingly important in times of higher
resource demand and progressively dwindling reserves.

Exploration for carbonate systems is generally more difficult
than siliciclastic reservoir exploration because of intrinsic
heterogeneities, which occur at all scales of observation and
measurement. Heterogeneity in carbonates can be attributed
to variable lithology, chemistry/mineralogy, pore types, pore
connectivity, and sedimentary facies. These intrinsic complexities
can be related to geological processes controlling carbonate
production and deposition, and to changes during their subsequent
diagenesis. The term “heterogeneity” is rarely defined and almost
never numerically quantified in petrophysical analysis, although it is
widely stated that carbonate heterogeneities are poorly understood.

This work in carbonates of the Tal block has investigated how
heterogeneity can be defined and how we can quantify this term by
describing a range of statistical heterogeneity measures (e.g., Lorenz
and Dykstra-Parsons coefficients). These measures can be used to
interpret variation in wireline log data, allowing for comparison
of their heterogeneities within individual and multiple reservoir
units. Through this investigation, the Heterogeneity Log has been
developed by applying these techniques to wireline log data, over
set intervals of 10, 5, 2 and 1 m, through a carbonate reservoir.

Application to petrophysical rock characterization shows a
strong relationship to underlying geological heterogeneities in
carbonate facies, mud content and porosity (primary and secondary
porosities) in the Tal block. Zones of heterogeneity identified
through the successions show strong correlation to fluid-flow
zones. By applying the same statistical measures of heterogeneity
to established flow zones it is possible to rank these units in terms
of their internal heterogeneity. Both increased and decreased
heterogeneity are documented with high reservoir quality in
different wireline measurements; this can be related to underlying
geological heterogeneities. Heterogeneity Logs can be used as
a visual indicator of where to focus sampling strategies to ensure
intrinsic variabilities are captured.

Carbonate lithology and mineralogy can be highly variable,
both vertically and horizontally through a succession. Carbonate
depositional environments produce a diverse range of sedimentary
facies, which contain different porosity types with varying degrees
of connectivity, producing complex and irregular pore networks.
Minerals, such as calcite, aragonite, and dolomite may coexist within
a single rock unit in varying proportions. Carbonate minerals have
different stabilities and are susceptible to the many post-depositional
processes of diagenesis.

This study, therefore, focuses on developing these techniques
and applying them to carbonate petrophysical and geological data
including borehole image and core data in the Tal block, which can
have further application to characterizing poro-perm relationships,
fluid-flow zone identification and sampling strategies.
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Improving Productivity Estimation in Development Wells Using
LWD Formation Testers and Geochemical Logs

Ting Li and Chanh Cao Minh, Schlumberger; Xinlei Shi, CNOOC

Accurate estimation of oil and gas productivity in development
wells is crucial for perforation decisions and planning for future
development activity. The production capacity of a well can be
described by the productivity index (P1), which is mainly determined
by the effective permeability to the mobile fluid phase. In exploration
wells, Plis usually estimated from drillstem tests (DST), which record
the flow rate of the reservoir section isolated for production. In
development wells, however, DSTs are typically scarce, and the well
PI must be estimated from well logs.

The log-based permeability model, K-Lambda, estimates the
absolute permeability (k) from mineral abundances, which in turn
are derived from geochemical logs. The model associates a specific
surface area (S0) with each lithology to calculate the permeability
from the surface area-to-volume ratio of the rock. In general, SO for
sand and carbonate are well defined and stable. However, SO for
clay depends largely on the clay type and varies from reservoir to
reservoir. Since clay has the most significant effect on permeability,
correctly accounting for its surface area is key to improving the
prediction accuracy.

This paper describes a workflow to improve Pl estimation in
development wells by calibrating the clay SO parameter with fluid
mobility, which is estimated from formation pressure pretests. Since
the pretest mobility is defined as the effective permeability to the
mud filtrate over its viscosity, the pretest effective permeability in
water-based mud (k ) must first be converted to absolute k before
it can be used in the calibration process. The conversion relies on
relative permeability kK measurements on core samples as k =
k /k. Once the calibrated K-Lambda permeability log is obtained, we
use it to improve Pl estimation in development wells. The workflow
consists of the following steps:

1. Establish a relationship between k and effective
permeability to water (k ) at irreducible oil saturation (S_),
using relative permeability measurements on core samples
from the exploration (or development) well. Alternative
methods are also discussed.

2. Using the relationship in Step 1, convert the measured
pretest permeability at discrete points from k to k
(assuming water-based mud).

3. Calibrate clay SO in the K-Lambda model for each pay sand
with the converted k at the pretest points and compute a
continuous k log with the calibrated model.

4. Compute the relative permeability logs to water (k )
and oil (k) from known correlations. Then, calculate the
continuous effective permeability to oil (k ) as k*k .

5. Calculate Pl in the development well from k using the
testing data in exploration wells as a reference.

This workflow is demonstrated using formation pressure tests
and geochemical logs acquired by LWD tools in an offshore siliciclastic
brownfield. The productivity estimation from this workflow shows
excellent agreement with actual production data in the test wells.
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Integrated Multiphysics Workflow for Automatic Rock Classification
and Formation Evaluation Using Multiscale Image Analysis and
Conventional Well Logs

Andres Gonzalez and Zoya Heidari, The University of Texas At Austin;
Olivier Lopez and Harry Brandsen, Equinor

Conventional well-log-based rock classification often overlooks
rock fabric features (spatial distribution of solid/fluid rock
components), which makes them not comparable against geologic
facies, especially in formations with complex rock fabric. This also
affects reliability of formation evaluation and completion decisions,
which require rock types as inputs. Multiphysics and multiscale
images of core samples and formation (e.g., CT-scan, image logs,
core photos) can capture fabric-related, depositional, and geological
features. However, automatic integration of multiscale and
multiphysics image data and conventional well logs for enhanced
rock classification and its incorporation into well-log-based
formation evaluation can be challenging. In this paper, we propose
an automatic workflow for joint interpretation of conventional
well logs, CT-scan/core images, and image logs for simultaneously
optimizing rock classification and formation evaluation.

The objectives of this paper include (a) to improve completion-
oriented rock classification and to optimize the number of rock
classes by integrating rock fabric features obtained from core
photos, CT-Scan images, and image logs with rock physics properties
obtained from conventional well logs, (b) to use the outcomes of
rock classification for class-by-class-based formation evaluation for
enhanced assessment of petrophysical properties, and (c) to extend
the developed workflow to noncored wells.

First, we perform conventional well-log interpretation to obtain
petrophysical and compositional properties of the evaluated depth
intervals. Subsequently, we use our recently developed workflow
for automatic extraction of rock-fabric-related features derived from
multiscale image data (core photos, CT-scans, and image logs). Then,
we use the estimated petrophyiscal/compositional and fabric-related
properties to perform rock classification. We update rock physics
models in each rock class and repeat the formation evaluation. The
updated formation properties are used in the next iteration for rock
classification and formation evaluation, while minimizing a physics-
based cost function to optimize the number of rock classes.

We successfully applied the proposed workflow to a siliciclastic
sequence with complex fabric and pore structure. Dual-energy
acquired CT-scan images were available along with image logs,
core photos, standard core analysis data, and conventional logs.
Comparison between automatically derived rock classes and
lithofacies revealed that the proposed workflow can automatically
detect lithofacies with an error of less than 15% where core
images were available. The rock types were estimated consistently
in noncored wells. We also observed an improvement in rock
classification results compared to those obtained from core-based
and conventional well-log-based rock classification methods.
Furthermore, the estimated optimum number of rock classes
was in agreement with the previously identified lithofacies.
Including the outcomes of integrated rock classification in the
formation evaluation workflow significantly improved estimates
of permeability and porosity. A unique advantage of the proposed
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workflow compared to previously documented rock classification
methods is that the introduced method not only extracts rock fabric
features from image data using image analysis, but also incorporates
rock physics from image and conventional logs in rock classification
and formation evaluation. The presence of rock fabric features in
the rock classification workflow enhances completion-oriented rock
typing. It also enhances rock physics models developed for each rock
class which, improves formation evaluation outcomes.

Integrated Reservoir and Source-Rock Characterization: Refined
Downhole Analyses Through Advanced Surface-Logging Technology

Alessandro Pozzi and Filippo Casali, Geolog; Roselin Ebiakobo-
Ngoma-Iltoba, Total EP Congo; Antonio Bonetti, Geolog; Audrey
Aymar Nkie-Ndion Total EP Congo; Mario Ruggiero, Geolog;
Emmanuel Caroli, Total

Organic and mineral geochemistry can be of priceless
importance for petroleum system assessment and reservoir
characterization, especially when integrated with other disciplines,
such as formation evaluation and sequence stratigraphy. Identifying
key geochemical changes within lithology refines what traditional
approaches to reservoir characterization are not able to provide.

The following study shows how the integration of several
formation evaluation technologies from advanced surface logging
(ASL) to logging while drilling (LWD) and wireline (WL) lead to the
characterization of a complex reservoir system compartmentalized by
an active structural setting. The formation consists of interstratified
dolomite, limestone and sandstone with strong diagenesis overprint
covered by shale deposits that play the double role of source rock
and seal. The carbonate units represent most of the pay zones and
hold a complex fluid column governed by multiple paleo-contacts
with a thick imbibition zone.

ASL organic geochemistry (TOC and pyrolysis) has permitted the
source-rock zonation in terms of quality and maturity; furthermore,
when integrated with NMR logs, it identified the best candidate
layers for the generation of hydrocarbons.

ASL inorganic (XRF/XRD) and organic (thermal desorption
gas chromatography, TD-GC) geochemistry along with mud-gas
analyses, have permitted a fine zonation of the reservoir interval
in four sections. The combination with LWD logs and WL nuclear
magnetic resonance revealed the mechanisms governing such
geochemical differences: two related to distinct compartments of
the main hydrocarbon accumulation and two others to the oil-water
transition and the imbibed water zone.

Furthermore, the joint interpretation of rock textures with
elemental patterns is a good driver to identify different diagenetic
degrees. In carbonates, the vicarious elements of Ca (Calcium), Na
(Sodium) and Strontium (Sr), such as magnesium (Mg), manganese
(Mn), zinc (Zn) and iron (Fe) help to identify the different types of
cement and matrix (sparite and micrite). The correlation of these
elemental diagenetic proxies, with XRD, TD-GC, resistivity and
porosity logs refined the petrophysical assessment and helped the
identification of the most productive layers for an optimal well
completion.

This paper demonstrates how ASL geochemistry contributes
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in various ways to the fine description of reservoir geology, when
integrated with LWD and WL, it allows the characterization of
organic facies, the evaluation of rock petrophysics with its diagenetic
overprint, the zonation of an entire fluid column along with the
governing processes of saturation and, ultimately, the identification
of productive layers.

Interpreting Pore Structure and Permeability From NMR T,
Spectrum Based on a Pore-Throat Model

He Meng, Tongji University

Generally, the pore geometry could be identified by combining
the pore model and nuclear magnetic resonance (NMR) techniques,
and the pore space is often considered as pure spherical pore or
capillary bundle. However, both throats and pores exist in real rocks,
which dominate the connectivity and storage capacity, respectively,
the simple pure spherical pore or capillary model could not
accurately describe the complex pore-throat structure. Therefore, a
pore-throat model is proposed to illustrate the complex pore-throat
structure, which is characterized by two parameters: the throat
tortuosity, 7, and throat-to-pore radius ratio, Cd. By incorporating
the pore-throat model into the NMR model, the NMR response
characteristics are closely related to pore-throat structure. By
adjusting pore-structure parameters 7 and Cd to minimize the mean-
squares deviation between the fitting signal and the measured
signal, the optimal solution for spectrum could be determined.
Moreover, total T, spectrum can be further decomposed into pore
and throat spectra, which reflect the distribution characteristics of
pores and throats. According to throat-spectrum distribution and
tortuosity characteristics, the permeability property can be analyzed
and explained. It demonstrates that when the throat spectrum
distributes in a long relaxation time and the tortuosity is small, meso-
or macrothroats are developed and pore structure is simple, hence
the connectivity and permeability of the formation are favorable
for oil and gas production. On the other hand, it also reveals that
the large tortuosity may lead to more complex pore structure and
low permeability. By applying this method to real cases, the analysis
results are consistent with the permeability property, which verifies
its validity.

Multifrequency Interpretation of Electric Resistivity and Dielectric
Permittivity Measurements for Simultaneous Assessment of
Porosity, Water Saturation, and Wettability

Artur Posenato Garcia and Zoya Heidari, The University of Texas at
Austin

Broadband electrical-resistivity and dielectric-permittivity
measurements are affected by combined effects of rock fabric,
composition, fluid saturation and distribution, and interfacial
polarization =~ mechanisms.  An integrated  multifrequency
interpretation of electrical measurements can provide information
about the dominant polarization mechanisms, which are linked
to grain size, solid-fluid interfacial properties, porosity, fluid
saturations, and wettability. Previous publications quantified the
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influence of these important reservoir properties on broadband
resistivity/permittivity-dispersion data and introduced interpretation
models and correlations. However, a physics-based interpretation
workflow for simultaneous assessment of these properties,
including wettability, uniquely from multifrequency interpretation
of electric measurements is not available. In this work, we propose
to narrow down the knowledge gap in interpretation of broadband
dielectric measurements in water-, oil-, and mixed-wet formations
by introducing a new interpretation workflow for simultaneous
assessment of porosity, fluid saturations, and wettability.

The objectives of this paper include (a) to introduce a new
rock physics model for broadband characterization of dielectric
measurements incorporating the combined effects of grain size,
porosity, water saturation, wettability, and interfacial polarization,
and (b) to develop a new interpretation workflow based on an
inversion algorithm capable of simultaneously estimating porosity,
water saturation, and wettability of the formation uniquely from
multifrequency electrical-resistivity and dielectric-permittivity
measurements.

We introduce a rock-physics model for broadband
characterization of permittivity measurements by integrating a
mechanistic model of electrolyte-solid interfacial polarization, on
water- and oil-wet grains, with bulk properties of fluids and grains.
Then, we develop a new interpretation workflow for estimating
porosity, fluid saturations, and wettability of the formation. These
properties are obtained by minimizing an objective function using
a downhill simplex method. The objective function is defined
by the Euclidean norm of the difference between the complex
multifrequency dielectric permittivity measured experimentally
and the ones estimated with the new rock-physics model for the
frequency interval encompassing the response of the dominant
polarization mechanisms. We also include a regularization term in
the objective function to improve the robustness of the inversion
algorithm. This term is a function of the energy of the dielectric-
permittivity measurements and the expected variance of the
experimental noise.

We successfully applied the introduced interpretation workflow
to multifrequency electrical-resistivity/permittivity measurements
performed on six carbonate and sandstone rock types at different
wettability conditions and different levels of water saturation. The
experimental measurements of complex resistivity/permittivity,
performed in the frequency interval from 1kHz to 1GHz, are in
agreement with values obtained from the proposed analytical
workflow. Finally, wettability, saturation, and porosity of the samples
were simultaneously estimated with relative errors less than 25%
by applying the new interpretation workflow. The wettability
indices estimated from the introduced workflow agreed well
with wettability-indices obtained from USBM and Amott-Harvey
methods. It should also be noted that all the parameters required by
the introduced workflow are associated with physical mechanisms
at microscopic- and pore-scale domains or realistic and quantitative
pore geometry features of the rock. A unique contribution of the
new workflow is that it honors rock fabric and minimizes the need
for extensive calibration efforts.

NMR Measurement of Porosity and Density From Drill Cutting of
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Unconventional Tight Reservoirs

Stacey M. Althaus, Jin-Hong Chen and lilin Zhang, Aramco Services
Company

Petrophysical data, essential for reservoir description and
modeling, are obtained by expensive laboratory core measurements
and/or well-log measurements. Due to the high cost, these tests
are typically only carried out for a limited number of wells in the
exploration phase. In contrast, drill cuttings are available for all the
wells, and thus can provide reservoir data throughout all the phases
of the field development. A nuclear magnetic resonance (NMR-)
based method was developed to accurately determine petrophysical
properties including porosity, bulk density, and matrix density from
drill cuttings of unconventional tight reservoirs. NMR technology
allows for the separation of liquid signals from within and between
the shale cutting particles and in combination with Archimedes-
based mass measurements provides accurate porosity and density
data for both vertical and horizontal wells. The results from the
NMR cutting analysis were in good agreement with other accepted
lab measurement techniques and the reproducibility is well within
5%. We show the measured porosity and density from the cuttings
change significantly along a tested horizontal well, which is a strong
indication of horizontal heterogeneity of the reservoir. The results
may be used to guide selection of certain stages for hydraulic
fracturing. The method can be easily adapted at wellsite to evaluate
reservoir heterogeneity and select zones with large porosity for
optimized fracturing. Obtaining accurate petrophysical data from
drill cuttings can provide quasi-real-time data for quick formation
assessment for the wellsite engineers and cut cost by reducing or
eliminating some expensive and inadequate formation evaluation
tools.

Petrophysical Evaluation of Thinly Laminated Depositional
Sequences Using Statistical-Matching Procedures

David Gonzalez and Carlos Torres-Verdin, The University at Austin

Conventional petrophysical evaluation techniques are unable to
assess individual bed properties in laminated sedimentary sequences
with beds thinner than the vertical resolution of conventional
logging tools. As a result of this limitation, well logs average the
formation properties across an interbedded sedimentary sequence.
Furthermore, in heterolithic clastic sequences, the electrical
conductivity of shale dominates the response of conventional
resistivity logs, leading to uncertainties in the detection of thin-
bed pay zones, underestimation of hydrocarbon pore volume, and
deficient calculation of anisotropic permeability.

Solutions commonly used to address this problem are primarily
limited to volumetric techniques, such as Thomas-Stieber, which
require subjective interpretation of volumetric concentration of
shale and total shale porosity. Likewise, it is typically assumed that
both sandstone and shale properties remain constant within the
laminated sequence, which is not the always the case in heterolithic
bedding orinlaminated sequences with strong diagenetic alterations.

To address this challenge, we developed an interpretation
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method that reproduces the measurements via analogs of thinly
laminated reservoirs. Layer-by-layer compositional and petrophysical
properties are populated into the laminae using random sampling
around the mean values of matrix and shale porosities, water
saturation, shale volume, and matrix and shale composition. We
define bed boundaries from high-resolution borehole images to
increase the accuracy of the earth model, and use fast numerical
simulation techniques to reproduce nuclear and resistivity logs
measured across the laminated sequence. More importantly, rather
than attempting to reproduce depth-by-depth the available well logs,
we aim to obtain numerically simulated logs with the same statistical
distribution properties as the measured logs along predefined depth
intervals. Accordingly, we iteratively improve the sampling of layer
properties until the mean and standard deviation of the simulated
and measured logs are in good agreement.

When available, measurements, such as nuclear magnetic
resonance, triaxial induction resistivity, and X-ray diffraction, provide
additional information to constrain the random sampling of layer
properties. We integrate these measurements with conventional
well logs to detect the presence of laminations, ascertain presence
of hydrocarbons, estimate water saturation, and define matrix and
shale compositional properties.

Results obtained with our statistics-based interpretation method
accurately reproduce the variability of well logs acquired across
selected depth intervals in several field examples of heterolithic
turbidite and deltaic sedimentary sequences. Furthermore, the
method is successfully validated by predicting permeability based
on the earth-model-derived properties and comparing it to core
measurements. Finally, net-to gross and hydrocarbon pore volume
are estimated using the calculated statistical properties. Our method
also quantifies the uncertainty of the petrophysical calculations and
allows the interpreter to assess whether shale and sandstone matrix
properties can be assumed constant within a laminated clastic
sequence.

Compared to conventional interpretation procedures, the
formation evaluation method developed in this paper enables
the incorporation of nonconstant matrix and shale properties
in the laminated sequence, thereby reducing subjectivity in the
interpretation of static and dynamic petrophysical properties of
heterolithic clastic sedimentary sequences.

Pore-Size-Dependent Fluid Substitution Method for Improved
Estimation of NMR Porosity, Permeability, and Relaxation Times

David Medellin, Ali Eghbali, You Wang and Carlos Torres- Verdin, The
University of Texas at Austin

Nuclear magnetic resonance (NMR) T, distributions are
commonly used to estimate porosity, pore-size distributions,
and permeability in fully water-saturated rocks. Reservoir rocks,
however, are not always found in fully water-saturated states.
NMR T, distributions acquired with downhole tools or laboratory
measurements in the presence of hydrocarbon or drilling-mud
filtrate, e.g. oil-based mud (OBM), can exhibit additional and/
or shifted peaks when compared to T, distribution of rocks 100%
saturated with water. The additional peaks correspond to bulk

March 2019



Abstracts - SPWLA 60th Annual Logging Symposium

relaxation times of oil; T, distribution shifts are due to thin water
films in partially hydrocarbon saturated or OBM filtrate invading
rocks. The extra and shifted T, peaks can not only impact total
porosity due to differences in hydrogen index, but can severely affect
permeability estimation as well as interpretation of bound and free-
water volumes.

We implement a pore-size-dependent fluid substitution
(PSDFS) method to remove the non-wetting phase contribution of
the partially hydrocarbon saturated or OBM-filtrate invaded rocks
from the acquired T, distribution and transform it to a fully water-
saturated T, distribution. The method is valid in the fast diffusion
regime and uses a step-function saturation profile that depends on
the pore’s T, relaxation time value, which for fully water-saturated
rocks is a monotonically increasing function of pore size. Necessary
inputs to the PSDFS method are a T,-cutoff value and irreducible
water saturation level for the step-function saturation profile, and
the nonwetting-phase NMR parameters, namely, its T, decay time,
hydrogen index, and total fluid volume present in the partially
saturated or invaded rock.

The PSDFS method has been previously applied to sandstone
samples with different oil saturations. In so doing, the T,-cutoff value
and irreducible water saturation parameters are estimated from
other well logs or determined from joint inversion of T, distributions
at depths intervals with different oil saturation values. The resultant
T-cutoff value and irreducible water parameters can be used at
other depths with similar rock types to produce fluid substituted,
fully water-saturated T, distributions. Currently, the PSDFS method
is limited to completely water-wet rocks with negligible internal
field gradients and with simple pore structures, such as those of
sandstone.

In this study, we apply the PSDFS method to NMR logs acquired
across clastic formations. We present a workflow to estimate the
necessary NMR parameters for the PSDFS method and show how to
correct the measurements for mud-filtrate invasion and partial oil
saturation to obtain the T, distribution of a corresponding fully water-
saturated reservoir rock. The corrected NMR porosity, logarithmic
mean, bound- and free-water partial porosities are then used to
derive a corrected NMR permeability, which is compared to core-
plug measurements. We found that the PSDFS method successfully
improves the accuracy of permeability prediction compared to
conventional interpretation procedures.

Reconciling the Modeled Log- and Core-Based Saturation-Height
Functions: A Case Study From the Bayu Undan Gas-Condensate
Reservoir

Suryanarayana Karri, Sproule, Ernesto Pinto and Mateus da Costa,
Autoridade Nacional do Petrdleo e Minerais, Timor Leste

Petrophysicists are adept at calculating water saturation using
log data. Likewise, they are good at interpreting the core-measured
capillary pressure data. In reservoir characterization, quite often,
petrophysicists are required to transform the log-derived water
saturation or core-based capillary pressure information into
saturation-height functions for a realistic representation of water
saturation in 3D geomodels and simulation models.
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If, for example, a field has only log data available the solution
is straightforward, generate saturation-height functions using log-
derived water saturation. The situation gets complicated if the field
has both log data and core-based capillary pressure measurements.
The dilemma is to decide as to which data to use. As consultants, we
come across varied datasets in both clastics and carbonate reservoirs
all over the world. There are both commonalities and differentiators
in these datasets to model water saturation. The solution to each
problem could potentially be different. In our experience, very often,
there is no unique solution and the saturation-height functions can
be generated using log data entirely or using core data alone or
combining both datasets.

In other words, the outcome is reservoir and data specific, as
will be shown with an example from a case study from the Bayu
Undan gas condensate field at the Bonaparte Basin of Northwest
shelf of Australia. It will be demonstrated in this study that when
both datasets are available, reconciling them to arrive at a realistic
saturation-height model is the key. The intent is to emphasize that
there is no universal preference. It is left to the discretion of the
petrophysicists as to which path to take in order to generate the
saturation-height functions as realistically as possible honoring the
available data and interpretations.

Reservoir Fluid Geodynamics in Brazilian Presalt Carbonate Field

Andre Carlos Bertolini, Jacyra Monteiro, Jesus Alberto Canas, Soraya
Betancourt, Oliver C. Mullins, Santiago Esteban Collaceli and Ralf K.
Polinski, Schlumberger

The objective of this study is to characterize fluid distributions
in a presalt field by using well data including downhole fluid analysis
(DFA) from wireline formation tester (WFT), openhole logs, and
a simplified structural/geological model of the field. From an
understanding of the petroleum system context of the field,
reservoir fluid geodynamics (RFG) scenarios are developed to link
the observations in the existing datasets and suggest opportunities
to optimize the field development plan (FDP). An understanding
of connectivity is developed based on asphaltene gradients. The
asphaltene gradients exhibit a bimodal distribution corresponding
to two the light-oil model and black-oil model of aspshaltenes.

DFA measurements of optical density (OD), fluorescence,
inferred quantities of CO, content, hydrocarbon composition and
gas/oil ratio, of fluids sampled at discrete depth in six presalt wells
are at the basis of this study. DFA data at varying depth captures fluid
gradients for thermodynamic analysis of the reservoir fluids. OD
linearly correlates with reservoir fluid asphaltene content. Gas-liquid
equilibria are modeled with the Peng-Robinson equation of state
(EOS) and solution-asphaltene equilibria with the Flory-Huggins- Zuo
EOS based on the Yen-Mullins asphaltenes model. OD and other
DFA measurements link the distribution of the gas, liquid and solid
fraction of hydrocarbon in the reservoir with reservoir architecture,
hydrocarbon charging history, and postcharge RFG processes.

Asphaltene gradient modeling with DFA reduces uncertainty in
reservoir connectivity. The CO, content in some section of the field
fluids limits the solubility of asphaltene in the oil, and over very
large intervals, the small asphaltene fraction exists in a molecular
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dispersion state according to the Yen-Mullins model. This is the
largest vertical interval yet published of such a gradient (300
meters gross pay) providing a stringent test of the corresponding
model. This gradient of asphaltene molecules (light-oil model) is
compared with recent molecular imaging of asphaltene molecules
showing excellent consistency. In addition, in limited intervals, larger
asphaltene gradientsare measured by DFAand shown to be consistent
nanoaggregates (the black-oil model). This bimodal behavior is
compared with laboratory measurements of nanoaggregates of
asphaltene molecules again showing consistency. This case study
reinforces the applicability of the FHZ EoS in treatment of reservoir
asphaltene gradients. The CO, concentration was modeled with the
modified Peng-Robinson EOS in good agreement with measurements
in upper reservoir zones. Matching pressure regimes and asphaltene
gradients in Wells B and C indicates lateral connectivity.

The hydrocarbon column in this part of the reservoir in
thermodynamic equilibrium. In Wells A, C, D, E and F the OD of the
oil indicate an asphaltene content increase by a factor of four at the
base of the reservoir as compared to the crest of the reservoir. This
tripled the viscosity in Wells C and D as indicated by in-situ viscosity
measurements. The accumulation of asphaltenes at the bottom of
the reservoir is most likely driven by a change in solubility due to
thermogenic CO, diffusion into the oil column from the top down.

The challenge of the limited number of wells in the development
phase of a presalt field for obtaining data to evaluate reservoir
connectivity before the FDP is ably addressed by deploying the latest
WEFT technologies, including probes for efficient filtrate cleanup
and measurement of fluid properties. These measurements and
methodology using a dissolved asphaltene EOS enabled developing
insightful RFG scenarios.

Temperature-Correction Model for NMR Relaxation-Time

Distribution in Carbonate Rocks

Gabor Husan and Shouxiang Ma, Saudi Aramco RDD; Wei Shao and
Songhua Chen, Halliburton

For most resource formation evaluation applications, NMR-
based interpretation models were developed and calibrated with
laboratory core analysis conducted at ambient conditions. In the
public domain, few studies have been published to investigate
the relationships between experimental temperature and NMR
relaxation-time distributions. The main objectives of this study
are to study temperature effects and establish methods for
correcting temperature effects on NMR relaxation-time distribution
measurements.

In this experimental study of carbonate rocks, including outcrop
and reservoir carbonates, laboratory NMR tests were conducted
at four different temperatures ranging from ambient, at 75°F, to a
nominal reservoir temperature at 200°F. Data from rock properties
were generated in the laboratory by NMR and other core analysis
techniques. With the data generated, a systematic data-analysis
approach was used to build models for correcting temperature
effects on NMR relaxation time in terms of T cutoff and T,GM.
The systematic data analysis approach consists of three main
steps: selecting core samples efficiently to cover various qualities
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of carbonate reservoirs; characterizing and transforming NMR
T, distributions into robust features; and building more accurate
models with hybrid data-analysis methods.

The developed NMR temperature-correction model was
implemented for in-situ NMR log pore typing. With this approach,
the laboratory measurement-based T,cutoff and interpretation
model parameters (such as Coats permeability) can be adjusted and
used directly for log interpretation without additional corrections to
NMR T, distributions.

Still, carbonate rocks are known to be complex with highly
heterogeneous pore systems. It is common that primary and
secondary pores coexist. Thus, the overall temperature dependence
of the T and T, distributions are likely governed by multiple
underlying mechanisms; thus, the dependency may not be accurately
represented by a reduced number of characteristic parameters, such
as T.GM.

Hence, for a more accurate derivation of petrophysical
parameters from NMR logs, this paper also attempts to describe
the temperature dependence by considering the NMR relaxation
time distribution in its entirety. Due to the high-dimensional data
structures of NMR distributions, it will be very challenging, if not
possible, to develop a temperature-dependence model for the NMR
distributions with the conventional data-analysis approaches with
linea or semilinear models. It is further compounded by two very
common issues for data analysis and model development (i.e., limited
data and uncertain data quality and representativeness). With the
systematic data analysis approach, this study discusses an NMR T,
distribution temperature-correction model and its application to in-
situ NMR log data for pore typing. To our knowledge, this is the first
systematic attempt in the industry to develop an NMR temperature-
correction model for in-situ carbonate NMR pore typing.

The Final Piece of the Puzzle: 3D Inversion of Ultradeep Azimuthal
Resistivity LWD Data

Nigel Clegg, Timothy Parker and Bronwyn Djefel, Halliburton; David
Marchant, Computational Geosciences Inc.

Improved well placement requires three-dimensional (3D)
spatial knowledge of the reservoir formation and fluids. Current
one-dimensional (1D) inversions of ultradeep azimuthal resistivity
logging-while-drilling (LWD) data recover formation boundaries
above and below the wellbore, which are stitched together to
form pseudo-2D models (or “curtain plots”) along the wellbore.
However, 1D modeling, by definition, does not account for any
lateral variations due to changes in formation dip, lithology, or
fluids, such that any actual D or 3-D variations manifest ambiguously
within artifacts or distortions in the pseudo-2D models. These lateral
variations can have a significant impact on both well placement and
subsequent production-related decisions (e.g., where a change in
well azimuth could be more beneficial than a change in inclination
during drilling). An accurate and computationally efficient full 3D
inversion of ultradeep azimuthal resistivity LWD data, capable of
capturing arbitrary and multiscale reservoir complexity, would yield
3D earth models that could provide as-yet unrealized insight for
reservoir characterization and well placement.
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This paper presents the industry’s first such 3D inversions of
ultradeep azimuthal resistivity LWD data. The case study presents
a complex reservoir with significant subseismic faulting and a long
history of water injection, resulting in significant temporospatial
fluid substitution within the reservoir formations. The complexities
in this reservoir make it both an ideal candidate and a difficult, yet
critical, first test to prove the value of 3D inversion. In a well where
major faults were predicted to cross the well path at an oblique
angle and injection water was predicted from 4D seismic data, the
resistivity boundaries as recovered from 1D inversions alone did not
adequately explain the reservoir state. Analysis of density-image
dips confirmed that the well path crossed faults at an oblique angle
and that the faults were also tilted in the vertical plane. Several of
these faults acted as a barrier to the migration of fluids and showed
a sharp resistivity boundary from oil to water. This allowed mapping
of the faults distant from the well path using ultradeep resistivity
LWD data. Incorporating the information from these tools with the
4D seismic data enabled validation of the 3D inversion.

The 1D inversion yielded valuable information to assist in
well placement, but the 3D inversion provided significantly more
insights, which will realize step changes in reservoir characterization
and future well-placement operations. It is very clear from the 3D
inversion that a tilted oil/water contact at the start of the well is
observed to change in the horizontal plane, as well as the vertical
plane, such that an azimuthal adjustment of the well path would
have resulted in significantly more net-to-gross. Faults separating
zones of water invasion identified as being crossed by the well at
an oblique angle are clearly defined, presenting the position of the
oil/water contact a significant distance to the sides of the wellbore,
which is vital information when considering how to complete the
well and forecasting future production.

The Impact of Petrophysical Uncertainty in Formation Evaluation
and Reservoir Modelling—A Robust Methodology

Michele Arcangeli, Niccolo Ceresa, Maria Teresa Galli, Paola Cardola
and Paolo Scaglioni, ENI

The assessment of geological uncertainties in reservoir
characterization and risk analysis is nowadays a common and
standard approach, but it is not yet available as a unique, robust
methodology for the evaluation of the uncertainty from well
measurements down to the risk-analysis process. Developing a
sound methodology for the correct evaluation and propagation of
petrophysical uncertainty is therefore mandatory.

This work wants to introduce a novel approach for the correct
evaluation and propagation of petrophysical uncertainty. The
workflow was applied to a deepwater, gas-bearing sandstone
reservoir, with a complete and continuous set of log data in all wells
and several cores in the reservoir interval.

The scope of our work included three main steps:

1. Analysis of the uncertainty in input data, including well logs

and core analyses.

2. Definition of a workflow aimed at achieving a ready-to-use

approach for the evaluation of the uncertainty associated
to the main petrophysical properties, like porosity,
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permeability and water saturation.

3. Propagation of the petrophysical uncertainty to reservoir
static model and risk analysis through fit-for-purpose
approaches, defined by a multidisciplinary team including
sedimentologists, petrophysicists, geologists and reservoir
engineers.

The improved knowledge of the uncertainty in the petrophysical
properties allowed the definition of various scenarios, from
conservative to optimistic, highlighting possible zones of further
development; in particular, a sounder knowledge of the uncertainty
associated to permeability contributed to a more robust evaluation
of GIIP.

In critical intervals, not covered by core data but characterized
by facies analysis, the approach provided significant insight in the
representativeness of core data and allowed to better understand
the role played by log quality.

The analysis of the results, in shape of statistical distribution of
porosity, permeability and N/G, proved that the developed approach
is robust and methodologically correct.

Overall, the availability of a quantitative and robust estimate of
the petrophysical uncertainty proved beneficial to the construction
of a final reservoir model honoring both static and dynamic
measurements.

The Sensitivity of Dielectric Signals to Cation Exchange Capacity in
Shaly Sand Formations and its Dependence on Salinity, Porosity,
and Tortuosity

Chang-Yu Hou, Denise E. Freed and Jeffrey Little, Schlumberger

Saturation interpretations of shaly sand formations from
conventional resistivity logs are known to be affected by the presence
of clay minerals. As a result, saturation models that account for clay
will require the value of the formation cation exchange capacity (CEC),
which is obtained from core measurement or inferred indirectly
from the lithological interpretation. Multifrequency dielectric
logging signals are sensitive to the CEC of the formation, and enable
acquiring continuous logs of the CEC, water-filled porosity, water
salinity, and a texture exponent associated with the water phase
tortuosity (similar to the Archie m cementation parameter in the
case of fully water-saturated rocks). Even though dielectric tools
measure the electromagnetic response only in the flushed zone,
the resulting CEC and texture parameters are often used as inputs
to the saturation interpretation in the virgin zone. With this broader
implication and application in mind, it is prudent to understand the
conditions in which dielectric measurements and their interpretation
can reliably provide these petrophysical parameters. In addition,
because the clay effect is, for simplicity, often ignored in dielectric
interpretations, particularly in formations with a high brine salinity, it
is even more crucial for the accuracy of petrophysical interpretations
to determine whether the clay effect can be neglected in a given
environment. Hence, the goal of this study is to address and shed
light on when the CEC affects the dielectric response and when it can
be reliably obtained from dielectric logs.

Our study is based on the recently established dielectric shaly
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sand model by performing a self-consistent sensitivity study to
determine how reliably the CEC can be obtained from dielectric
measurements. Together with analytic arguments, we found that
the sensitivity of the dielectric signals to the CEC depends on both
the formation factor and the brine salinity of the formation. As a
result, the minimum value of formation CEC, in units of meq/100 g,
that can be reliably inverted for is identified for different values of
these two parameters. For practical use, a simple criterion, which
involves comparing the formation conductivity and CEC value, was
derived to provide guidance on whether the dielectric measurement
is sensitive to the formation CEC. In contrast to common belief,
the dielectric interpretation can be substantially affected by the
presence of clay in the high brine-salinity region, even though it
loses sensitivity to the variation of salinity and porosity in such cases.
Finally, we applied the derived criterion to log data and demonstrate
how our findings help to identify regions where properly accounting
for the clay effect becomes essential.

Towards a Petrophysically Consistent Implementation of Archie’s
Equation for Heterogeneous Carbonate Rocks

Raghu Ramamoorthy, Independent; Suvodip Dasgupta and Ishan
Raina, Schlumberger

Archie’s equation, introduced in 1942, has stood the test of
time in the petroleum industry. While Archie himself recommended
against the use of his equation to estimate saturation in carbonate
rocks, over three-quarters of a century later, Archie’s equation is
still nearly universally used to derive water saturation in carbonate
formations by adjusting the parameters of the equation—
cementation and saturation exponents—based on evidence from
core data. Industry literature is replete with examples why this
approach leads to erroneous estimates of the water saturation.
However, the method survives due to its simplicity and ease of use.
Several researchers have attempted to develop better transforms to
model electrical conduction in heterogenous carbonate rocks. These
are less accepted mainly due to difficulties in implementation and in
determining the various parameters required for the equation.

Carbonate rocks exhibit complex pore geometries and may be
conceptualized as a spatial juxtaposition of different pore systems,
each with its own capillary pressure behavior. Hence, water
saturation is not uniformly distributed in the rock. Herein lies a
fundamental criticism of the Archie equation, which recognizes only
one saturation and one type of pore for the entire rock. Furthermore,
when hydrocarbon initially migrates into the water-wet rock, it will
enter through the larger pore throats first. Smaller pore throats will
not be breached until all the larger throats have first been entered
by the hydrocarbon. Hence, principles of petrophysics determine
the sequence of desaturation of the pore system. Petricola et al.
first proposed a sequential method of applying the Archie equation.
The rock is partitioned into three pore systems—microporous,
mesoporous and macroporous. The method for estimating
saturation recognizes the sequence of oil entry and water flood of
the pore systems consistent with the known wettability states of the
rock. We propose a solution that is similar to the Petricola model
though the conductivity mixing laws are based on that proposed
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initially by Ramakrishnan et al. While the principal input to the pore
partitioning is based on nuclear magnetic resonance (NMR) data, we
also recommend alternate approaches that may be applied in the
absence of NMR data.

The method is demonstrated for the case of an initial water-
wet carbonate formation that has been subject to oil migration
and subsequent wettability alteration. We also consider the case
when such a formation is subject to invasion by a water-based mud
filtrate. With a view to keeping the method simple and objective,
we provide detailed guidance for the selection of the parameters of
the transform. The approach attempts to retain the simplicity of the
Archie equation while simultaneously honoring the petrophysical
principles governing the ingress and extraction of hydrocarbon in
heterogenous carbonate formations.

Unravelling the Understanding of a Complex Carbonate Reservoir
With the Use of Advanced Logs Integration

Harish B. Datir and Karl-Erik Holm Sylta, Schlumberger Norway AS;
Ingrid Piene Gianotten and Terje Kollien, Lundin Norway AS

The Alta discovery was proven in carbonate rocks with high
formation water salinity from the Permian age, which has gone
through extensive leakage processes, where ~200 m of water rise
has been witnessed. This poses intrinsic challenges and complexities
with regards to imbibition, uncertainty around the current free-
water level and presence of fluid pseudocontacts within the field.
Considering the impact of the imbibition process on saturations and
later to the estimation of reliable drainage curve from the capillary
pressure, imposes a huge uncertainty on the hydrocarbon volume
estimation. The petrophysical methods described herein accurately
describe and quantify the formation fluid volumes, which are
essential for the understanding of the fluid distribution across the
field.

The work described in this paper addresses the risk associated
with the evaluation of heterogeneous complex carbonate reservoirs
as mentioned above, and provides integrated new solutions. In
contrast to conventional reservoirs, where the presence of clay is
the key challenge for obtaining a reliable saturation, the largest
uncertainty factors in the reservoirs described here is the complex
tortuosity (Archie’s m and n) and the pore-size distribution, which
varies significantly across the field. Hence, conventional resistivity-
based water-saturation (S ) equation failed to comprehend the
heterogeneity present in this carbonate reservoir unless guided
by core data over the entire reservoir interval. During initial
evaluation it was absent and not available over the entire reservoir
interval, leading to unreliable water saturations To overcome the
heterogeneity challenges, integration of advanced petrophysical
logs, such dielectric and elemental spectroscopy, were used while
NMR bound-fluid data was analyzed with respect to deep- versus
shallow-zone water saturation to anticipate the fluid movability in
the near-wellbore region and thereby improving the understanding
of the present-day free-water level in each well. The paper also
shows an alternative method of estimating S from the sigma
log, an output from new-generation spectroscopy. This serves
as an additional validation to the estimated water saturation in a
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heterogeneous complex mineralogy formation.

The petrophysical interpretation of saturation using Archie was
quality controlled/cross-checked with a saturation estimation based
on sigma, calibrated with the use of advanced measurements. This
in combination with early indication of mobile versus immobile
hydrocarbon and the initial depth estimate of free-water level
improved the confidence of a more accurate capillary pressure
drainage curve. This resulted in a good understanding of the
imbibition process which drives the present water saturation.
The results generated with this integrated analysis were the key
inputs for obtaining initial hydrocarbon volumes. It was of critical
importance to know the initial estimates of hydrocarbon volume
and its drainage strategy for making the decision of commercially
developing this field.

Wavelength-Based Axial-Resolution Limitations of Flexural-Wave-
Dispersion Sonic Logging

Kristoffer Walker, Ruijia Wang and Qingtao Sun, Halliburton

Dipole sonic logging can estimate formation shear velocity
in all formations, and thus has important applications in lithology
classification, porosity estimation, geomechanical modeling, and
pore-pressure prediction. Conventional methods use a dipole
source to excite the flexural-wave mode. This guided wave travels
along the borehole wall with a phase velocity that is dispersive. The
low-frequency asymptote of this dispersion indicates the formation
shear velocity, which is usually measured with a time- or frequency-
domain beamforming method. Modern-day borehole acoustic tools
have an array of receivers spanning an axial aperture of 6 feet, which
permits one to use a subarray of receivers to sense a shorter axial
length of investigation. Because smaller apertures usually increase
the sharpness of a dipole sonic log’s appearance, one often assumes
the aperture length dictates the true axial resolution. That would
be a natural extension of ray theory, but flexural-wave propagation
is not governed by ray theory. The Fresnel zone is a well-known,
wave-based propagation concept that describes the radial extent of
the sensing region along the source/receiver ray path. As frequency
decreases, wavelength increases, and the radial sensing region
expands.

This paper shows that there is an instantaneous axial extent of
sensing that controls the true axial resolution of flexural-wave phase
velocity. Specifically shown, are the results of applying frequency
semblance to flexural-mode waveforms created by 3D finite-
difference time-domain simulations where the thickness and velocity
contrast of interbedding are precisely controlled. Variations in phase
velocity are attributed to the influences of adjacent beds outside the
aperture of the array. Assuming a vertical borehole in a horizontally
layered medium, as frequency decreases, wavelength increases and
flexural asymptotes associated with these adjacent beds exists at
low frequencies. Where the wavelength equals the bed thickness at
a higher frequency, a second asymptote associated with the shear
velocity of the thin bed exists and persists up to a frequency where
the dispersion begins. An aperture cutoff point exists as aperture
reduces where other factors in the mode excitation do not permit
the development of a high-frequency asymptote. For example, a

Issue 02

SPWLA TODAY

54

2-ft bed with a 15% velocity contrast for an 8.5-in. borehole predicts
an asymptote that is not observed in the frequency range near
the group velocity minimum. However, the same formation with a
smaller borehole radius would shift the group velocity minimum to
higher frequencies, permitting the 2-ft bed asymptote to be visible.
These relationships exist for both fast and slow formations. This work
also demonstrates that these findings can be observed in actual log
data. One practical conclusion of these results is that the monopole
refracted-shear logs are more capable of higher axial resolution,
providing the formation is fast enough that the refracted shear is
well separated from the Stoneley mode.

Wettability Assessment in Complex Formations Using NMR
Measurements: Workflow Development and Experimental
Verification in Rocks With Multimodal Pore-Size Distribution

Chelsea Newgord, Saurabh Tandon and Zoya Heidari, The University
of Texas at Austin

Nuclear magnetic resonance (NMR) measurements are typically
used for estimating fluid saturation, pore structure, and wettability.
However, interpretation of NMR measurements can be challenging
in rocks with both complex pore structures and unknown wettability
due to multiple peaks in the transverse (T,) responses. Reliability of
the conventional NMR-based wettability models has been verified
for rocks with unimodal pore-size distributions. They also require
challenging calibration efforts. This limits the application of the
existing NMR-based models for wettability assessment, especially
for complex carbonates with multimodal pore-size distribution. The
objectives of this paper are (1) to develop a new workflow that uses
NMR measurements to simultaneously estimate fluid saturation and
wettability and (2) to verify the reliability of the new workflow in
rocks with multimodal pore-size distribution at different levels of
fluid saturation.

In this paper, we introduce a new model and workflow to
estimate wettability and fluid saturation using NMR measurements.
The new model requires T, and diffusivity-T, (D-T,) NMR
measurements of the rock-fluid system, saturating fluids, fully
water-saturated water-wet, and fully oil-saturated oil-wet rocks.
The outputs of this workflow are fluid saturation and wettability.
To experimentally verify the reliability of the introduced workflow,
we chemically alter the wettability of the core samples to be water-
wet, mixed-wet, or oil-wet. We confirm and quantify the wettability
level in each core sample using the Amott Index and contact angle
measurements. Using a low-frequency 2-MHz NMR spectrometer,
we measure the T, and D-T, responses of the rock-fluid system and
the aforementioned model inputs. We vary the fluid saturation using
a coreflood setup and obtain NMR measurements at different fluid
saturations. Finally, we input the NMR measurements to the new
workflow to simultaneously estimate fluid saturation and wettability.

We successfully applied the new NMR-based workflow to
different types of carbonate rocks with multimodal pore-size
distribution. NMRmeasurementsand MICP measurementsconfirmed
that these rock types had multimodal pore-size distributions. The
reliability of the new workflow was verified by comparing the fluid
saturation estimates with the gravimetric measurements, and the
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NMR-based wettability estimates with the Amott lindex and contact-
angle measurements. As the nonwetting fluid was injected into
the core samples, the T, distribution varied nonlinearly due to the
combined impacts of wettability and complex pore structure. The
calculated NMR-based wettability index ranged from -0.7 to 0.5 for
all the core samples, while the Amott index ranged from -0.6 to 0.5
indicating oil-wet to water-wet samples. The NMR-based wettability
index was consistent with contact-angle measurements and had an
average relative error of 35% when compared to the Amott index.
This new workflow expands NMR-based wettability assessment
to rocks with multimodal pore-size distribution, such as complex
carbonates. Additionally, the introduced NMR-based wettability
assessment workflow can be expanded from the core-scale domain
to depth-by-depth in-situ reservoir characterization using borehole
NMR measurements, if the model input parameters are reliably
assessed, as documented in this paper.

FORMATION EVALUATION OF UNCONVENTIONAL RESERVOIRS

Crushed-Rock Analysis Workflow Based on Advanced Fluid-
Characterization Techniques for Improved Interpretation of
Acquired Core Data

Melanie Durand, Anton Nikitin, Adam McMullen, Aidan Blount,
Amie Hows and Brian Driskill, Shell

As activity increases in the Permian Basin and multiple billion-
dollar acquisitions upwards of $50,000/acre continue, there is a
strong incentive for E&P operators to optimize the development
in their existing acreage. Unfortunately, maximizing oil production
typically results in significant amounts of produced water. Water cuts
for individual Permian wells commonly range from 50 to 90% of total
liquid production, thus, the ability to predict water/oil ratio (WOR)
of the produced fluids has a major importance for development
planning.

Petrophysicists are often entrusted with estimating WOR based
on saturation modeling. Core data acquisition and analysis are
critical for developing a quantitative petrophysical model. However,
accurately measuring saturations of cores taken from unconventional
reservoirs continues to pose significant challenges originating from
uncertainties in the acquired data and assumptions used to interpret
these data.

For example, the crushing of the core samples, which is required
for efficient fluid extraction in tight rocks, causes systematic fluid
losses which are not typically quantified. Instead, all as-received
air-filled porosity is commonly assumed to represent hydrocarbons
that have escaped during coring due to gas expansion. Additionally,
fluid extraction from commercially available retorting systems can
have widely variable fluid collection efficiency (<100%) resulting
in significant inconsistencies between the weight of the collected
fluids and sample weight loss during retorting experiments. The
Dean-Stark technique removes not only fluids (water and oil) but
an unknown volume of the extractable organic matter, and it only
allows for direct quantification of the volume of extracted water.
The reconciliation of fluid volume and fluid- and sample-weight data
delivered by either of the two techniques (i.e., retorting or Dean-
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Stark) require numerous assumptions about properties of pore fluids
which are typically not verified through direct measurements. Such
assumptions can lead to up to 50% uncertainty in water saturation.

To address such critical uncertainties, a novel core analysis
workflow using improved core-characterization and fluid-extraction
techniques was developed. To address fluid loss during crushing,
this workflow employs advanced NMR measurements performed
on both as-received and crushed samples to quantify fluid losses.
Also, this approach uses retorting techniques with close to 100%
fluid collection efficiency specially developed for core-sample
characterization. In addition to these advances in measurement
technologies, the workflow is optimized to avoid fluid losses
during sample handling and includes repeated grain-density and
geochemical measurements at different stages. As a result, the new
workflow reduces the uncertainties in acquired data and better
informs the assumptions for interpreting the measured data into
the desired petrophysical properties (e.g. total porosity, water
saturation). The workflow is demonstrated for a set of Wolfcamp
samples.

Determining Resistivity and Dielectric Constant Simultaneously
Using Induction Data in the Presence of Strong Induced Polarization

Gong Li Wang, Dean M. Homan, Natalie Uschner, Ping Zhang and
Wael Abdallah, Schlumberger

Laboratory and field data have shown that sedimentary
formations can exhibit a fair amount of induced polarization (IP)
effect in the presence of clay, pyrite, or graphitic carbon. The effect
can be so strong that the quadrature signal of induction data can
be pulled towards the negative direction in an appreciable manner,
causing an adverse effect in the standard data processing and
interpretation of induction data. On the other hand, the strong
IP effect makes it possible to determine the dielectric constant
at induction frequencies neglected in standard data-processing
techniques.

A new processing technique has been developed that enables
simultaneous determination of resistivity and dielectric constant in
dipping formations using both the in-phase and quadrature signals
of induction data. The resistivity log created by the new processing
can be used in the same way as standard resistivity. The dielectric-
constant log, a new deliverable from induction data, provides a new
perspective into reservoirs. It introduces an opportunity for new
petrophysical applications, for example, approximating a continuous
maturity index of kerogen in unconventional reservoirs, and
estimating cation exchange capacity (CEC) of shaly sand formations.

The new technique is a combination of the maximum entropy
and the Occam inversions, which makes the iterative process
converge rapidly over a wide range of initial-guess models for
resistivity and dielectric constant. The new processing considers
layering and dipping of formation systematically by means of a
planarly layered model that can dip at a relative dip angle of up to
75°. With this approach, the obtained resistivity and dielectric logs
are free of both layering and dip effects, which often appear in the
form of polarization horns or overshoots at large relative dip on
standard logs.
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Using the quadrature signal overcomes the ambiguity of
resistivity estimation caused by the strong skin effect in conductive
formations. This allows for the unique determination of resistivity
and dielectric constant over a broad range of formation resistivities
with only single-array data. The nonuniqueness cannot be achieved
without joint use of both short- and long-spacing arrays for the
standard processing. In addition, the large depth of investigation of
the quadrature signal makes the inverted resistivity and dielectric
constant more representative of the undisturbed zone than the
resistivity obtained using only the in-phase signal.

The new processing technique has been applied to more than
20 wells containing induction logs. Results suggest that the strong IP
effect is present in many well-known formations where the dielectric
constant ranges from thousands to hundreds of thousands. Results
also confirm the superiority of resistivity obtained with the new
processing over that of the standard processing technique in a
variety of situations. The new processing results of several field
cases are analyzed in conjunction with elemental spectroscopy data
to shed light on the correlation between large dielectric constant
and clay, pyrite and graphitic carbon.

Dielectric Relaxation-Time Distributions From Broadband (40 Hz to
110 MHz) Frequency-Domain Measurements of Partially Saturated
Shales

Paul Connolly, University of Western Australia; Matthew Josh, CSIRO;
Keelan O’Neill, University of Western Australia; Michael B. Clennel,
CSIRO; Eric F. May and Michael L. Johns, University of Western
Australia

The complex broadband (Hz to GHz) dielectric response of
‘moist’ rocks arises from a range of polarization processes related
to individual molecules, electrochemical potentials and interfacial
charge accumulation. Several authors have highlighted the potential
of using electrical relaxation times to extract important hydraulic
properties like permeability, textural properties of pore surfaces and
pore-throat sizes. However, despite the many experimental studies
and theoretical works, clear experimental evidence and a complete
model for broadband dielectric behavior in moist rocks is still yet to
be realized.

Here, for the first time, we demonstrate the application of
Tikohonov regularization methods to compute distributions of
relaxation times directly from broadband (40 Hz to 110 MHz)
frequency-domain dielectric measurements of shale rocks. We relate
the observed relaxation times to polarization mechanisms that occur
over the frequency range measured. The evolution of relaxation
times with increasing water content is studied, with the dielectric
response of shales measured at six saturation states ranging from
dry to pressure saturated. Furthermore, we demonstrate how the
impact of conduction currents can be quantified via the Kramers-
Kronig relation from the regularized relaxation-time distributions.
Lastly, we compare the evolution in polarization mechanism with
water content to the cation exchange capacity and porosity of the
shale samples; the implications for shale characterization from
dielectric relaxation times are discussed.
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Feasibility of Digital Rock Physics for Static and Dynamic Reservoir
Property Characterization in Carbonate Reservoirs-I

Shruti Malik and Ravi Sharma, Indian Institute of Technology, Roorkee

Access to subsurface cores for running multiple experiments
is gradually becoming a rarity, chiefly for two reasons; it is hard
on time and money. Additionally, the alternative provided by the
digital methods is becoming increasingly popular, not only for the
improved economics but also for the repeatability of results and the
flexibility in modeling multiple scenarios on the same image volume.
Digital rock physics (DRP) is one such method that offers to model
the static and dynamic reservoir properties with better control on
subjective biases of the experimentation and is also nondestructive
in nature. DRP involves imaging the formation and simulating the
field performance to account for various hetrogeneities in the
reservoir formation. DRP has proved to be highly successful in clastic
reservoirs but in cases of complex reservoirs, such as carbonates and
unconventional resources, however, it is still at the feasibility stage.
The reasons are plenty ranging from method of imaging, availability
of calibration libraries, transition space error, and its quantification.

In this paper, we looked at several carbonate sample images—
exhibiting a range of heterogeneity—to understand the detectability
of total pore volume and the pore types present in the formation.
This work has a two-fold objective (1) to estimate the impact of
heterogeneity on successful determination of the pore volume in
carbonate rocks, and (2) to segregate the pores into their types by
size (micro, meso, and macro) and by aspect ratio (AR). Whereas as
the size of pores controls the schemes of fluid flow in formations,
their aspect ratio controls the elastic property behavior in stressed
rocks. Because the processes are coupled, it becomes all the
more important to calibrate DRP modeling results with laboratory
measurements for a greater understanding and for creating rock
physics forward models that combine these processes. In this work,
we explain the approach of testing and filtering to reach a successful
segmentation algorithm, its comparison with the laboratory
measurements and also its limitations. We will also discuss the effect
of wettability on fluid flow, especially in the scenario where oil gets
trapped in the pores in the case of a water-wet reservoir.

High-Resolution Mineralogy Modeling—A Case Study in the Vaca
Muerta Formation, Neuquén Basin, Argentina

Hao Zhang, Nora Alarcon and Guillermo Crespo, Baker Hughes, a GE
Company; Diego Licitra, YPF; and Carlos Hernandez, Chevron LC YPF

Accurate mineralogy modeling and interpretation for thinly
bedded formations often requires high-resolution data, usually
measured in the laboratory from core samples. However, core
measurements are expensive and available only in a limited number
of wells in a field. On the other hand, high-resolution logging
tools are not sufficient to provide a comprehensive mineralogy
characterization. Because other types of logging data are also
available from many wells, a high-resolution mineralogy analysis
combining low-resolution and high-resolution logging data becomes
very attractive.
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This study focuses on solving for high-resolution mineralogical
compositions of the formation combining pulsed-neutron
spectroscopy measurements, image logs, and other conventional
log responses. A workflow has been developed with the following
major steps

(1) Extract lithology volumetric models from high-resolution
image logs combined with other conventional logs.
Allocate the modeled mineralogical compositions
from lower-resolution geochemical logs into mineral
compositions for various lithology types.

Obtain a high-resolution mineral model.
Perform a quality check by comparing the computed
results with core measurements.

(2)

(3)
(4)

To demonstrate the method’s feasibility and applicability,
the proposed workflow was used on a Vaca Muerta log example
from the Loma Campana field, which has dramatic variations in
mineralogy composition. The processing showed very promising
results with the computed high-resolution mineral model matching
the core data. This result indicates the proposed method could
reproduce the mineral composition with a full vertical variability in a
thin-bedded formation that would only be available with extensive
core measurements.

The approach presented here can offer an integrated, high-
resolution formation evaluation for key petrophysical properties,
such as formation composition, permeability, porosity, and
geomechanical properties. The method provides a great advantage
over conventional log interpretation by revealing the full vertical
variability of a formation that would otherwise appear insensitive
for thin layers with limited resolution and compromised accuracy.
The promising results generated from this study demonstrate the
feasibility of an integrated core-level petrophysical analysis in a
cost-effective and timely manner compared to conventional core
measurements.

Improved Analysis of NMR Measurements in Organic-Rich
Mudrocks Through Quantifying Hydrocarbon-Kerogen Interfacial
Relaxation Mechanisms as a Function of Thermal Maturity

Saurabh Tandon and Zoya Heidari, The University of Texas at Austin

Nuclear magnetic resonance (NMR) measurements have
become a popular choice for estimating hydrocarbon reserves in
organic-rich mudrocks. NMR interpretation is, however, challenging
in organic-rich mudrocks. The reasons include overlapping of clay
and hydrocarbon NMR responses, and limited knowledge of kerogen-
hydrocarbon interactions. Previous publications have shown that
the dominant mechanism for surface relaxation in organic pores
is intramolecular dipolar coupling among hydrocarbon protons.
However, the influence of kerogen intermolecular interactions with
hydrocarbons and its thermal maturity on surface relaxivity has not
been reliably quantified using experimental measurements. This
limits the ability of NMR to accurately quantify kerogen hydrogen
index and its impact on kerogen absorption capacity. The objectives
of this paper are to (1) experimentally quantify the influence of inter-
molecular coupling and kerogen thermal maturity on hydrocarbon-
kerogen interactions, (2) analytically derive an expression for
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intermolecular surface interactions as a function of hydrogen
index, and (3) compare the analytically predicted relaxivities with
experimentally measured ones in kerogen-chloroform mixtures.

First, we selected three organic-rich mudrocks with different
kerogen types and extracted pure kerogen from each of these
formations. The extracted kerogen samples were synthetically
matured by increasing temperature at 4°C/min up to 450°C under
a controlled environment. The petrophysical properties of kerogen
samples at different thermal maturities were quantified using
pyrolysis and BET (Brunauer—-Emmett—Teller) measurements. The
kerogen samples were then saturated with protonated and partially-
deuterated chloroform mixtures. Chloroform has one proton in
its molecule and doesn’t undergo intramolecular coupling. We
performed transverse (T,) and longitudinal and transverse relaxation
(T,-T,) measurements on the kerogen samples at different thermal
maturities saturated with chloroform. We used the results of T-T,
and T, measurements to confirm the prevalence of intermolecular
coupling in kerogen-fluid interactions. We combined generalized
Langmuir adsorption theory with anisotropic molecular rotation
to analytically derive an expression for surface relaxivity due to
intermolecular kerogen-hydrocarbon interactions. We finally
compared the analytical model to the surface relaxivities calculated
empirically using NMR T -T, measurements.

The results demonstrated that as kerogen samples were
synthetically matured from 25 to 450°C, hydrogen indices relatively
decreased by up to 89% and BET surface areas increased relatively
by up to 206%. The kerogen surface relaxivities relatively decreased
by up to 55% as chloroform deuteration was increased from 0 to
80%. In the cases of constant chloroform deuteration, surface
relaxivities relatively decreased by up to 33% as kerogen samples
were synthetically matured from 150 to 450°C. The new surface
relaxivity model was able to reliably quantify the trend observed
in experimental measurements. Improved assessment of kerogen
surface relaxivity enhanced the NMR-based hydrocarbon saturation
estimates relatively by up to 35% for kerogen samples by providing
temperature corrections for adsorbed phase cutoff values. The
outcomes of this paper enable reliable quantification of influence of
hydrogen index and thermal maturity on T,and T, -T,measurements.
Using the new surface relaxivity model, the T, and T -T, cutoff values
derived from the laboratory-scale measurements can be extended
to in-situ conditions improving downhole estimates of NMR-based
hydrocarbon saturation in organic-rich mudrocks.

Integrated Petrophysical Interpretation and Workflow for Stacked
Tight Gas Sands Using Modern Evaluation Techniques—A North
Louisiana Multiwell Case Study

Rojelio Medina, Halliburton; Luke Fidler, Range Resources; Nick
Garrison, Bhaskar Sarmah and John Quirein, Halliburton

Thin, highly interbedded sand-shale tight gas plays are generally
characterized by a low resistivity response and considerable
variation in pore-size distribution, and require reservoir stimulation
to make them economically viable. The Upper Jurassic and Lower
Cretaceous Lower Cotton Valley formation in north Louisiana/
east Texas is one such play. This stacked clastic reservoir provides
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significant challenges in determining the best zone to be targeted
for horizontal well hydrocarbon exploitation. The presence of clay
in the intergranular spaces and in the matrix of the rock affects the
cementation-exponent parameter that is used to estimate water
saturation. The smaller and varying pore-size distribution in these
rocks affects reservoir deliverability and variation in bound vs. free
fluids. Additional challenges include accurate characterization of net
pay, productivity prediction, unexpected water production, and the
selection of the optimal fracture stimulation strategies to use.

This paper showcases the development and application of an
evaluation workflow that addresses the reservoir characterization
challenges. Local experience has demonstrated that a standard
triple-combo log is generally inadequate to address these problems.
An advanced logging suite was deployed that consisted of a triple-
combo tool, a pulsed-neutron-capture mineralogy tool, a high-
frequency dielectric wireline tool, a magnetic resonance imaging
tool, a dipole sonic tool, and an advanced wireline resistivity tool
that can resolve horizontal and vertical resistivity simultaneously.

The developed workflow was applied to rank the horizontal well
producibility potential of the stacked sands. Routine and special core
analysis was used to calibrate the log-based interpretation models.
The interpreted mineralogy was used to enter the matrix dielectric
constant to the dielectric interpretation, which was used to provide
an estimate of a variable cementation exponent confirmed by core
data. The nuclear magnetic resonance (NMR) data were used to
estimate clay-bound water, capillary-bound water, and pore-size-
variation-based permeability. A novel feature of the horizontal,
vertical resistivity interpretation was to use the clay (rather than
shale) calibrated to core data to predict the sand resistivity. A 3D
anisotropic rock mechanical model was developed, which takes
into account the stress and layering nature of the tight gas sands,
to support the development of the reservoir simulation model. The
workflow also included a production prediction for different induced
hydraulic-fracture half-lengths, which further assists in the target
selection.

The workflow was applied to multiple wells from which
different sands were selected as the best targets. The paper presents
a comparison of the predicted and actual production for these wells.

Integrating Pilot and Lateral Openhole Measurements for Lateral
Landing-Point Assessment and Hydraulic-Fracture Design—A Case
Study From the Delaware Basin, West Texas

Edgar Velez, Farhan Alimahomed, Elia Haddad, Lance Smith and
Jorge Gonzalez, Schlumberger

Well-landing zone selection and a tailored lateral staging and
perforation design can have a large impact on well productivity. A
successful field development is intrinsically related to both landing
and completion optimization, in particular where several stacked
producible horizons can be targeted, such as in the Delaware Basin
in West Texas. Understanding reservoir and completion properties
is key in the decision process for optimal well-landing selection and
completion optimization. Two quality factors are defined for this
optimization: (1) reservoir quality (RQ); and (2) completion quality
(cq).

RQ encompasses pretrophysical properties, such as porosity,
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permeability, saturation and TOC. RQ is of most importance in
pilot wells to identify and rank the most prolific horizons in stacked
horizons but now and then overlooked or dismissed in lateral wells.
Typical evaluation techniques to define RQ include using data
from basic logs such as triple-combo, but the complexity of the
unconventional reservoirs has shown that advanced wireline logs,
such as spectroscopy, magnetic resonance and borehole images are
needed to accurately quantify petrophysical properties. Completion
properties, such as Poisson’s ratio, Young’s modulus, minimum
horizontal stress and natural fractures can also be grouped to
define CQ of a given rock. CQ is the main input for the hydraulic-
fracturing simulators which aims to achieve the primary objective
of determining fracture-height growth, overall geometry and pinch
points. Previous revisions have shown the importance of accounting
for the anisotropic nature of the unconventional rock and their
mechanical properties in which the rock layering intensity and
weak interfaces influence the minimum horizontal stress. Hence,
data from borehole images, coupled with advance acoustic dipole
data and mini-stress tests are instrumental for the calibration of the
hydraulic-fracture model.

Placing stages and perforations using log data has had a
positive impact on production in vertical and lateral wells, success
is based on the use of dipole-sonic-derived anisotropic mechanical
properties and stress calculations to improve the frac results,
petrophysical rock properties that define the quality of the reservoir
and geological information from borehole images, such as fractures
and lateral facies variation that either impact the reservoir quality or
the completion quality.

In this paper, we will present a case history that shows the
integration of an in deep evaluation of various reservoir properties
grouped under RQ and CQ factors applied to a pilot and a horizontal
well using the latest advanced wireline logs for well-landing
selection and completion optimization in West Texas, where lateral
and vertical information from the borehole images were use to
build a 3D geomodel where the main RQ and CQ properties where
propagated aiming to improve the hydraulic-fracture model.

Inversion of High-Resolution High-Quality Sonic Compressional
and Shear Logs for Unconventional Reservoirs

Ting Lei, Smaine Zeroug, Sandip Bose, Romain Prioul and Adam
Donald, Schlumberger

Interpretation of elastic properties honoring fine heterogeneity
has garnered recognition recently in petrophysical analysis,
bedding failure prediction, and hydraulic-fracture job design for
unconventional reservoirs. Traditional sonic processing assumes
homogeneity of the formation over a specific sonic tool receiver
aperture length (e.g., at least 2 ft). This assumption may not be
appropriate for highly laminated reservoirs where mechanical
properties of interest could vary on a significantly finer scale.
Additionally, shear slownesses extracted from low- and high-
frequency processing are associated with different wavelengths
and different rock volumes. For instance, shear slowness logs from
a high-frequency monopole transmitter and a low-frequency dipole
flexural mode can exhibit different axial resolutions even when using
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the same receiver aperture length. This apparent inconsistency and
the lack of adequate vertical-resolution control render conventional
sonic answer products inadequate for properly addressing the high-
resolution challenges of unconventional reservoirs.

We have developed a new interpretation algorithm to improve
the layer slowness contrast for thinly laminated formations in vertical
wells using borehole sonic data from advanced array-based logging
tools. This novel interpretation method can yield high-quality and
high-resolution sonic compressional and shear (P and S) logs. It is
based on a robust downscaling technique that jointly combines all
logs processed at different array resolutions. An overdetermined
matrix is formulated by taking all convolutional relationships among
the different resolution sonic logs. The high-resolution sonic logs
(both P and S) are estimated using the Moore-Penrose pseudoinverse
method. Finally, the residual is formulated to serve as a log quality-
control flag and is used to automatically switch to more reliable low-
resolution logs, such as the dipole flexural shear slowness in depth
intervals of poor-quality hole data or slow formations.

The algorithm was validated with synthetic logs from finite-
difference modeling and was then tested on an unconventional thinly
laminated field dataset. The inverted high-resolution P and S logs
from sonic field measurements have higher depth resolutions than
what the maximum resolution conventional processing can achieve,
and are consistent with a higher resolution ultrasonic log from an
ultrasonic imaging tool logged in the same well. The field-data
application suggests that this downscaling algorithm enhances the
spatial resolution and more accurately captures the layer slowness
contrast while removing outliers thereby improving the log quality.

The application of this method results in a superior
characterization of the acoustic properties of thinly layered rocks
than what is obtained with conventional processing. The elastic
moduli honor the highly heterogeneous nature of the rock, and
thus could improve stress profiling and rock-strength correlations
for geomechanical modeling. Operational decisions, such as landing
laterals or staging stimulation intervals to avoid weak or strong
interfaces will also be better informed.

Investigation of Physical Properties of Hydrocarbons in
Unconventional Mudstones Using Two-Dimensional NMR
Relaxometry
Z. Harry Xie and Zheng Gan, Core Laboratories L.P.

Understanding organic matter properties is crucial in

characterization of unconventional plays. It is always a challenge for
petrophysicists to differentiate and quantify mobile and immobile
hydrocarbons in unconventional mudstones. High-frequency
(22 MHz) NMR for unconventional rock core analysis has gained
industrial acceptance for its high efficiency and high sensitivity to
measure very small volume of fluids and solid hydrocarbons in tight
rocks. Previous work has revealed that a one-dimensional (1D) NMR
T, method is insufficient to study organic matter in fresh core samples
due to overlapping T, signals from both hydrocarbons and water.
Coexistence of structurally bound water and solid hydrocarbons in
shales leads to a short T, in the microseconds range, and further
complicates the situation.
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In this work, we present the first detailed analysis method
using two-dimensional (2D) NMR T-T, mapping techniques to
study physical properties of hydrocarbons in various shale rocks.
Combined NMR pulse sequences were used to acquire signals
from solids and liquids that contain hydrogen. The 2D T -T, maps
were further processed by removing the map regions that are
from water to obtain 1D T, distributions for hydrocarbons only.
Measurements on mudstone core samples at various temperatures,
from 22 to 90°C, show that the relaxation time T, of hydrocarbon
components increase with temperature due to increasing molecular
mobility, but at different rates, implying that hydrocarbons present
in different environments (e.g., organic and inorganic pores)
within these tight core samples are undergoing different thermal
dynamics processes. The T, of each hydrocarbon component as a
function of temperature was analyzed to calculate the activation
energy (Ea) based on the Arrhenius equation for molecular kinetics,
and producibility is then estimated accordingly. This NMR method
provides petrophysicists with a powerful way to study hydrocarbons
that are confined in organic matter, such as bitumen and kerogen,
to understand the mechanism of enhanced oil recovery (EOR) in
unconventional reservoirs. Furthermore, results from such NMR
relaxometry analysis and multiple-heating-rate pyrolysis indicate
that the combined techniques are very promising for investigating
producibility estimates from the free/adsorbed hydrocarbons
present in source-reservoir intervals. Such an alternative approach
leads to an analytical protocol for the determination of NMR cutoffs
to quantify mobile and immobile hydrocarbons.

Leveraging Digital Rock Physics Workflows in Unconventional
Petrophysics: A Review of Opportunities, Challenges, and
Benchmarking

Shaina Kelly, ConocoPhillips; Ayaz Mehmani and Carlos Torres-
Verdin, The University of Texas at Austin

Rock diagenesis can generate complex pore-lining and pore-
filling textures beyond the idealized sedimentary “spherical grain
pack” that greatly influence pore-size distributions and transport
properties including permeability, capillary trapping, diffusion, and
relative permeability. Digital rock physics (DRP), via both direct
numerical simulation and pore-network modeling, holds great
promise in terms of probing such pore-scale controls on transport,
particularly with multiphase flow and sensitivity analysis of time-
intensive measurements, such as relative permeability. However,
despite advances in microcomputed tomography (micro-CT) and
scanning electron microscopy (SEM) techniques, obtaining cost-
effective representative elementary volumes (REV) at sufficient
resolution that capture dual-scale porosity and surface textures
remains a formidable challenge in establishing digital rock physics
as a predictive toolset. Furthermore, implementers are faced
with several options of numerical solvers, such as finite element
modeling, lattice-Boltzmann method, and mass balance-based pore
network modeling.

This paper reviews the current status of establishing an REV and
upscaling techniques for DRP in tight and/or diagenetically altered
rocks, highlighting successful and unsuccessful pore-to-core data
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benchmarking examples by the authors and the greater literature
in terms of static and dynamic properties. The comparison reveals
that many DRP efforts do not invoke the menu of more complex
transport phenomena that can be modeled, including wettability,
thin film flow, reactive transport, and diffusion and osmosis;
recommendations for implementing these physics and cases where
they should not be neglected are discussed. Furthermore, upscaling
and REV likelihood is found to significantly vary with rock type—
examples reviewed range from tight gas sandstones to mudrocks
and chalks and homogenous/massive to heterogeneous thin-bedded
plays. We also identify challenges in honoring pores from multiple
lengths scales within the field of view of a single imaging modality
and uncertainties associated with image acquisition/processing
techniques and advance some practical workarounds.

Overall, in surveying the current state of DRP, the authors
recommend a series of best practices for practically and economically
leveraging DRP in petrophysical models and highlight tenable
advances needed to help to ensure representative and predictive
digital rock toolsets for tight rocks. We posit that if a resultant
numerical simulation domain is logically tuned to match available
core data, including mineralogy, pore-size distribution, and single-
phase permeability measurements, then it is conceivable to generate
robust relative permeability curve conditions that are impactful in
predicting field-scale flow behavior for a particular rock type.

Micro/Nanofluidic Insights on Fluid Deliverability Controls in Tight
Rocks

Shaina Kelly, ConocoPhillips; Ayaz Mehmani and Carlos Torres-
Verdin, The University of Texas at Austin

Microfludics and nanofluidics have been used in the oil and
gas industry as application-specific tools (such as lab-on-a-chip
chromatography for multicomponent fluid analysis) and for pore-
scale research experiments. The latter technology constructs
pore and/or pore-network proxies on lab-on-a-chip devices and
investigates the impact of specifically tuned geometric and or
material variable(s) on fluid transport via direct observation with
microscopy.

This paper reviews micro/nanofluidics findings by the authors
and other geoscience and general porous-media researchers related
to the impacts of pore size, surface chemistry (wettability), fluid type
and composition, and surface texture (roughness) on fluid mobility
(effective viscosity), imbibition, capillary trapping, adsorption, and
diffusive processes. For example, the authors’ microfluidic findings
include the presence of a critical surface-roughness value beyond
which capillary trapping during imbibition increases drastically due
to changes in subpore-scale flow regimes. The authors’ nanofluidic
findings in silica nanochannels include that the polarity of a fluid
and the surface chemistry of a nanoconfinement can lead to an
additional contact line friction that causes significant deviations from
the continuum Washburn equation for imbibition; these effects can
potentially be incorporated through an increased effective viscosity.
Collated results for upscaled terms, such as effective viscosity and
diffusivity, are reviewed in comparative plots and benchmarked
against analogous molecular dynamics simulations, relevant special
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core analysis findings, analytical solutions (where available), and
continuum theories, the goal being to assess a convergence of fluidic
findings. Furthermore, there are various device fabrication methods
and the micro/nanofluidic results are organized in terms of resultant
pore/material types, where studies in crystalline confinements
are proxies for clay and intergranular pores and studies in carbon
(graphene) confinements are proxies for organic-matter pores and
aged oil-wet pore surfaces.

Based on this review, we recommend lab-on-a-chip devices
as tools to augment petrophysical laboratory measurements if the
following criteria are met:

(1) Practicality/simplicity in design — Fabrication of the devices
is facile and replicable such that many disposable devices
are available. Examples of chips of varying complexity are
offered.

Consistency — One critical variable, such as pore size,
material, or fluid composition is tuned at a time to form
robust functional relationships, leveraging the critical
benefit of controlled fluidic workflows, as contrasted to
actual rocks.

Validation — Anomalous fluidic observations must be
complemented with theory and/or molecular dynamics
and direct numerical simulation methods, again leveraging
the powerful benefit that the majority of the fluidic
geometry and boundary and initial conditions are known.

()

(3)

Ideally, such lab-on-a-chip devices can be implanted as fluid-
transport calibration standards such that the aforementioned fluid
behaviors can be mapped back to pore-size distributions and other
matrix topology properties already quantified in petrophysical and
reservoir quality workflows (e.g., via mercury porosimetry, nitrogen
adsorption, NMR, petrography, etc.).

Novel Measurement of Porosity and Saturations of Drill Cuttings
Using Nuclear Magnetic Resonance and Infrared Spectroscopy

Ravinath Kausik, Kamilla Fellah, Shin Utsuzawa, Paul Craddock, Mary-
Ellen Loan and Shawn Taylor, Schlumberger-Doll Research; Jonathan
Mitchell, Schlumberger Cambridge Research

Petrophysical properties, including porosity and saturation,
are vital for unconventional resource (shale) characterization,
and important for petroleum system modeling, field-planning
development, and production matching. But, these properties are
challenging to determine in highly deviated (horizontal/lateral)
wells drilled in shale due to the absence of routine core and log
measurements.

In this paper, we introduce novel approaches to measure
porosity, fluid type, and other properties of shale in a ‘no-log’
environment in horizontal wells, only from measurements of drill
cuttings using nuclear magnetic resonance (NMR) and diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
measurements.

Drill cuttings are irregularly shaped formation material of
~1 to 3 mm in dimensions, brought to the surface by recirculated
mud. The determination of porosity of drill cuttings requires the
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measurement of the pore volume occupied by the fluids and the
bulk volume of the entire rock sample. 2D NMR T .-T, measurements
at Larmor frequencies of between 12 and 40 MHz are ideal for the
determination of the pore volume occupied by components, such
as bitumen, oil in organic and inorganic pores, free water, and clay-
bound water. The determination of bulk volume of the drill cuttings
is challenging due to their small and irregular shape. We address this
challenge using two approaches: The first uses multinuclear *H and *F
NMR (**F and *H have close but well-separated Larmor frequencies)
to estimate both pore and bulk volumes of samples immersed in
Flourinert (C HF, N) through changes in NMR signal intensity. The
second uses a novel combination of DRIFTS and NMR to compute
porosity via density relationships. A DRIFTS analysis of mineral and
kerogen mass fractions provides an estimate of matrix density. This,
together with measurements of fluid-filled pore volume from NMR
and of sample mass, enables determination of matrix volume, bulk
volume, and thereafter the fluid-filled porosity.

We demonstrate the successful determination of porosity and
saturations on a range of conventional and unconventional samples
using both multinuclear *H-**F NMR and NMR-DRIFTS approaches.
We discuss wellsite application of these methods, including cleaning
and handling of the drill cuttings. In summary, we demonstrate novel
ways of determining petrophysical quantities, such as porosity and
fluid saturation in a fast and accurate fashion to help obtain a more
complete picture of the reservoir quality in lateral wells from drill
cuttings, in an otherwise data-poor environment.

Quantification of Uncertainties Related to the Assessment of Free
and Adsorbed Gas-in-Place for Shale-Gas Reservoirs

Rafay Ansari, German Merletti, Peter Armitage and Pavel Gramin, BP

Determining the potential of shale-gas reservoirs involves
an exhaustive process of calculating the volume of hydrocarbon
originally in place. The calculation relies principally on the core-
wireline log calibration, with core data regarded as the ground
truth. Inconsistency in sample preparation, protocols and analytical
techniques between commercial core analysis laboratories adds
significant uncertainty to the assessment of both free and adsorbed
gas.

Experimental testing on twin samples was conducted at three
core analysis laboratories to understand the source of differences
in measurements, such as porosity and water saturation that affect
free-gas calculations. The impact of mesh size on crushed rock
samples is also assessed. On average, relative differences of 20%
in water saturation and 10% in porosity were observed between
laboratories, leading to differences of 35% in calculations of free
gas-in-place.

Methane adsorption testing was conducted to study the
changes in Langmuir parameters in samples with a wide variety
of water saturations, clay content, total organic content and at
different experimental temperatures. It was found that the storage
capacity of adsorbed gas artificially increased by a factor of two to
three when experimental temperature exceeded the boiling point of
water. This increase is related to the expulsion of clay-bound water
and subsequent availability of clay surfaces for methane adsorption.
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Total gas-in-place is the sum of free- and adsorbed-gas volume
estimates. The interaction and overlap of pore space between
these two volume components is also important to consider. It is
proposed to use a simplistic monolayer-based correction of volume
of adsorbed gas from the free-gas volume based on a composite
pore-size distribution from scanning electron microscopy (SEM)
point counting and nitrogen adsorption data.

Multiple scenarios for total gas-in-place due to the
aforementioned uncertainties were compared against gas volume
reported by a direct volumetric approach. This approach involves
acquiring pressurized sidewall core at reservoir conditions and
measuring this gas volume in controlled laboratory conditions. The
controlled depressurization of reservoir gas helped in separating the
volumes and composition of the free and adsorbed gas. The direct
approach was also used to understand which laboratory protocol
and sample preparation technique provided the most robust results.
This study has elucidated methods to reduce the uncertainty in gas-
in-place calculation and better understand resource distribution in
dry-gas source rocks.

Quantifying Bitumen Plugging Using Geochemical and NMR
Logging on Tight Gas Reservoir

Azzan Al-Yaarubi, Schlumberger; Khalsa Al-Hadidi, Ali Al-Mahrougqi
and Marcel Ellie, Petroleum Development Oman

This paper addresses the identification, quantification and the
implications of bitumen in a deep (>5,000 m) tight gas reservoir in
the Amin formation. This formation was deposited in aeolian, sabkha
and fluvial-dominated environment. It has an average porosity of
6 p.u. and intrinsic permeability of less than 1 mD. Consequently,
hydraulic fracturing is required to yield economical production rates.
The bitumen, which is believed to result from oil-to-gas cracking
process, poses an additional challenge as it directly degrades
storage capacity, destroys the permeability and results in erroneous
computed saturations. It is, thus, imperative that these factors are
taken into consideration in reserves and productivity predictions
that could ultimately impact overall development planning.

This paper details an evaluation workflow that was devised to
directly quantify bitumen and provide accurate volumetric analysis.
The methodology is based on the integration of the triple-combo,
NMR and pulsed-neutron spectroscopy logs. The NMR effectively
identifies bitumen through its reduced porosity against density
log. This difference arises because NMR is incapable of measuring
fast relaxation of the hydrogen contained in bitumen. However,
the NMR porosity is also reduced due to the reduced hydrogen
index of gas. Spectroscopy analysis quantifies the concentrations
of various elements contained in the reservoir rocks. This includes
carbon concentration contained in the rock, gas and bitumen. The
total organic carbon (TOC) is derived by subtracting inorganic carbon
contained in the rock. The measured TOC is essentially due to the
bitumen as its negligible in gas. The integration of these different
measurements allows effective means to differentiate and quantify
different pore constituents contained in our reservoir.

Integrated volumetric analysis was carried out using triple-
combo, NMR and geochemical spectroscopy logs. The analysis
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provided the actual total porosity, bitumen volume and true
gas saturation. The study showed that the reservoir contains
pyrobitumen volumes up to 5%. The log predictions were verified
against pyrolysis and thin-section analyses on core samples from
similar wells. Integrating log and core analyses results with production
logs directly demonstrated the influence of the bitumen presence
on the well productivity. Repeating the analysis in different areas of
the reservoir further established the uneven bitumen distribution
and its consequences across the reservoir. This observation provided
the basis for more representative static and dynamic modelling.

Quantifying the Impact of Geochemistry, Temperature, and Pressure
on the Water-Adsorption Capacity and Wettability of Kerogen
Using Molecular Simulations and Experimental Measurements

Archana Jagadisan and Zoya Heidari, The University of Texas at Austin

Inter-and intra-molecular forces acting on the surface of kerogen
affect its interfacial properties such as wettability. Wettability of
kerogen directly influences the multiphase fluid-flow properties,
water production, and electrical resistivity (e.g., low-resistivity pays)
of organic-rich mudrocks. The oxygen and hydrogen contents of
kerogenvarywith changeinkerogentypeandthermal maturity, which
can affect the water adsorption capacities of kerogen. Moreover,
high temperature and pressure reservoir conditions can affect the
adsorption properties of kerogen. Previous publications documented
molecular dynamics simulation for quantifying wettability of
kerogen. These publications used simplified kerogen structures
which do not capture the heterogeneity and complexity of kerogen.
Recently, we experimentally demonstrated that kerogen wettability
varies significantly with thermal maturity and that it could be water-
wet at low thermal maturities. However, these experiments did not
quantify the impacts of kerogen type and reservoir temperature/
pressure conditions on kerogen and mudrock wettability. Therefore,
the objectives of this paper include (1) quantifying the impacts of
kerogen molecular structure and composition on water adsorption
capacities, (2) quantifying the impacts of reservoir temperature/
pressure on water-adsorption capacity of kerogen using molecular
dynamics simulations, and (3) cross-validating the wettability results
from molecular simulations with experimental results.

We use molecular dynamics simulations and experimental
work to achieve the aforementioned objectives. The inputs to the
molecular simulations include models of kerogen, methane, and
water molecules in a cubical simulation box with periodic boundary
conditions. We use realistic molecular models of kerogen that bear
structural resemblance to experimentally determined kerogen
structure. The molecular structure representative of different
kerogen types at different thermal maturities honor the O/C and
H/C ratios based on the van Krevelen diagram. The outputs of
the simulations include water adsorption capacities of kerogen at
different kerogen types, thermal maturities, and temperature/
pressure conditions. Surface adsorption processes are modeled
for temperature and pressure conditions ranging from 298 to 380
K and 10 to 50 bars, respectively. The results are compared with
experimentally determined wettability using the sessile-drop
method on isolated pure kerogen samples from two formations,
which contain Type Il and Type II/Ill kerogen.
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Simulation results showed that the water adsorption capacity
of kerogen increases 15% with 10% increase in oxygen content.
The increase in the adsorption capacity is attributed to the strong
attraction between oxygen containing functional groups in kerogen
and water. Increase in temperature from 298 to 380 K increased the
water adsorption by two-fold, whereas increase in pressure had
the reverse effect. The results obtained from molecular simulations
are in agreement with experimental results of kerogen wettability.
The documented results and workflows contribute to improving
formation evaluation of organic-rich mudrocks by providing (a)
quantitative information about wettability of kerogen, and (b) a
reliable workflow for quantifying wettability of kerogen at any
given kerogen type, geochemical property, and reservoir condition.
The outcomes of this paper can also potentially contribute to
understanding the role of organic content and its geochemical
properties in fluid-flow mechanisms, which can be used to predict
water production in organic-rich mudrocks.

Reliable and Fast Saturation-Dependent Relative Permeability
Measurement in Tight Rock Samples

Andres Gonzalez, Saurabh Tandon and Zoya Heidari, The University
of Texas at Austin; Pavel Gramin and German Merletti, BP

Reliable laboratory assessment of water and gas saturation-
dependent relative permeability in low-permeability rock samples
can be challenging. In ultratight samples, the use of dynamic
steady-state or unsteady-state methods are very time consuming.
The “permeability jail” phenomenon results in extremely low flow
rates even for very high flow pressures that are difficult to achieve
and accurately measure using conventional pumping systems.
Additionally, unsteady-state methods often fail to address viscous
and capillary effects, which dominate the relative permeability
results in low-porosity and low-permeability core samples. On
the other hand, stationary-liquid relative permeability methods
require a core-desaturation step prior to measurement of effective
permeability. The choice of desaturation technique can significantly
affect reliability of relative permeability measurements. The
objectives of this paper are: (a) To compare the dynamic unsteady-
state and stationary-liquid methods using two desaturation
techniques, porous plate (high-pressure membranes) and centrifuge
desaturation for relative permeability measurements; (b) improve
relative permeability estimates by monitoring fluid distribution
along the core length using nuclear magnetic resonance (NMR)
measurements; (c) develop a relatively fast and reliable experimental
workflow for relative permeability measurements in tight sandstone
formations; and (d) to establish the range of rock properties for
which different methods provide reliable results.

First, we measured the gas and brine absolute permeabilities
of each sample. Subsequently, we desaturated the cores to different
saturation levels using centrifuge and high-pressure membranes. At
each saturation level, we measured the effective gas permeability
of each sample using the pulse-decay technique. We measured
NMR T, (spin-spin) distribution to quantify fluid saturation at each
desaturation stage. Additionally, we measured the saturation profile
along the core length at each stage to monitor and control fluid
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distribution in the core samples. We corrected for the effect of
saturation gradients by rotating the orientation of the sample in the
centrifuge core holder by 180° during certain time intervals. Finally,
we used the unsteady-state technique for measuring gas and brine
relative permeability curves for the comparison purposes.

We applied this workflow to eight tight rock samples collected
from multiple tight gas reservoirs. The core samples cover a wide
range of rock quality with total porosity and gas permeability ranging
from 5 to 12% and 0.009 to 2.2 md, respectively. NMR saturation-
profile measurements revealed the presence of saturation gradients
along the core length after centrifuge desaturation in all samples.
The maximum relative difference in water saturation along the
core length was up to 77%, leading to relative errors of up to 90%
in relative permeability estimates. Rotating the samples by 180°
and further desaturation completely mitigated the influence of
saturation-profile gradients on measured relative permeabilities.

This study provides a new workflow to estimate relative
permeabilities in tight samples with a wide range of porosity and
permeability values. The proposed workflow enables 66% faster
measurements compared to conventional steady-state techniques
and much more reliable measurements compared to those obtained
from the unsteady-state method. Furthermore, it provides robust
and accurate gas relative permeability measurements for the range
of rock quality included in this study.

Reservoir Producibility Index (RPI) Based on 2D NMR T -T, Logs

Ravinath Kausik and Tianmin Jiang, Schlumberger-Doll Research;
Lalitha  Venkataramanan, Schlumberger; Albina  Mutina,
Schlumberger-Doll Research; Erik Rylander and Richard Lewis,
Schlumberger

The role of logging in vertical pilot wells in unconventional tight
oil shale plays is to determine the reservoir quality, based on which
the horizontal drainholes can be placed. The reservoir quality (RQ) of
shale is characterized by quantities related to hydrocarbon storage
and producibility, such as porosity, total organic carbon (TOC), fluid
saturation, wettability, permeability, etc. It is now well recognized
that among the different components constituting the TOC, the
kerogen and bitumen adsorb the oil and reduce permeability by
clogging pore throats, respectively, and, therefore can be considered
negative reservoir quality indicators. The light-hydrocarbon
component is distributed between a low-mobility fraction in the oil-
wetting kerogen pores and a higher mobility fraction in the mixed-
wet inorganic matrix porosity. The water phase is also distributed
between the clay-associated bound-water fraction and the more
mobile water in the mixed-wet pores of the inorganic matrix.
Identifying these different components and their environments is
vital for determining the reservoir quality.

Recently, a new metric, namely the reservoir producibility
index (RPI) that treats the light hydrocarbon (oil) as a positive
reservoir quality (RQ) indicator and kerogen, bitumen as negative
RQ indicators, has been introduced for tight oil organic shales.
The measurement of the RPI requires quantitative fluid typing
of the different components of organic carbon and water phases,
downhole. We demonstrate measurement RPI logs through the
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application of 2D NMR T,-T, for determining the light hydrocarbon,
in combination with spectroscopic measurements for total organic
carbon.

The 2D NMR T,-T, logs separate the different fluid fractions
using the sensitivity of these measurements to molecular mobility.
In combination with spectroscopy logs the RPI is obtained as a
continuous depth log in tight oil pilot wells. To determine the
production potential along the well, the total log porosity was
compared with the porosity of cores with the difference reflecting
the fluids that escape core retrieval. This quantity which is a good
proxy for the producible fluid fractions is shown to be positively
correlated to the Reservoir Producibility Index measured from the
logs.

In conclusion, we demonstrate the combination of 2D NMR
T,-T, and spectroscopy logging to obtain a continuous log of the
reservoir producibility index in tight oil pilot wells to help determine
the depths to land the horizontal drain-holes. This method is driven
by the ability of 2D NMR T -T, technique to quantitively identify the
fluid fractions and their confining environments, especially the light
oil in the organic kerogen porosity. We demonstrate the value of the
RPI in a tight oil well in the Permian Basin by showing a relatively
strong correlation with estimated oil producibility.

TGIP NMR Measurements of the Appalachian Unconventional
Shale Based on 2D T -T, NMR Logs

Natalie Uschner-Arroyo, Schlumberger; Ravinath Kausik and Lalitha
Venkataramanan, Schlumberger Doll Research; Tianmin Jiang, Erik
Rylander and Richard Lewis, Schlumberger

Shale-gas resources are more difficult to evaluate than
traditional gas reservoirs, as the hydrocarbon exists not only as pore-
filling free gas, but also as adsorbed gas on high surface-area kerogen.
Each of these phases have a different density and their downhole
NMR signals cannot easily be separated. In addition, the effective
hydrogen index of the hydrocarbon phase cannot be determined.
The Langmuir adsorption isotherm has been the preferred method
for estimating gas-in-place in unconventional shales for many years.
However, operators have not been able to consistently history
match gas production results based on the Langmuir method, due
to the uncertainty of the measurements, interpreted results and
assumptions in modeling. This is especially true in the United States
Appalachian unconventional shale plays, where the amount of free
and adsorbed gas calculated from multimineral models and Langmuir
isotherms, is low as compared to production history matching.
Additionally, since measurements of Langmuir isotherms require
laboratory core investigations which are not always performed, and
the limited number of measured isotherms are often insufficient to
characterize the heterogeneity of the entire resource.

The recently introduced TGIP-NMR method enables the
direct conversion of NMR measurements into total gas-in-place
(TGIP) by counting hydrogen nuclei directly, circumventing the
requirement to know the hydrogen index, pore size, pore pressures
and formation temperature for gas-in-place determinations. This
paper demonstrates the successful calculation of the TGIP-NMR
methodology on an Appalachian unconventional shale play, involving
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a cluster-based interpretation of continuous T -T, logs for a more
accurate measurement of the clay-bound water and gas fractions.
This method provides superior performance in comparison to T,-
cutoff-based 1D NMR methods or applications of multimineral
saturation models (where estimates of salinity, R, and knowledge
of hydrocarbon parameters are required).

While the TGIP-NMR method has emerged as a new candidate
for the determination of gas-in-place in unconventional shale plays,
it is important to be cautious about its limitations. NMR T,-T, based
TGIP can provide an accurate answer in high kerogen high-porosity
zones of unconventional shales. However, TGIP-NMR method is
also very sensitive to the uncertainties in the measurement of the
volume of water in the shale. With the very low volumes of water
in the US shale-gas plays, an accurate estimate of clay-bound and
irreducible water based on a T -T, analysis is essential for the TGIP
calculation. Additionally, in very low porosities, approximately 2%
p.u. or less, the results from TGIP could be suspect due to noise in
the T.-T, measurements.

Thermal Maturity-Adjusted Logging in Shale

Paul R. Craddock, Schlumberger-Doll Research; Richard E.
Lewis, Schlumberger; Jeffrey Miles and Andrew E. Pomerantz,
Schlumberger-Doll Research

Petrophysical interpretation of downhole logs requires
accurate knowledge of matrix properties. In organic-rich mudrocks
(commonly termed shale), the presence of abundant kerogen (solid,
insoluble organic matter) has a particularly large and variable impact
on matrix properties. Kerogen is compositionally quite different from
the inorganic minerals that comprise the remainder of the matrix, so
matrix properties can be highly sensitive to kerogen properties. As a
result, seemingly minor errors in prescribed kerogen properties may
yield large errors in the interpretation of organic-rich formations. For
example, a 0.1 g/cm3 error in assumed kerogen density can yield a
relative error in density-porosity of more than 20%. Unfortunately,
relevant petrophysical properties of kerogen are poorly known,
in general, nearly always unknown in the shale of interest, and
otherwise impractical or impossible to measure.

Here, we determined the petrophysical properties of more than
50 kerogens with thermal maturity ranging from immature (vitrinite
reflectance equalto0.5% R ) to dry gas (4% R ) and representing three
continents, eight major sedimentary basins, and 350 million years in
age. Measurements were performed on purified kerogen samples
obtained by a time-consuming acid-demineralization procedure. The
determined kerogen properties include measured chemical (C, H, N,
S, O) composition and absolute density, as well as calculated nuclear
properties, such as apparent log density, hydrogen index, thermal
and epithermal neutron porosities, macroscopic thermal-neutron
capture cross section (sigma), and macroscopic fast-neutron elastic-
scattering cross section. All but one kerogen properties are found to
vary substantially across the dataset, commonly by a factor of two
or more. For kerogen samples relevant to the petroleum industry
(predominantly Type Il with thermal maturity ranging from immature
to dry gas), it is found that each petrophysical property is controlled
mainly by thermal maturity, with differences between basins having
little effect. As a result, universal curves can be established relating
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the studied kerogen properties to thermal maturity, and the curves
apply equally well in all of the prolific basins studied here. These
universal curves enable robust and accurate predictions of kerogen
properties in any shale formation from knowledge of one common
parameter—the thermal maturity—circumventing the need for
dedicated, time-consuming preparation and analysis of kerogen
isolates in the formation of interest.

The industry has workflows for ‘matrix-adjusted logging’,
where default matrix properties are replaced with values measured
specifically in the formation of interest. As an improvement on this
concept, we hereby propose ‘maturity-adjusted logging’, in which
default kerogen properties in shales are replaced with refined
values based on measured thermal maturity. The thermal-maturity
adjustment can be incorporated into optimal matrix properties using
measurements of mineralogy and organic content where available,
whether from core, cuttings, or geochemical logs. This ‘maturity-
adjusted logging’ procedure is globally applicable to the evaluation
of shales of interest to the petroleum industry, and this automated
procedure results in a more accurate, consistent, and confident
estimation of formation parameters including porosity, saturation,
and hydrocarbon-in-place.

Unraveling Discrepancies in Array Laterolog and Induction

Resistivity Response In Unconventional Shale Reservoirs

Isabelle Dubourg, Richard Leech, Nasar Khan, Martin G. Liling and
Gong Li Wang, Schlumberger

Much of the current United States (US) domestic oil and gas
production comes from land-based shale reservoirs, which, in
previous decades, had been considered unprofitable and therefore
economically uninteresting. To successfully manage this significant
resource, a good understanding of the formation properties and
fluid distribution is required. As with saturation determination in
conventional reservoirs, resistivity-based methods are commonly
used to evaluate unconventional reservoirs. Historically, such fields
have been appraised by a mix of laterolog and induction resistivity
devices, dependent on the drilling environment, formation
properties and, in some cases, prior precedent.

However, this drive to examine tighter and finer oil- and gas-
bearing formations has highlighted a discrepancy arising from the
use of different styles of resistivity measurements. In unconventional
shale reservoirs, systematic differences in shale resistivity response
have been observed between laterolog and induction devices,
which, in some cases, have resulted in considerable variations in
computed water saturation. Such discrepancies need to be properly
understood and accounted for when appraising reservoir potential.

It is documented in the literature that in a vertical well drilled
through a horizontally laminated formation, such as a shale, laterolog
measurements frequently exhibit a systematically higher resistivity
than induction measurements in the same formations. A possible
explanation attributes this phenomenon to the different sensitivity
of each measurement type to horizontal and vertical formation
resistivities. Another possible hypothesis for the systematic high-
reading laterolog versus induction resistivity in shale formationsis the
near-wellbore alteration caused by an electrochemical interaction
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of the shale at the borehole wall exposed to drilling fluids. More
recent studies show that the dielectric properties of unconventional
shale plays affect the quadrature signals of array induction
measurements and, with the introduction of multifrequency
dielectric measurements, severe dielectric dispersion has also been
observed in certain shale formations.

Whenever electromagnetic array responses feature
unexplained phenomena, log simulations are used to first reproduce
and then understand the physics of the phenomenon. Once an
appropriate algorithm has been developed, it can be validated using
a comprehensive suite of field log data acquired within the same
borehole.

This paper examines how to resolve the discrepancies observed
between array laterolog and induction resistivity measurements in
low-permeability, uninvaded shale formations that are commonly
developed as unconventional resources in the continental US. We
demonstrate how, with the help of novel processing algorithms,
these resistivity response discrepancies can shed new light on, and
thus change our appraisal of unconventional shale reservoirs.

MACHINE LEARNING
A Deep-Learning Approach for Borehole-Image Interpretation

Kinjal Dhar Gupta, Valentina Vallega, Hiren Maniar, Philippe Marza,
Hui Xie, Koji Ito and Aria Abubakar, Schlumberger

Borehole-image interpretation aims to evaluate the dip
magnitude and azimuth direction of geological features detected
along the well and classify them. Manual interpretation of borehole
images can be time-consuming and, sometimes affected by
inconsistencies derived by different interpretation approach used..
Thus, there is a need for a robust automatic or semi-automatic
approach to reduce the manual labor and increase efficiency and
consistency.

In recent years, deep neural networks (DNN) have been
successfully deployed to address a variety of challenging problems
in several fields, including computer vision. We have developed a
DNN-based supervised-learning technique for borehole-image
interpretation to automatically detect and classify geological features
from borehole images acquired from Formation Microlmager (in
water-based mud) and QuantaGeo (in oil-based mud) and in turn,
provide robust estimates of the features’ dip and azimuth. This
machine-learning (ML)-based interpretation workflow requires
the geologist to label a small section of features in the well for ML
training; following which, the trained machine provides labeling for
the remaining depths of the well. Such machines may also be trained
on previously interpreted wells with similar characteristics.

Our preliminary results show that deep-learning models can
accurately detect a diverse and complex set of image attributes
without manual intervention. Certain geological features can
occur sparsely, challenging a direct supervised-leaning approach;
to address this challenge we discuss the utility of employing a
semisupervised-learning paradigm.
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A Machine-Learning Framework for Automating Well-Log Depth
Matching

Thai Le, The Pennsylvania State University; Lin Liang, Schlumberger,
Timon Zimmermann, Ecole Polytechnique Fédérale de Lausanne;
Smaine Zeroug and Denis Heliot, Schlumberger

Depth matching well logs acquired in different logging passes in
a single well, which is essential to process and interpret the log data,
has been a longstanding challenge for the industry. It has become
even more important in the era of data analytics, where data
need to be properly curated before they can be used. The existing
approaches employed in commercial platforms are typically based on
classical cross-correlation and covariance measures of two signals,
followed by manual adjustments. These solutions do not satisfy the
rising demand to minimize user intervention. To proceed towards
automated data interpretation, we aimed at developing a robust
and fully automatic algorithm and workflow for depth matching
gamma-ray logs, which are commonly used as a proxy to match the
depth of other well logs measured in multiple logging passes within
the same well. This was realized by a supervised-machine-learning
approach through a fully connected neural network. The proposed
solution uses clever data formation and augmentation, which
permits to obtain, from a very limited pool of manually labeled data,
a sufficiently large dataset for training. To push the performance at
a fully automated level, we employ different stacking and filtering
methods, leading to well-synchronized signals and therefore a good
depth match between logging passes.

As it is unrealistic to expect a perfect model from the initial
training with limited manually labeled data, we developed a
continuously self-evolving depth-matching framework. This was
realized by deploying the trained depth-matching engine to the
Cloud as a microservice. The users submit depth-matching requests
to the remote server and get the results back to the front-end.
After extensive studies on the different statistical metrics including
correlation, earth mover distance, dynamic time warping, recurrence
dissimilarity, and cross approximate entropy, etc., we developed a
dedicated metric by combining a few different algorithms. We use
this metric to quantify the quality of the returned results. The users
review theresultsand domanualadjustmentsif someintervalsare not
ideally depth-matched by the engine. Those manual adjustments are
sent back to the database on the Cloud, and the framework retrains
the machine learning model based on the updated database. The
newly trained model can be validated and compared against existing
models using the developed metrics system. Enhanced models are
committed into the model pool that is part of the service. As users
keep using the service, the depth-matching framework is anticipated
to automatically and continuously improve in performance which
eventually leads to an optimal and fully automated depth-matching
workflow.

A key aspect of the developed framework is its generalization
potential because it is agnostic of the signal type. It could be easily
applied to other log data, especially when the correlation thereof,
is not obvious, provided that a sufficiently large volume of labeled
data is available.

This framework has been prototyped and tested on field data. A
demonstration will be shown in the presentation.
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A Multiscale Path for the Characterization of Heterogeneous Karst
Carbonates: How Log-to-Seismic Machine Learning Can Optimize
Hydrocarbon Production

Francesco Bigoni, Marco Pirrone, Fabio Pinelli, Gianluca Trombin and
Fabio Vinci, Eni S.p.A.

The accurate modeling of carbonate reservoirs is a longstanding
challenging task due to the difficulties in capturing and characterizing
their intrinsic multiscale heterogeneities. Unpredictable variations
in pore-size distribution, in pore geometry and connectivity strongly
influence both reservoir rock properties and fluid-flow behavior.
This fact often results in discrepancies between the petrophysical
characteristics estimated from cores and/or logs and distributed in
the 3D model, and the actual dynamic performances of wells and
reservoir.

This paper introduces a novel fully integrated machine-learning
workflow, based on a multidimensional/multiscale approach,
aimed at obtaining a robust static and dynamic characterization
of carbonate reservoirs. In detail, openhole logs, microresistivity
images, production logging and pressure transient analyses are used
to simultaneously depict the rock characteristics and the associated
dynamic behavior at well-scale. Then, a supervised classification
allows to build a link between the aforementioned reservoir
properties and particular seismic attributes extrapolated at the well
locations. Finally, the interesting carbonate features are distributed
into the entire 3D reservoir model through a fit-for-purpose neural-
network algorithm that exploits the full seismic cube.

The complete methodology is presented by means of a study
performed on an oil-bearing carbonate reservoir, characterized
by an extremely high heterogeneity due to diagenetic processes,
in particular to karstification. These are responsible of important
permeability enhancements in low-porosity intervals that are critical
for production optimization and reservoir management purposes. At
well-scale, karst features are characterized by an advanced image
log interpretation mainly focused on the quantification of connected
vugs. Moreover, multirate production logging and well-test analyses
are accomplished in order to evaluate the proper permeability
values in such karst intervals where core calibrations and log-based
predictions are not reliable. Next, karst-related vug densities, flow-
calibrated permeabilities and selected seismic parameters, such
as lineaments (from continuity and curvature attributes), and the
outputs of spectral decomposition have been used in a neural-
network process as sets for log-to-seismic learning and validation
phases. In the end, the network is run to distribute the karst-related
permeability enhancements into the 3D reservoir model according
to the driving seismic attributes.

The final outcomes of the workflow are karst probability
maps that are deemed fundamental to guide new wells location
and trajectory. As a matter of fact, two proof-of-concept case
histories have demonstrated the reliability of the approach. The
newly drilled wells with paths guided by these prediction-maps
have intercepted the desired karst intervals as per the subsequent
image log interpretation. The latter has been also used to define
the proper perforation strategy including low-porosity intervals but
with high vug density. Well tests and multi-ate production logging
interpretations have proven the outstanding well performances
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associated with permeability values in the order of a Darcy right
through the karstified rock. Based on these successful results, the
ongoing drilling and perforation campaign of 10 other wells is built
upon this comprehensive methodology.

Advanced Petrophysical Applications for the Australian Mining
Industry

Jennifer Market, Lloyd’s Register; Huw Rossiter and Brenton
Armitage, MPC Kinetic

In the past, much of the petrophysics done in the Australian
mining industry has been based upon gamma ray, single-point
density, resistivity, and acoustic televiewers. Common uses of
petrophysical data include locating the top and bottom of the
seam/ore, determining the water level, mapping fractures and
faults, computing hardness, and facies analysis. However, the
industry is moving toward more advanced applications, such as
improved methods of understanding the porosity and permeability
of the rocks, 3D mapping of stability, and the use of petrophysical
measurements as a cost-effective means of supplementing or even
replacing traditional assay methods.

This paper begins with a brief introduction to the mining
environment as compared with the modern oilfield environment.
While petrophysical data acquisition in East Australian coal mines is
not so far removed from shallow oilfield land wells, other operations,
such as the Pilbara Iron Ore fields of Western Australia are a very
different world—thousands of holes are drilled, each generally less
than 60 meters. Assays (geological analysis of material collected
from the hole) are the primary reference data. Costs to log are low,
and many processes (data interpretation, delivery of logs, etc.) are
automated.

Next, there is a review how gamma-ray, density, neutron,
resistivity, and caliper measurements are used throughout the
Australian mining industry, paying some attention to the challenges
of using classic tool designs, such as 16/64 normal resistivity tools and
single-point (uncompensated) density. Sonic, electrical imaging, and
acoustic televiewers/scanners are the next tier of measurements;
these are used for fracture/fault mapping, ground stability, hardness
and seismic integration.

Finally, we will discuss the latest wave of technologies to be
gaining ground in the Australian mining market, including NMR, VSP,
and elemental spectroscopy. The introduction of these advanced
petrophysical measurements in Australian mining is opening the
door for exploiting new applications, many centered around “big
data” or machine-learning techniques, such as automated facies
identification, high-resolution mapping of both major and minor
minerals, and 3D visualization of ore properties.

Artificial Intelligence Applied to NMR Logging for Rock and Fluid
Typing in Heavy Oils
Pedro A. Romero Rojas, Alexandrina Cristea and Paul Pavlakos,

Weatherford; Okan Erglindiiz, Tayfun Kegecioglu and S.Fatih Alpay,
ARAR

March 2019



Abstracts - SPWLA 60th Annual Logging Symposium

Nuclear magnetic resonance (NMR) wireline logging and data
post-processing technologies are continuously evolving, making
significant contributions to rock, fluid typing, formation evaluation
and characterization of the near-wellbore zone. In heavy-oil fields,
however, NMR logging is known to provide a very low permeability
index, poor reliable oil typing, and thus poor oil saturation and
viscosity determinations. Several attempts have been made to
improve NMR results, mostly with limited success. The main
reason lies not necessarily in the selection of the data-acquisition
parameters and sequences for a single-frequency or multi-frequency
tool, but in the way that the data are post-processed.

The present study refers to a heavy-oil field in Turkey where
NMR data were acquired in a well with a centralized, single-frequency
wireline tool in a 6-in. borehole, drilled with water-based mud in a
freshwater carbonate reservoir. The generated T, log was analyzed in
a traditional way to obtain the NMR total porosity and its partitions
based on standard cutoff values. The permeability, calculated from
the Timur-Coates equation was expectedly underestimated, then
the heavy-oil T, spectra fall within the capillary bound-water region,
numerically enhancing the bound-fluid porosity partition and
decreasing the permeability. No reliable oil T, component could be
visually identified.

The newly proposed post-processing steps to obtain the heavy-
oil saturation start by deconvolving the T, spectra, using blind source
separation (BSS), based on independent component analysis (ICA),
which is an artificial intelligence tool. The deconvolution results
show that a specific independent component corresponds to
the oil, based on its T, peak value at 12 ms—the expected T, oil-
peak response calculated from the job planner/simulator. The oil
saturation was calculated depth-wise as the ratio of the area under
the heavy-oil T, spectrum divided by the NMR total porosity. Results
show an excellent agreement between oil saturation and shallow-
and deep-resistivity curves. Furthermore, the permeability index
was corrected by assigning the total heavy-oil volume to the free-
fluid volume. This step relies on the understanding that heavy-oil
-and any hydrocarbon’s NMR responses- should not be evaluated by
means of cutoff values.

The present results demonstrated the usefulness of NMR
logging technology in the characterization and evaluation of a
heavy-oil reservoir oil. NMR data post-processing based on artificial
intelligence tools, like BBS-ICA, proved to be adequate. For the
reasons above, NMR logging has been proposed and acquired in
additional wells in the same field.

Automated Formation-Top Labeling and Well Depth Matching by
Machine Learning

Shirui Wang and Qiuyang Shen, University of Houston; Yu Liu and
Xianping Wu, Shell; Xuging Wu and Jiefu Chen, University of Houston

Aligning two or more logging curves in depth obtained from
different wells is essential to the formation evaluation and drilling
control. If the offset varies, it influences the investigation and
comparison of drilling parameters from different wells. All labeling
tasks have one similar objective, which is to pick out the same
formation tops across different wells. Generally, the geologists
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evaluate the logs and determine the depth of formation tops through
experiential knowledge. This kind of practice leads to imprecise
labeling results with increased uncertainty due to the lack of rigid
evaluation criteria. Motivated by the state-of-the-art data-analysis
techniques and the trend of digitalization and drilling automation,
a machine-learning-assisted strategy for the formation-top labeling
and well depth matching is proposed in this study.

The conventional signal-processing approach is insufficient to
solve the formation depth-matching and top-labeling problem due
to the unpredicted shift, stretch, or distortion in multiple logging
curves. Dynamic time warping, a classical signal-alignment approach,
is sensitive to the choice of the signal features being extracted and is
not well suited for dealing with missing signals.

In this study, advanced machine-learning techniques are
explored to solve the signal-alignment issues. The objective is to
perform the depth match for a whole well section automatically by
using machine learning to detect and label each formation top. The
artificial neural network is selected by this study to extract features
indicating changes between formations based on a historical gamma-
ray dataset with manually labeled formation tops and corresponding
depth. A supervised-learning strategy is deployed to train the
neural network for resolving the formation-top labeling problem
automatically given a new gamma-ray curve. The robustness of
the system is further enhanced via the combination of statistical
approach governed by the Bayesian theorem.

Cutting-edge machine-learning techniques have opened a new
era for drilling automation and formation evaluation. Our field-case
studies demonstrate the adaptiveness and accuracy of the proposed
neural-network approach for solving the formation top-labeling and
depth-matching problem.

Automated Resistivity Inversion and Formation Geometry
Determination in High-Angle and Horizontal Wells Using Deep-
Learning Techniques

Hu Li, Maxwell Dynamics Inc.; Gang Liu, Shansen Yang, He Huang,
Mingzong Dai, Yuanshi Tian, CNPC Logging, LWD Center

In high-angle and horizontal (HAHZ) wells, resistivity
measurements are often complicated by environmental effects,
such as adjacent beds, relative dip angle, invasion, and resistivity
anisotropy. Also, abnormal responses, e.g., polarization horns,
are frequently observed when the tool approaches or penetrates
the formation boundary. Thus, before any further quantitative
petrophysical interpretation, one has to determine and remove
the geometrical and environmental effects. However, this can
sometimes be a challenging task. On the one hand, it is questionable
or incorrect to apply environmental-correction algorithms to the
measurements without identifying the geometric structure and
the controlling environmental factor. On the other hand, it is not
efficient for experts to determine these effects manually; besides,
subjectivities may exist because of human intervention.

In this paper, we present a new deep convolutional neural-
network (CNN) learning framework to automatically identify the
controlling pattern, i.e., the geometric structure and the decisive
environmental factor. The inputs are the approximated dip angle
and raw logs from logging-while-drilling (LWD) measurements,
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such as the measured depth (MD), gamma-ray, and resistivity
measurements. The outputs are the controlling patterns, which are
divided into two major categories: Boundary-dominated patterns
and environmental-effects-dominated patterns. The former
includes single-boundary pattern, double-boundary pattern, and
approaching-sliding-leaving pattern (i.e., the bottomhole assembly
(BHA) may slide along the interface of two layers for a short distance
before penetrating it). The latter consists of anisotropy pattern,
invasion pattern, and shoulder-effects pattern. The training phase
takes well-defined features as class labels and numerical simulated
LWD logs as the training set for machine learning. Then, the CNN
is performed to extract representations of the referenced features
from the data for pattern identification and data interpretation.

Meanwhile, a set of inversion-based correction algorithms are
also developed to derive the formation “true” resistivity as well
as the geometric structure after the recognition of the controlling
pattern. Accurate and efficient forward-modeling algorithms are
needed in these inversions. For most of the patterns, the analytic
solution would be enough for this purpose. However, for the
invasion pattern, where the solutions of Maxwell’s equations in the
cylindrical-layered medium are involved, the numerical modeling
could be time-consuming. A pr-trained neural network, which is a
type of deep-learning (DL) method, where the inputs are the invasion
depth, resistivities of the invaded zone, and resistivities of the
uninvaded zone, and the outputs are the resistivity measurements,
is employed to implement the real-time data processing.

The proposed scheme has been tested on multiple datasets
that were simulated or recorded in HAHZ wells. The deep CNN
gives a reliable controlling pattern, on which automated resistivity
inversion can be implemented. Using the deep-CNN framework,
feature extraction for controlling pattern identification can be done
via the DL method without human intervention, thus, reducing
the subjectivity in interpretation significantly. Furthermore, in our
development, the dataset, which is recognized as a specific pattern
by the user, can be added into the database for further training
purposes.

Automatic Interpretation of Well Logs With Lithology-Specific
Deep-Learning Methods

Xiaowen Zhang and Joaquin Ambia, The University of Texas at
Austin; Jochim Strobel, Wintershall; and Carlos Torres-Verdin, The
University of Texas at Austin

Accurate and reliable interpretation of well logs often
requires a high level of expertise from a petrophysicist along with
enough relevant logging measurements. As an alternative and
complementary approach, deep learning has been proposed as a
suitable strategy to capture some of the experiential knowledge
gained from petrophysical interpretations, as well as the physical
and heuristic models often used for interpretation.

Inthisstudy, we start withaset of wellsthathave beeninterpreted
by expert petrophysicists and apply machine-learning methods to
reproduce the interpretation of a subset of the measurements, using
the rest of the set to train different deep artificial neural networks
(ANN). All measurements have been subject to quality control to
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mitigate the effects of noisy and inadequate data in the analysis.

Some of the questions we attempt to answer here, as a guide
for future field applications of ANNs are: how much data does the
petrophysicist need to explicitly interpret before relying on ANNs?
What is the best suited deep-learning network architecture? Can the
implementation of ANNs in tandem improve results? If we answer
the previous questions for a specific formation in a specific reservoir,
how much can the ANNs be generalized? In this study, all the wells
come from the same hydrocarbon reservoir and intersect multiple
formations. We focus on estimating clay fraction (VCL), effective
porosity (PHIE), water saturation (SW), and permeability (K).

Acomparisonis made of the performance of different algorithms,
including standard artificial neural networks (ANNs), convolutional
neural networks (CNNs), and deep-belief networks (DBNs). We are
interested in CNNs because they can group certain inputs known to
contribute together, e.g., logging points above the measured depth
of interest in a separate group of points below, such as one would
expect from field applications. Preliminary results suggest that this
approach can yield more accurate interpretations that traditional
ANNs. We also tested DBNs, which can identify features before the
interpretation is completed (unsupervised Boltzmann machine),
thereby reducing biases implicit in the training dataset.

We also test the idea of using different networks in tandem,
first calculating only one property (e.g. VCL), and then using that
property as an input for a network that calculates another property
(e.g. PHIE), instead of using only the original inputs. For each
network, we optimize its structure and hyperparameters. In our test
samples, we use data from different wells across the same formation
achieving 99, 90%, 85 and 70% prediction accuracy for VCL, PHIE,
SW, and K, respectively.

We also tested the use of ANNs trained in a specific formation
to data acquired in a different formation, but the results were poor,
corroborating the specificity of ANNs to the lithology where they
were trained. Nonetheless, the amount of data required to train
our ANNs was relatively small (seven wells out of 60). Considering
the amount of data typically required for training more general
ANNs, we recommend differentiating between major lithologies
and/or rock classes to keep the amount of training data (explicitly
interpreted) at a minimum.

Auto-Navigation of Optimal Formation Pressure-Testing Locations
by Machine-Learning Methods

Bin Dai, Christopher Jones, James Price and Anthony van Zuilekom,
Halliburton

Formation pressure testing provides important information
for exploration and production activities. Accurate reservoir
pressure measurements are necessary to help ensure a well is
drilled safely, and to identify and evaluate the potential and value
of that discovery. Interpretation of pressure gradients provide the
reservoir compartmentalization structure of a well, oil-gas-water
fluid contacts, and can be indicative of compositional grading,
as evidenced by second-order density changes. However, this is
predicated that pressure testing quality be sufficient for high-
resolution analysis. Unfortunately, obtaining quality data from
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formation testing can be difficult and prolonged. Locations initially
selected for formation pretesting along the wellbore are often not
optimal, and the time spent conducting pressure testing on those
locations is wasted. Specifically, in this 23-well study, only 57% of
the locations selected were high quality, meaning that 43% of the
pressure test locations were of suboptimal quality. Further, pressure
testing of the suboptimal locations takes twice as long as that of
the high-quality locations. Therefore, considerable operational
time savings can be realized if low-quality locations can be avoided.
Further, if only the optimal locations are chosen for pressure testing,
then data quality can be significantly improved for reduction of
uncertainty during formation evaluation.

A multivariate machine-learning method is presented that
builds a statistical correlation between the formation pressure-test
quality index and conventional wireline logging data. Primarily, the
model is constructed from triple-combo log data to a pressure-test
quality index. The procedure begins with logging data extraction
and preparation. Both conventional wireline logging data and
corresponding pretest data from 20 wells in one region were
obtained. Data preprocessing and missing-data estimation were
conducted to help ensure the sample number of the conventional
wireline logs matches the sample number of the pretest. Each well
contains multiple pretest data, which results in a total of more than
1,000 samples (conventional logs and pretest pairs) for machine-
leaning model development and validation. After the dataset
preparation was completed, various learning algorithms were
explored with an optimal learning algorithm selected to create the
final model. The model was then applied to three additional case
studies for independent validation including: (1) an easy pressure-
testing job; (2)a typical pressure-testing job; (3) a difficult pressure-
testing job, with timesavings and quality improvement shown for
each. The novelty of the new machine-leaning model lies in the
ability to predict the quality-index log for the formation pretest
based on previous conventional wireline logging data and to guide
the wireline engineer to select the locations along the wellbore at
which to conduct the pretest. This method reduces the number
of unsuccessful pretest locations along the wellbore from 43% on
average to between 15 and 5% for the three case studies, which
results in significant timesavings.

Carbonate Log-Interpretation Models Based on Machine-Learning
Techniques

Wei Shao, Mahmoud Eid and Gabor Hursan, Halliburton

Carbonate lithology is known to be complex with a highly
heterogeneous pore system. Primary and secondary pores commonly
coexist at the same depth, which results in poor performances
from the conventional carbonate log-interpretation models. The
development of new log-interpretation models for carbonate
formations can be a challenging and often futile process with the
traditional forward modeling and inversion approach.

Machine-learning (ML) techniques provide an alternative
approach to the development of carbonate log-interpretation
models by learning the underlying relationships between carbonate
petrophysical properties and logging measurements from core-
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analysis data samples. The development of carbonate log-
interpretation ML models often requires “big data” to represent the
complexities of formations. In practice, the big-data requirement
is not easy for our industry to meet. A “smart-data” workflow has
been created to develop ML models with a limited number of core-
analysis data samples. This workflow is used to develop carbonate
pore-typing and permeability ML models with only 200 core samples.
Several challenges, however, still remain in the application of
ML models to field logging data interpretation.

e First, a large discrepancy often exists between core
measurements and field logging measurements because
of the differences between core-measurement conditions
and field logging conditions, such as temperature and
pressure. The direct application of core-data-based ML
models to field data provided poor results in many cases.
To address this issue, specific domain knowledge-based
constraints and corrections are applied to the ML models
and field data to ensure accurate performances.

e Second, the performances and validities of the ML models
are only as good as the qualities and representation of the
core data. ML models will fail for reservoir sections that
are not represented by the core data. It is vital for logging
analysts to know the application envelopes and reliabilities
of the ML models.

e Third, because of the complexities of the carbonate
formation, the carbonate log-interpretation ML models
can be very complex. It is impossible for certain ML models
to be explained and understood by log analysts, and it
is difficult for log analysts to trust and accept these ML
models. Consequently, ML models that can be explained
are necessary for carbonate log interpretation.

The “smart-data” workflow presented in this paper is
illustrated by developing a Middle East carbonate pore-typing
and permeability ML model to demonstrate the application of ML
models for carbonate log interpretation. The paper also discusses
the approaches used to align ML models to reservoir conditions and
to develop the application envelope, as well as reliability indicators
and explainable ML models through feature engineering and model
complexity-reduction methods.

Class-Based Machine Learning for Next-Generation Wellbore Data
Processing and Interpretation

Vikas Jain, Schlumberger

While the traditional processing and interpretation workflows
are subjective and inconsistent based upon the Petro Technical
Expert (PTE)’s expertise, and slow in turning around the deliverables,
machine learning requires a large amount of data (depth or time
samples) to effectively span the measurement space and a high
number of measurements to deduce low dimensional feature
set. The two requirements of machine learning are not generally
available, making its applications in wellbore data processing and
interpretation quite limited.

We propose a novel class-based machine-learning (CBML)
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approach. This approach alleviates the shortcomings of machine
learning by first reducing the training data (depth or time samples)
into a few explainable classes, and then learning models by classes.
The probabilities of new data points belonging to existing classes are
computed. Each new data point is then assigned the class with the
highest probability. The class-based learned model is applied and
uncertainties of the results computed.

Essentially CBMLacquires knowledge from the training dataset/s
and propagate, if and where applicable, to new data, eliminating
the need for a large training data. A new clustering algorithm and
uncertainty computations enable application of the new approach
to datasets with fewer measurements. CBML not only removes the
subjectivity and inconsistency but also substantially improve the
turnaround time from the receipt of data to the delivery of results.
The approach is transformed into a continuous learning, extraction
and application loop automating the processing and interpretation
of wellbore data.

The class-based machine-learning approach combines the best
of traditional petrophysical workflows and machine learning. It
provides objective, consistent and near-instantaneous answers with
minimal intervention. We weill present the “class-based machine-
learning” workflow for well-data processing and interpretation, and
its application and associated results on multiple use cases, such as
(1) multifunction logging-while-drilling data from West Africa, (2)
reservoir saturation data from the North Sea, and (3) integrated
wireline logging data from Wyoming.

Domain Transfer Analysis—A Robust New Method for Petrophysical
Analysis

Ravi Arkalgud, Helio Flare, Andrew McDonald, Derek Crombie and
Jennifer Market, Lloyd’s Register

Today, many machine-learning techniques are regularly
employed in petrophysical modelling, including such methods as
cluster analysis, Monte Carlo fuzzy logic, self-organizing maps, and
principal component analysis. While each of these methods has
its strengths and weaknesses, one of the challenges to most of the
existing techniques is how to best handle the variety of dynamic
ranges present in petrophysical input data. Mixing input data with
logarithmic variation (such as resistivity) and linear variation (such
as velocities) while effectively balancing the weight of each variable
can be particularly difficult to manage effectively.

A novel method—domain transfer analysis (DTA)—has been
developed which uses a nonlinear partial differential equation solver
for predicting log curves, enabling more effective integration of
disparate data types. DTA is conceived based on extensive research
conducted in the field of CFD (computational fluid dynamics).

This paper is focused on the application of DTA to petrophysics
and its fundamental distinction from various other statistical
methods adopted in the industry. Case studies are shown, predicting
porosity and permeability for a variety of scenarios using the DTA
method, standard machine-learning methods and nonstatistical
techniques. The results from the various methods are compared,
and the robustness of DTA is illustrated. The example datasets are
drawn from public databases within the UK and Dutch sectors of the
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North Sea, some of which have a rich set of input data including logs,
core, and reservoir characterization from which to build a model,
while others have relatively sparse data available allowing for an
analysis of the effectiveness of the method when both rich and poor
training data are available.

The paper concludes with recommendations on the best way
to use DTA in real-time to predict porosity, permeability, saturation,
TOC, mineral volumes, and brittleness from the data that are
available at varying stages of the drilling and completions process.

Enhanced Reservoir Geosteering and Geomapping From Refined
Models of Ultradeep LWD Resistivity Inversions Using Machine-
Learning Algorithms

Hsu-Hsiang (Mark) Wu, Cindy Dong and Michael Bittar, Halliburton

Ultradeep logging-while-drilling (LWD) resistivity tools have
been widely used in borehole resistivity applications, including
geosteering within, geomapping of and geostopping above single or
multiple reservoirs. Previous field examples of the ultradeep-reading
tools successfully demonstrated a detection range of more than 200
ft away from a wellbore. As a result of this capability, the complexity
of the inversion process increases to accommodate a greater number
of layered models, as compared to conventional approaches. Cloud-
based distributed solutions were implemented in the algorithms to
efficiently provide in-time geological inverted models for real-time
decisions. The cloud-based parallelization platform and available
field data of the ultradeep-reading tools initialized and enabled
further studies and evaluations of the advanced machine-learning
algorithms applied into the existing inversion process.

This paper presents several deep-learning algorithms to
statistically evaluate many inverted solutions from the ultradeep
resistivity measurements. The proposed methods identify the
most likely distributions to remove outlier signals and models
to produce a more geologically reasonable representation. The
proposed methods additionally offer automatic boundary picking
of layers, with a major resistivity contrast between two layers. The
determined geological connections between the measurements
and the inverted solution distributions learned from the past sets
of measurements are used to train any future inversion process on a
new set of measurements, enabling more efficient evaluations and
calculations. Several modeling and field examples establish better
geological interpolations acquired from the presented machine-
learning algorithms than the original inversion approach. The use
of these machine-learning concepts improves the quality of the
final geological interpretation and further reduces the overall
computation time, resulting in a processing speed that is twice as
fast as the existing inversion approach.

Estimation of Dynamic Petrophysical Properties From Multiple Well
Logs Using Machine Learning and Unsupervised Rock Classification

Mohamed Bennis and Carlos Torres-Verdin, The University of Texas
at Austin
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The process of mud-filtrate invasion gives indirect information
about the dynamic petrophysical properties of reservoir rocks,
which are essential to predict ultimate hydrocarbon recovery and
to optimally design primary and/or enhanced recovery procedures.

We focus on the interpretation of conventional well logs,
such as density, neutron porosity, and apparent resistivity, to
estimate dynamic properties of rocks, such as permeability, relative
permeability and capillary pressure, using a machine-learning (ML)
algorithm. The inversion problem is mathematically posed as a
minimization of a cost function. There exist various approaches to
solve this problem, such as gradient-based and statistical methods.
However, these methods can be computationally expensive, and the
process needs to be repeated for each new set of measurements. In
this study, we investigate ML methods to automatically detect and
extract complex features present in the training dataset.

The dataset is synthetically generated using fast numerical
simulations implemented in 3D UTAPWelS (The University of
Texas at Austin Petrophysical and Well-Log Simulator). We assume
a vertical well, horizontal layers, and an axial symmetric invasion.
Dynamic petrophysical properties of layers are randomly generated
using biased distributions. We simulate the process of mud-filtrate
invasion and obtain the radial distribution of water saturation and salt
concentration. The corresponding well logs, such as density, neutron
porosity, and apparent resistivity, are then numerically simulated
to reproduce the available well logs. This process is repeated until
thousands of examples are generated to serve as a database using
parallel computations. We divide the dataset into three disjoint
subsets denoted as training, validation, and test. Given the training
and test sets, we compare the performance of different multi-output
regression techniques such as decision trees, random forest, and
neural networks. Next, we verify the accuracy of our approximation
on the validation dataset. If the accuracy is insufficient, we build a
new enhanced ML model to reduce the error. The performance of the
ML model is optimized through the adjustment of the learning rate
or by adding or removing features. New features are incorporated
such as the ratio of deep and shallow resistivity logs and the average
of neutron porosity and density porosity logs.

Several field and synthetic examples describe the successful
application of the methods on the estimation of dynamic
petrophysical properties of gas- and oil-bearing rocks invaded with
water-based mud and water-bearing rocks invaded with oil-based
mud. The estimated dynamic petrophysical parameters are then used
as an input for unsupervised rock classification using hierarchical
clustering. Rock classification results show a good agreement with
geological facies.

Using ML models, we build an approximation to the inversion
function offline. Then, this function can be rapidly evaluated for
real-time inversion of well logs across many wells in the same
hydrocarbon field. The application of the ML algorithm requires
some prior knowledge of drilling-mud properties, and for each mud
configuration, we are required to train a new ML model.

Investigating How Logging Data Precision and Accuracy Degradation
Impacts Machine Learning
Baldwin, Klebanov,

Jeffrey L. Lehne George and Alexander
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Chesapeake Energy

Logging tools measure formation properties that are indirectly
related to density, resistivity, etc. The quality (precision and
accuracy) of such measurements will degrade due to a number
of physics-related, environmental, operational, and tool design
factors. Perturbations of logging tool measurement precision and
accuracy are very much situation dependent and time/circumstance
variant. Inferences about formation properties such as density,
resistivity, etc., based on well-logging measurements likewise may
suffer degradation in quality and utility when log-data precision and
accuracy decline. Yet most of the O&G industry approaches log data
with assumptions about log-data quality that are overly optimistic.
Sometimes, log-data quality issues are even ignored when those data
are used during various processing actions that lead to estimation of
formation characteristics such as porosity, saturation, etc.

Machine-learning, like any other computer-processing
methodology, is not immune to deleterious log-data precision and
accuracy-degradation effects. And like other computer-processing
methodologies machine-learning data-evaluation methods must
be able in some manner to “sense” and respond appropriately to
log-data-quality degradation. Classical methods use, for example,
“if-then-else” rules to correct low-quality and erroneous log data.
Machine-learning methods must be explicitly exposed to aspects
of log-data quality, both high and low, that eventually impact the
veracity of log-data processing outputs before these methods can
“learn” to recognize and possibly deal with unwanted log-data
variance.

This paper examines some simple logging-tool data-variance
factors and evaluates how changes in log-data precision and accuracy
impacts machine-learning processes under various simplified
operational scenarios. It is shown that (1) decline in log-data
precision affects machine-learning algorithms in similar ways as are
experienced by classical data-processing methods and techniques,
(2) exposure of machine-learning algorithms to an abundance of
log data does not always result in more precise estimates of, for
example, porosity, saturation, etc., and (3) that including examples
of poor-quality log data in a machine-learning training set can have a
positive impact on the quality of processing results.

Leveraging Probabilistic Multivariate-Clustering Analyses of
Well Logs to Identify “Sweet Spot” Intervals in Heterogeneous
Conventional and Unconventional Reservoirs

Eric Eslinger, Francis Boyle and A.A. Curtis, eGAMLS Inc.

The results of a multiwell Bayesian-based probabilistic
multivariate clustering analysis (PMVCA) with a built-in prediction
subroutine can be leveraged to rapidly identify “sweet spot” Intervals
in well profiles that satisfy a set of user-defined cutoff criteria.
Usually, the primary goals are to generate total porosity (Por) and
total water saturation (S,) profiles within the Intervals. Secondary
goals might be to determine Interval thicknesses plus total organic
carbon (TOC) and brittleness index (BIl) profiles. The method works
well for both conventional and nonconventional reservoirs. The
required input data is standard triple-combo well logs, although
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more credible results can often be obtained when whole-core plug
data, such as grain density (GD) and kerogen (via TOC), are available.
The workflow begins with a PMVCA using well logs (after well-log
QC, including curve normalization, and rigorous core-to-log depth
correction when core data are available).

The thickness plus the average and standard deviation of Por
of each Interval are determined using a modified density-porosity
(DPHI) equation. A modified DPHI equation is one in which GD
can vary with each sample (digitized depth step). Such profiles are
generated by leveraging the MVCA probabilistic assignments of
each sample to the several electroclasses (rock types) that comprise
the PMVCA suite. The analyst has the role of assigning GDs to the
different endmember electroclasses (e.g., 2.65 g/cm? to Ss, 2.71 g/
cm? to Ls, etc.). An alternative approach for determining GD exists
if at least one well involved in the multiwell PMVCA has sufficient
and credible plug GD analyses. Then, a complete GD profile can be
generated for not only the cored well, but also each noncored well
if GD from the cored well is included as a clustering variable in the
PMVCA.

In an analogous manner, S profiles within each Interval can
be generated using a modified Archie equation, where “modified”
means that the a, m, and n constants can vary with sample in the
same probabilistic manner if different a, m, and n values are assigned
to different electroclasses. In conventional reservoirs where wet
zones might exist, a Pickett plot linked to the PMVCA electroclass
results can assist with determination of R, and Archie m for different
but closely associated electroclasses.

Crucial to the use of the PMVCA probabilities in the computation
of Porand S is the development of a realistic PMVCA. Two options
exist for initialization of a PMVCA: supervised and unsupervised.
Supervised clustering initialization (training) using a core description
ideally results in better modeling of lithofacies in noncored wells,
but relative success depends on a “purposed” core description and
also on the ability to ignore samples adjacent to bed contacts. Due
to data and logistics constraints, unsupervised initialization is more
common. With this method, training can be done using all valid
data when using a model-based clustering engine that has a neural
aspect. Using multiple runs (realizations) combined with selected
convergence criteria assist with identifying the “best” solution.

Quantitative Interpretation of Oil-Based Mud Microresistivity
Imager via Artificial Neural Networks

Zikri Bayraktar, Dzevat Omeragic and Yong-Hua Chen, Schlumberger-
Doll Research

The new generation of oil-based mud (OBM) microresistivity
imagers provides photorealistic high-resolution quantified formation
imaging. Currently, interpretation is based on composite processing
providing an apparent-resistivity image that is largely free of the
standoff effect. The inversion-based workflow is an alternative for
guantitative interpretation, providing higher-quality resistivity-image
button standoff, and formation permittivities at two frequencies.
An artificial neural-network (NN)—based workflow is developed for
guantitative interpretation of OBM-imager data as an alternative to
the inversion-based workflow.
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The machine-learning (ML) approach aims to achieve at
least the inversion-level quality of formation resistivity, permittivity,
and standoff images but an order of magnitude faster, making it
suitable for implementation on automated interpretation services
and integration with other ML-based algorithms. The major
challenge is the underdetermined problem because the OBM imager
provides only four measurements per button whereas eight model
parameters related to the formation, mud properties, and standoff
need to be predicted. The corresponding nonlinear regression
problem was extensively studied to determine tool sensitivities
and the combination of inputs required to predict each unknown
parameter most accurately and robustly. This study led to the design
of cascaded feed-forward NN, where one or more parameters are
predicted at each stage and then passed on to following steps as
inputs until all unknowns are accurately predicted.

Both inverted field datasets and synthetic data from finite
element method (FEM) modeling of tool responses were used in
multiple training scenarios. In the first strategy, field data from a
few buttons and existing inversion results were used to train NN
and reproduce standoff and resistivity images for all the buttons.
Although the generated images are comparable with images from
inversion, the method is dependent on the availability of field data
for variable mud properties, which currently limits the generalization
of the NN to diverse mud and formation properties.

In the second strategy, we used the synthetic responses from a
finite-element EM simulator for a range of standoffs and formation
and mud properties to develop a cascaded workflow, where each
stage predicted one or more model parameters. Early stages of
the workflow predicted the mud properties from low-formation-
resistivity data sections. NNs then fed the estimated mud angle and
permittivities at two frequencies into next stages of the workflow
to finally predict standoff and formation resistivity and permittivity.
Knowledge of measurement sensitivities was critical to design
efficient parameterization and robust cascaded NN not only due
to the underdetermined nature of the problem but also the wide
dynamic range of mud and formation properties variation and
the measurements. Results for processed resistivity, standoff, and
permittivity images will be presented, demonstrating very good
agreement and consistency with inversion-generated images and
other available measurements, such as wireline induction, dielectric
logs, and ultrasonic images. Combination of the two strategies,
training on both synthetic and field data, will lead to further
improvement in robustness and allow customized interpretation
applications for specific formations, muds, or applications.

Role of Machine Learning in Building Models for Gas-Saturation
Prediction

Yagna Deepika Oruganti, Peng Yuan, Feyzi Inanc and Yavuz Kadioglu,
Baker Hughes, A GE Company

Quantitative gas-saturation determination for reservoir
monitoring purposes became possible with the introduction of a new-
generation of multidetector pulsed-neutron tools and interpretation
algorithms. One distinctive feature of these interpretation algorithms
is that they rely heavily on modeling of tool responses for the given
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completions and fluid types present in the system. This modeling
is usually achieved through nuclear Monte Carlo simulations and
involves long computing times, significant computer resources, and
human intervention. However, despite the time and cost drawbacks
of this approach, an associated benefit is the ever-growing library
of models being computed for wells with different attributes. The
existence of such Monte Carlo-computed model libraries lends
themselves to deployment of machine learning to substitute the
lengthy and expensive Monte Carlo-based model-building process.
As a result, cost and time management cease to be an issue in the
gas-saturation determination.

Machine learning is a subbranch of artificial intelligence, and
encompasses a category of statistical algorithms that can “learn”
from existing data without explicit programming. These algorithms
can be used to build models to predict the outcome for a given
set of conditions. In this specific instance, the conditions are
completion, formation, and fluid parameters. For example, borehole
size, number of casing strings, presence of cement, annular-fluid
parameters, lithology, porosity and fluid types in the pore space are
all needed to predict the response of a tool designed for reservoir
monitoring. The ratio of inelastic gate count rates from the short and
extra-long space detectors and ratio of thermal-gate count rates are
usually the outcomes from a Monte Carlo modeling exercise. The
machine-learning activity is a substitute for this process, providing
fast and accurate inelastic and thermal-gate ratio values for gas-
saturation estimation. Various machine-learning algorithms, such as
random forest and extreme gradient boosting, were applied to the
data to generate prediction models for the ratios mentioned above.
Results showed that over 90% accuracy can be achieved between
the predictions from the machine-learning models and the ratios
calculated from the Monte Carlo simulations on a validation dataset.

In this paper, the Monte Carlo-based model-building process
and the existing model libraries used in quantitative gas-saturation
analysis will first be discussed, along with the data-processing
methodology used to generate input data for the machine-learning
algorithms. Following that, various machine-learning models
applied to the nuclear data and their prediction accuracies along
with variable values will be discussed. Next, the trained machine-
learning models will be deployed on blind test datasets (that the
model has never encountered before), and the performance of the
models on these completely new datasets will be demonstrated by
comparing the predictions with those of the Monte Carlo—based
models. Finally, the success of the trained machine-learning model
will be demonstrated by deploying it on an actual gas-saturation log,
thereby showcasing the time and cost benefits of having data-driven
models that can accurately predict inelastic and thermal gate ratio
values.

The Use of Machine Learning to Predict a Permeability Model From
NMR Logs: An Example of Presalt Carbonates of Santos Basin

Laura Louise Demarch, George Correa de Araujo and Alexandre
Campane Vidal, Unicamp

Permeability models in highly heterogeneous carbonates are
a current challenge, given their complexity in both lithology and
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porous system, NMR logging has emerged as one of the advanced
technologies for in-situ reservoir evaluation, being able to capture
important formation properties that the classical logs have no
sensitivity to, such as permeability and fluid characterization.
To estimate permeability from NMR logs, the Timur-Coates and
Schlumberger-Doll-Research (SDR) are the most used models;
however, it has been proved to be limited, especially in the highly
heterogeneous Presalt reservoirs of Santos and Campos Basins,
Brazil. One of the main problems is that a single T, cutoff may not
encompass the whole interval heterogeneity, which means that an
adjustable cutoff would be more appropriate especially in carbonates
with high geological variation.

To solve that problem, we combined NMR T, log spectra with
core permeabilities, and multilayer perceptron neural networks to
improve the permeability models of two wells from Santos Basin,
belongingtothe ltapema (Well 1) and Barra Velha (Well 2) Formations.
We compared our approach to standard and adjusted Timur-Coates
and SDR models, with different degrees of heterogeneity, and a
range of permeability from over 3,000 to 0.001 mD.

For the model of Well 1, a fairly heterogeneous limestone, a
solely three-layer neural network allowed a convergence to an
improved permeability model in comparison to the previously
mentioned literature models. On the other hand, the model for Well
2 did not converge with the same criteria of the first well due to
its even greater vertical heterogeneity, resulting in a more difficult
learning process for the neural network. In order to improve the
results of this well, we used more advanced techniques, such as
using more hidden layers, normalization, different initializations, grid
search, data augmentation and other types of pretrained networks.

Our approach enabled the permeability model to be performed
without the T, cutoffs, which eliminates part of the uncertainty and
also decreases the expenditure on NMR laboratory measurements,
although the core permeability measurements are still necessary
for calibration, they are a much cheaper and simpler analysis. In
addition, the results obtained with the proposed model were closer
to the permeability core measurements, improving the estimation
of NMR log permeability for the studied intervals.

Using a Physics-Driven Deep Neural Network to Solve Inverse
Problems for LWD Azimuthal Resistivity Measurements

Yuchen Jin, Xuging Wu and Jiefu Chen, University of Houston; Yueqin
Huang, Cyentech Consulting LLC

Characterizing the subsurface structure through indirect
measurements is a central task in well logging. Although many
methods have been developed for solving such an inverse problem,
it is still a challenging topic to keep up with the demanding
requirements from the industry with regard to the accuracy and
computational efficiency. Crowned with huge success in computer
vision, speech recognition, and many other domains, using deep
learning to solve well-logging-related inverse problems has yet to be
exploited. Nonetheless, physics-driven deep learning is opening up
new research directions for the inverse problem.

In this study, we propose a novel physics-driven deep neural
network to solve the inverse problem for LWD deep azimuthal
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resistivity measurements, whose applications include but not limited
to well placement, reservoir mapping, geostopping, landing fault
detection, and salt edge detection, etc. Traditionally, inversion and
interpretation of LWD azimuthal resistivity logging measurements
are conducted on the surface. Due to the extremely low data rate of
the borehole telemetry, only a small portion of logging curves can be
sent to surface to reconstruct underground formation in real time.
The majority of LWD curves, although containing rich subsurface
information, are stored in downhole memory and can only contribute
to post-job analysis after the LWD tool is retrieved from downhole.
Performing inversion directly in the downhole environments can
circumvent the low-data-rate issue of telemetry and exploit all
logging curves in real time. However, the state-of-the-art downhole
computer is still incapable of carrying out inversion programs due to
the very limited computational resources, no matter the inversion
is based on look-up tables (requiring large downhole memory) or
optimization (e.g., Levenberg—Marquardt algorithm or Markov-
chain Monte Carlo methods, both are computationally intensive).

Leveraged by the forward physical model, the deep neural
network designed for this study is trained with a loss function that
accommodates both the model misfit and data misfit. Unlike other
methods that rely on iterative procedures. The forward pass of the
network is fast, computationally inexpensive and requires far less
storage space than the lookup table. The deep neural network is not
sensitive to the selection of initial values and provides more reliable
solutions to the inverse problem with improved performance. Our
case studies conclude that the physics-driven deep-learning network
can deliver real-time inversion result for the LWD deep azimuthal
resistivity tool with high accuracy and much-relaxed hardware
restraints.

NEW BOREHOLE LOGGING TECHNOLOGY

A Concept Platform for Highly Efficient and Accurate Pressure,
Sampling and Sidewall Coring Operations Using Wireline
Conveyance

German Garcia, Hadrien Dumont, Vinay K. Mishra, Li Chen,
Christopher Babin and Ron Hayden, Schlumberger

A concept platform integrating the precise movement of a
linear or azimuthal actuator, such as in instrumented wireline
intervention tools (IWIT), with fast pressure measurements or fluid/
rock sampling instruments is presented. This device accurately
moves the measurement probe or sampling assembly either in the
longitudinal or azimuthal direction in the wellbore to significantly
improve operational efficiency and data quality.

Precise downhole movement control enables the collection
of pressure data or rock/fluid samples at exact depth increments,
hence eliminating errors induced by cable stretching, overpull, or
variable cable creep. Specific lithofacies could be targeted from a
borehole-image log combined in the platform. Simulation with
current IWIT capabilities shows significantly reduced uncertainty
over common wireline protocols. The operational procedure
includes correlation using standard wireline gamma-ray methods,
then the platform is anchored at the top of the interval of interest
and the linear actuator is used for probe displacements. Inchworm
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movements can also be performed to extend the length of the probe
displacements. Removing cable movement for probe displacements
significantly reduces the biggest source of error in distributed
pressure measurements. Similar approach is proposed for the coring
tool with the added benefit of being able to rotate the drilling bit at
different azimuths to collect rock samples.

This concept platform would reduce the time spent on pressure
surveys if similar accuracy to current practices is acceptable. Because
the biggest remaining source of error is gauge accuracy, simulation
results show that fewer stations are needed to replicate standard
wireline results. Where accuracy is important, as with pressure
measurements to quantify reserves using gradient intersection to
define fluid contacts or validate compositional fluid gradients, the
proposed approach is shown to significantly reduce error using an
equal number of stations. We use datasets from previous work
to show the impact of the error reduction in the position of fluid
contacts.

IWITs currently used in cased hole employ active anchoring
to perform intervention tasks. Applications of linear actuators in
casedhole operations today include pulling and pushing movements
to manipulate completion components. The controlled downhole
force available for these operations goes up to 80,000 Ibf while
the anchoring force could be up to 150,000 Ibf. In the proposed
concept platform, this pulling force could be instrumental in cases
with elevated risk of differential sticking. By anchoring the upper
part of the platform in overlying impermeable intervals, only the
pressure probe or rock/fluid sampling assembly is lowered into the
permeable interval to conduct the operation without exposing the
full length of the string to the pressure differential forces and hence,
mitigating the risk of sticking.

The proposed architecture for the concept platform combines
several operational elements used today as separate entities in
wireline operations. Their integration, however, generates important
efficiency gains, reduces risk in pressure measurements and fluid
sampling and sidewall-coring operations, improves accuracy, and
enables the implementation of unprecedented distributed pressure
measurements and coring practices with azimuthal positioning
capabilities using wireline.

A Fast Bayesian Inversion Method for the Generalized Petrophysical
and Compositional Interpretation of Multiple Well Logs With
Uncertainty Quantification

Tiangi Deng, Joaquin Ambia-Garrido and Carlos Torres-Verdin,
University of Texas at Austin

Resistivity, nuclear properties, and acoustic slowness measured
by logging tools can be affected by several factors specific to the
design of the tool. Shoulder-bed effects, polarization horns, and mud-
filtrate invasion are just a few examples of abnormal measurement
effects. Fast forward modeling of well logs and inversion algorithms
can be used to take these effects into account and enhance the
resolution of well logs. The sharpened well logs reveal true formation
properties, and are thus more reliable for estimating hydrocarbon
in place and multiwell correlation. Gradient-based inversion can
yield acceptable results; however, the calculation of derivatives is
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difficult without explicit information of the tool properties. Bayesian
methods can also be useful, but they are computationally expensive,
requiring ~10,000 times of forward simulations, which translates
into hours if not days, whereby its expedient application to field data
becomes impractical.

We developed a new general Bayesian method for well-
log (petrophysical and compositional) inversion by combining a
perturbed Gauss-Newton algorithm with Markov-chain Monte
Carlo (MCMC) sampling. First, we estimate layer-by-layer properties
using a perturbed Gauss-Newton algorithm and by approximating
derivatives by the difference between the target field log and
a simulated log. This gradient-based procedure reduces burn-
in time and increases acceptance rate of the MCMC sampler by
improving both initial guess and proposal distribution. Next, we
implement a parallel MCMC sampler to refine the solution and
quantify uncertainty. Finally, the layer-by-layer properties and their
uncertainty are used to estimate petrophysical and compositional
properties.

We verify and benchmark the applicability of our method in the
inversion of gamma ray, resistivity, density, PEF, neutron migration
length, and acoustic slowness with field data from various vintage
vendors acquired across clastic, carbonate, and unconventional
sedimentary sequences. Results indicate that in vertical wells with
layers greater than 2 ft, the new inversion method converges in
minutes, requiring less than 10 runs of forward modeling with a
relative error below 10%. For thin layers (<2 ft), the computational
time can be reduced by more than a factor of two compared to
conventional MCMC methods. We also describe synthetic examples
where we emphasize the significance of uncertainty quantification:
the standard deviation of inverted resistivity can be as high as 100%
for a 5% log-normally distributed measurement noise.

More importantly, the new Bayesian inversion method enables
the fast and accurate estimation of petrophysical and compositional
(fluid and matrix) properties of rocks with uncertainty quantification
from the previously estimated layer-by-layer properties. It allows
the implementation of user-defined correlations among solid
components and mineral groups. In the case of shaly sandstones,
for instance, it allows automatic detection and estimation of
petrophysical and compositional properties for the cases of
laminated or dispersed shale systems. In addition to its speed,
robustness, and reliability, the Bayesian inversion method provides
great flexibility to include user-defined interpretation constraints
and can perform rock-class dependent detection and interpretation
with minimum user intervention, thereby successfully competing
with commercial solvers.

A New Multifrequency Array Dielectric Logging Service: Tool
Physics, Field Testing, and Case Studies in the Permian Basin
Wolfcamp Shale

Stanislav Forgang, Bill Corley, Alejandro Garcia, Amer Hanif, Fei Le,
JohnJones, Yinxi Zhang and Elton Frost, Baker Hughes a GE Company;

Stephanie Perry, Anadarko Petroleum Corporation

A new wireline multifrequency, multispacing dielectric logging
service has been developed.
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The service is based on the performance of a new multiarray
electromagnetic propagation instrument operating in a frequency
range from tens of megahertz up to one gigahertz. The sensor section
has been built on an articulated pad that is firmly pressed against
borehole wall, even in enlarged or rugose borehole conditions.
The array scheme uses four 1-in. spaced receivers with three pairs
of transmitters placed symmetrically above and below. Each array
transmitter and receiver antenna operates as a magnetic dipole with
orientation along the borehole longitudinal axis. The instrument
provides borehole-compensated propagation-wave attenuation
and phase difference measurements at five discrete frequencies at
multiple depths of investigation (up to 8 in.).

The instrument operating principles are described in detail.
The tool calibration, depth of investigation and vertical resolution
are discussed in conjunction with modeled synthetic responses.
Measurement results are presented from the laboratory environment
as well as from a test well near Austin (Texas).

A two-step inversion algorithm has been implemented to
process the raw acquired data. First, the “EM Inversion” module uses
numerical forward modeling to convert calibrated attenuation and
phase-difference measurements to borehole-corrected apparent
formation resistivity and permittivity values. Next, a second
inversion module applies one of the several workflows to produce
petrophysical deliverables including flushed-zone resistivity, water-
filled porosity, water salinity and rock textural parameters.

The instrument response and petrophysical results will be
discussed in detail using examples from a well drilled in the Permian
Basin Wolfcamp formation, in Texas, and having two contrasting
borehole environments (oil- and water-based mud systems), both
very challenging for dielectric data acquisition and interpretation.
Dielectric inversion, for water-filled porosity and pore connectivity
are complemented with nuclear magnetic resonance (NMR) log data
to further understand fluid types and bound versus moveable fluid
fractions.

A New Through-Casing Acoustic Logging Tool Using Dual-Source
Transmitters

Xiaoming Tang, China University of Petroleum (East)

A new acoustic tool has been developed to measure formation
acoustic properties through casing. This measurement is important
for oil and gas production in mature fields, and for wells that are
cased without logging due to stability issues. In the past, conventional
acoustic logging through casing in poorly bonded boreholes has
been a difficult task because the acoustic data are contaminated by
the overwhelming casing signal that masks the formation acoustic
signal. To overcome the difficulty, we developed an acoustic tool
using dual-source transmitters and the processing technique for
the data acquired by the tool. This paper elaborates the operation
principle of the new dual-source technology and demonstrates its
application to casedhole acoustic logging. By using the dual-source
design, the overwhelming casing waves from the poorly bonded
casing are largely suppressed and the formation acoustic waves are
significantly enhanced in the data acquisition process. Subsequent
processing of the data reliably obtains acoustic velocity of the
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formation. The new tool has been tested in many cased wells. The
resulting acoustic velocity profile agrees well with its openhole
counterpart for various cement-bond conditions. The success of this
technology makes casedhole acoustic logging an effective operation
that can be routinely used to obtain reliable formation information
through casing.

Accurately Estimating Shear Slowness Using Data-Driven
Quadrupole Sonic Logging-While-Drilling Data Processing

Ruijia Wang and Richard Coates, Halliburton

Soniclogging data are useful in avariety of applications, including
seismic correlation, rock mechanics and wellbore stability, pore
pressure prediction, sourceless porosity estimation, gas detection,
and stress and fracture characterization. In many cases, logging-
while-drilling (LWD) sonic logs provide an attractive alternative to
those acquired on wireline because of hazard avoidance, timeliness
of information, rig costs, or ease of deployment, particularly in
horizontal wells. Shear-wave slowness logs play an important
role in many applications, yet they can be problematic to obtain,
particularly in slow formations where the refracted shear-wave
arrival is not supported. Modern LWD sonic logging tools typically
use a quadrupole excitation source that can excite a quadrupole
mode, or screw waves, from which the formation shear-wave
velocity can be derived.

A fundamental feature of screw waves excited by a quadrupole
source in an LWD environment is that their cutoff frequency
slowness approaches the true formation shear slowness. However,
the slowness data near the cutoff frequency are often influenced by
noise or the presence of other modes because of its low excitation
amplitude of the screw wave. Conventional methods process this
energetic, higher-frequency portion of the screw waves and perform
a model-based dispersion correction to obtain the final shear
slowness estimate. This model-based correction assumes a well-
conditioned borehole and known borehole (e.g., caliper and mud
speed) and formation parameters (e.g., density and compressional
speed) and may produce erroneous results when assumptions are
violated.

To overcome these difficulties, a data-driven quadrupole method
was developed that operates in the frequency domain and uses all
useful dispersion responses of the existing modes. The technique is
an extension of the data-driven dispersion processing of the wireline
flexural waves for quadrupole data. The process first generates a
differentiate-phase frequency-slowness coherence/semblance map
and then extracts the slowness dispersion vs. frequency, which is
used to compute the slowness density log along the slowness axis. An
edge-detection method is then applied to capture the leading edge
associated with the shear-slowness low-frequency asymptote and to
form an initial estimate of the formation shear slowness based on
slowness value at the leading peak on the slowness density log. This
shear slowness forms the input to another algorithm that minimizes
the misfit between the screw slowness vector and a simplified screw-
wave dispersion model to refine the shear-slowness answer. The
simplified screw-wave dispersion model consists of a precomputed
library of theoretical screw-wave dispersion curves and two data-
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driven parameters that are used to account for errors generated
by unknown inputs. The optimization process estimates both the
shear slowness and screw-wave dispersion response. Because the
new inversion uses signals of all reliable frequencies, the technique
is sufficiently accurate, stable, and efficient to meet both real-time
and post-processing requirements.

Field data results suggesting that reliable and high-quality shear-
slowness logs can be obtained over a wide-range of formations are
discussed.

Advanced LWD OBM Imaging in Challenging Subsalt Deepwater
Environments

Gerardo Cedillo and Dann Halverson, BP GoM; Carlos Maeso, David
Maggs and Hathairat Watcharophat, Schlumberger

Deepwater depositional environments in the Gulf of Mexico
can be very complex. Accurate determination of depositional
facies is important in these very capital-intensive fields. The most
common facies are laterally extensive sheet sandstones with thin
shale layers, channel complexes (can be isolated or amalgamated)
and channel-levee complexes (with poor reservoir communication).
Steep dips close to salt domes and the presence of potential fluid
conduits due to faults or fractures are also important to identify.
Determining the character of the sediments requires borehole
imaging. Interpretation of the images is used to improve the net-
sand calculations, understand the geology in the near-wellbore
region (both in structure and depositional environment) and provide
valuable geomechanics information to determine the stress vector.

A recent well was drilled through one of these deepwater
sediment sequences in the Gulf of Mexico with an oil-based mud
system. An extensive acquisition program included a series of LWD
and wireline images. Additional to the current LWD lower-resolution
borehole imaging offers, a revolutionary LWD dual physics oil-based
mud imager was deployed for the first time in this field. Five different
types of physics were acquired, these comprised lower-resolution
images from nuclear measurements (gamma ray, density and
photoelectric) and the high-resolution images from the dual-physics
oil-based mud imager (resistivity and ultrasonic). Wireline resistivity
images were logged as well with a high-resolution oil-based mud
imager.

Comparisons of the types of features observed on the various
imaging tools are made, showing how the differences in physics,
resolution and time of logging affects the images and the impact
this can have on subsequent interpretations. Four main categories
of features are included; sand-rich sections, consistent dip shales,
chaotic zones and fractures / faults. All the different images allow
interpretation of the sequence. In general, the higher the resolution,
the more detailed and confident the interpretation is, where the
hole conditions are good. In degraded borehole sections, the early
time of LWD acquisition is beneficial. The impact of the differences
in the physics depends on the properties and contrasts being
imaged. This is observed with fractures—with both conductive
and resistive examples seen on both LWD and wireline images. The
ultrasonic images are clearly complimentary, with both low- and
high-amplitude fractures seen, providing more confidence in the
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fracture interpretation.

In an upcoming well in this field, a similar section is planned
to include the new generation LWD OBM imaging suite with real-
time capability. In this case real-time LWD OBM images are planned,
which will allow early-time image interpretation of net, structure
and geomechanics information. It will also provide an opportunity
to compare the real-time images with the memory images for this
suite of tools.

Can the Evaluation Accuracy of Elemental Concentration be Further
Enhanced in Geochemical Logging? A Break Attempt to Obtain
Purer Inelastic Gamma Spectrum

Chao Yuan, Chaoliu Li and Cancan Zhou, PetroChina Research
Institute of Petroleum Exploration and Development

Over several decades geochemical logging was introduced to
determine formation composition several. The newer generation
of such instruments adopts a pulsed-neutron generator (PNG) and
one or multiple gamma-ray detectors. The energetic neutrons are
emitted from the PNG and react with the surrounding formation.
During all possible neutron reactions, neutron capture and inelastic
scattering generate element-dependent characteristic gammas,
which are then recorded by the gamma detector for elemental
analysis. The concentrations of Si, Ca, S, Fe, etc., can be determined
from the capture gamma spectrum, while that of C and Mg can only
be determined by analyzing the inelastic spectrum, due to their low
capture cross sections, which raises the importance of the inelastic
gamma spectrum. The geochemical instruments using PNG all use
time gates to measure gamma rays generated in different periods
after a burst of neutrons are emitted. Due to the restrictions
imposed by nuclear physics, although it is possible to measure a
spectrum with virtually only capture gammas, the measured energy
spectrum containing the inelastic gamma contribution, called a
‘burst spectrum’, inevitably also contains a certain amount of capture
gamma rays. The effect of capture reaction on the recorded burst
gamma spectrum must be eliminated in order to derive accurate
concentrations of carbon and magnesium. The present techniques
include the fixed-coefficient method and hydrogen-peak reference
method, in which the capture gamma spectrum multiplied a
coefficient is subtracted from the recorded burst gamma spectrum.
The drawback of these methods is that the fixed coefficient is used
for the whole spectrum, which is not appropriate because capture
gamma rays have different contributions to different ranges of the
burst gamma spectrum.

In this paper, an improved method is developed to obtain a
highly accurate inelastic gamma spectrum with the minimum effect
of capture gamma rays. Different coefficients are used in different
ranges of the burst gamma spectrum to eliminate the effect of
capture gamma rays. Based on the energies of characteristic
capture gamma rays of different elements, the recorded spectrum
in the tight sandstone and shale formation is divided into six ranges.
Furthermore, a new parameter, referred to as the deduction
coefficient spectrum, is introduced and is defined as the difference
between the burst spectrum and inelastic spectrum, divided by the
capture gamma spectrum. The Monte Carlo method is employed to
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calculate the deduction-coefficient spectrum of different formation
models. With the aid of the deduction-coefficient spectrum, the
coefficients of six ranges can be determined in different formation
models. Moreover, additional formation models are set up to
evaluate the accuracy of this method. The sample variance and
Pearson correlation coefficient proved that the processed inelastic
gamma spectrum is highly consistent with the theoretical pure
spectrum. Finally, this method is applied to field data and validated
against the analysis results of core samples, which proves the
feasibility of the new method.

Deducting Dispersive From

Measurements

Permittivity LWD Resistivity

Stein Ottar Stalheim, Equinor

Electrical permittivity (€) of rock has been measured and
applied in petrophysical evaluation for decades. With the new-
generation tools the popularity and application of € has increased
in the past years. One of the revolutionary advances of the new-
generation tools is the measurement of € at multiple frequencies
(f), also known as the dispersive permittivity (¢(f)). Drawbacks with
these tools are that they respond to the invaded zone, it is expensive
data, and the data must be acquired on wire-line and therefore is
not always accessible.

The thesis of this work is “information about € and &(f) can
be extracted from multifrequency amplitude and phase-resistivity
measurements,” e.g, logging-while-drilling (LWD) resistivity. It is
the amplitude decay and the phase shift that are measured. The
amplitude decay and the phase shift are converted to the amplitude
and phase resistivity by data processing, including a couple of
corrections (skin correction, borehole correction) and empirically
based assumption about the apparent electrical permittivity
of the rock. The amplitude decay and the phase shift respond
differently to the electrical rock properties (resistivity, permittivity
and permeability). The characteristic of the amplitude decay and
the phase shift can therefore under given conditions be used to
extract both the electrical permittivity and the resistivity from the
measurements.

The goal with this paper is to show that electrical permittivity
and its dispersion can be extracted from LWD resistivities. The work
is motivated by the fact that information about € and &(f) is hidden in
the LWD resistivities, so why not extract it and use it? The permittivity
data do not cost anything and can be used in the petrophysical
evaluation, they are acquired in real time and can be used to identify
bypassed zones, as geological markers and for geosteering. The LWD
resistivity accuracy will also be improved by replacing the empirically
based assumption about € with the more correct value on € in the
LWD processing. This improvement in accuracy of the LWD resistivity
will be significant in rocks with large permittivity (e.g. organic-rich
source rock).

This paper includes the mathematics that shows how to extract
permittivity from LWD resistivity and contain examples that illustrate
results on data from different LWD vendor. The examples show that
the LWD permittivity and its dispersion fit extremely well with data
from commercial wireline tools. Limitations of present techniques
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and further application of the LWD permittivity and dispersion will
be discussed.

Direct MID-IR Optical Measurement of Synthetic Drilling-Fluid
Filtrate Contamination During Formation-Tester Pumpouts

Ralph Piazza, Alexandre Vieira and Luiz Alexandre Sacorague,
Petrobras; Christopher Jones, Bin Dai, Megan Pearl and Helen Aguiar,
Halliburton

Laboratory analysis of formation-tester samples provides
critical information for exploration and production activities. The
physical properties, chemical properties, and composition of
samples are used to confirm and resolve reservoir architecture
questions, including compartmentalization and compositional
grading, which is then used to design completion and production
strategies. The laboratory data are used to calibrate equation-
of-state models employed in reservoir simulations to project the
lifetime recovery of an asset under different scenarios. This in turn
yields both an optimal production strategy and reduced capital
expenditure costs for a project. Furthermore, the data are used to
identify flow-assurance problems and to estimate the operational
costs of production. Lastly, the data provide crude value, as required,
to book reserves. However, these benefits are predicated on the
requirement that samples be representative of the actual formation
fluid. In this aspect, contamination of samples with near-wellbore
drilling-fluid filtrate remains the most common reason that samples
are not fit-for-purpose. Therefore, contamination estimation must
be improved.

The ubiquitous real-time downhole-contamination-estimation
procedure for filtrate in petroleum uses pumpout trend-fitting.
The trend-fitting attempts to regress a model to a change in the
formation-tester sensor data during a pumpout in which fluid grades
from filtrate to formation fluid. Sensor responses of the pure filtrate
or formation fluid endmembers are estimated and the contamination
calculated. When contamination is deemed sufficiently low, the
sample is captured and shipped to a surface laboratory. Because
sampling is often the last activity before cementing a section of
well, there is not a second sampling opportunity if the laboratory
determines the sample is not fit-for-purpose. Too often, the
contamination estimate does not match the laboratory results due
to the breakdown of three key trend-fitting assumptions (1) that
the model is sufficient to describe reservoir complexity, 2) that the
model can be extrapolated to determine endmember responses,
and 3) that the asymptote of the pumpout is not falsely representing
steady-state contamination.

Improvement in current methods of contamination estimation
are nearly all driven by improving trend-fitting to existing sensor
data as opposed to the development of new sensors. This work,
however, describes the development of a new direct contamination
sensor, designed to detect synthetic drilling fluid using optical
measurements. Nearly all synthetic drilling fluids contain olefins,
which are unsaturated hydrocarbons not naturally present in
geologic formations. These compounds look like other petroleum
hydrocarbons in the conventional visible and near-infrared optical
ranges of existing wireline tools. However, in the mid-infrared
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optical range, the signature of olefins is distinct, which has allowed
for the construction of an olefin-specific detector that can be
used to directly determine the contamination level of drilling-
fluid filtrate without the limitations of trend-fitting assumptions. A
comprehensive study of eight pumpout stations from five wells has
validated the performance to greater than = 2.5 wt%, consistently
delivering results superior to those obtained via conventional trend-
fitting methods.

Enhancing the Look-Ahead-of-the-Bit Capabilities
Directional Resistivity Measurements While Drilling

of Deep

Michael Thiel, Dzevat Omeragic and Jean Seydoux, Schlumberger

The recently introduced electromagnetic look-ahead (EMLA)
tool applies deep directional resistivity logging-while-drilling
technology for geostopping and other applications in vertical and
deviated wells. The tool shares the same basic architecture with
the standard deep directional resistivity tool. The difference is that
the transmitter and shallow-resistivity sensor are closer to the bit,
enabling it to sense tens of feet ahead of the bit. Along with the
sensor technology, the inversion-based interpretation workflow is
critical for successful deployment of this service. The measurements
are processed using a different strategy for look-ahead applications
than the one used for reservoir mapping and geosteering high-angle
and horizontal wells.

We present the details of the two-step 1D inversion-based
workflow that maximizes the sensitivity of look-ahead-of-the-
bit measurements. A look-around inversion first estimates the
anisotropic resistivity profile and dip of the crossed layers using both
conventional shallow-resistivity data and deep directional resistivity
measurements. In the second step, the look-ahead inversion takes
the anisotropic resistivity profile and uses the deep directional
resistivity data to determine the formation resistivity profile ahead
of the sensor. To make the algorithm robust, both look-around and
look-ahead workflows are carefully designed, processing the most
sensitive measurements within specific intervals for each inversion.
In real-time applications, previous look-around and look-ahead
resistivity profile estimates are used to aid the current look-ahead
inversion. Furthermore, the original EMLA look-around-look-ahead
(LALA) workflow is adapted to process the deep directional resistivity
and conventional resistivity data, enabling improved geostopping
in deviated wells compared with the conventional interpretation
workflow designed for geosteering horizontal wells.

We present case studies showing the performance of the
LALA workflow in detecting changes in resistivity ahead of the bit.
An example from a well drilled at an inclination of 59° in Australia
illustrates that the LALA workflow enables detection of the reservoir
top 20 m earlier compared with the conventional inversions. Several
other applications using both EMLA and deep directional resistivity
from different parts of the world of illustrate successful use of the
workflow to detect reservoir tops at various well inclinations.

Experimental Investigation of Mud-Filtrate Invasion Using Rapid
Micro-CT Imaging
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Colin Schroeder and Carlos Torres-Verdin, The University of Texas at
Austin

Borehole measurements, including electrical resistivity,
neutron porosity, density, sonic slowness, formation pressure, and
reservoir fluid sampling, are subject to uncertainty resulting from
the effects of mud-filtrate invasion. Accurate interpretation of these
measurements relies on properly understanding and correcting for
mud-filtrate-invasion effects. Although attempts to experimentally
investigate mud-filtrate invasion and mudcake deposition have
been numerous, the majority of published laboratory data are from
experiments performed using linear, rather than radial geometry,
homogeneous rock properties, and water-based, rather than oil-
based drilling mud.

This paper introduces and applies a new experimental method
developed to more accurately represent conditions in the borehole
and near-wellbore region during, and shortly after, the drilling
process, when the majority of wellbore measurements are acquired.
Rather than using a linear-flow apparatus, these experiments are
performed using cylindrical rock cores with a hole drilled axially
through their center. Radial invasion is induced by injecting high-
pressure drilling mud into the hole in the center of the core while
the outside of the core is maintained at a lower pressure. During
the experiments, the core is rapidly and repeatedly scanned using
high-resolution micro-computed tomography (micro-CT), allowing
for the spatial distribution of mud filtrate and mudcake thickness to
be visualized and quantified as a function of time. Therefore, using
these experiments we are able to accurately evaluate the influence
of various rock properties, such as the presence of heterogeneity,
and fluid properties, including water- versus oil-based mud, on mud-
filtrate invasion and mudcake deposition.

Experimental results indicate that the presence of spatial
heterogeneity in rock cores strongly influences the distribution
of mud filtrate in the invaded zone. Moreover, we find that the
distribution of mud filtrate around the borehole in spatially
heterogeneous and complex rocks varies significantly as a function
of time. In homogeneous rocks, mud-filtrate invasion occurs in a
piston-like fashion, as predicted by previous experiments using filter
paper and ceramic discs. Conversely, for spatially heterogeneous
rocks we observe that mud filtrate preferentially follows high-
permeability streaks shortly after the onset of invasion, when
logging-while-drilling measurements are typically performed,
and then later fills in previously bypassed zones, becoming more
uniformly distributed in the near-wellbore region at later times, when
wireline measurements are typically acquired. This observation has
significant implications for the interpretation of formation-tester,
NMR, and other measurements sensitive to the spatial distribution
of mud filtrate in the near-wellbore region.

Inaddition, high-resolution time-lapse micro-CTimages acquired
during the experiments reveal notable differences in invasion and
mudcake deposition behavior for water-based versus oil-based
drilling muds. Consistent with field observations, we observe higher
filtration rates and thicker external mudcake for water-based drilling
mud. Our experiments provide visual and quantitative evidence that
oil-based mud-filtrate invasion is controlled by internal mudcake,
primarily consisting of trapped water droplets from the oil-based-
mud invert emulsion, while water-based mud-filtrate invasion is
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primarily controlled by external mudcake formed when suspended
solid particles are filtered out of the mud at the borehole wall.

Field Test of a HTHP Laterolog Array Resistivity and Imaging-While-
Drilling Tool

Qiming Li, Oliden Technology

Laterolog-type resistivity measurement offers significant
advantages over the traditional propagation resistivity in conductive
mud. When implemented in a drilling collar, these types of sensors
can provide not only omnidirectional resistivity measurement of
much wider ranges and better vertical resolution but also high-
resolution fullbore electrical images, making the tool valuable for
formation evaluation and for geology and formation structures
characterization while drilling. The availability of rich wellbore
images has significantly improved the understanding of wellbore
shapes, formation types and geology, fractures and vugs. The while-
drilling electrical wellbore images also reveal the formation structure
relative to the wellbore being drilled and therefore have been
increasingly used to make real-time geosteeering decisions in thin
reservoirs and to develop horizontal-well drilling and completion
and production strategies.

To meet the ever-increasing demands of the market, a new
175°C laterolog array resistivity and imaging-while-drilling tool
has been developed with the following integrated capabilities: (1)
focused array laterolog resistivity with extended measurement
range up to tens of thousands of Q-m and with R/R  as high as
100,000; (2) increased depth of investigation to reduce the influence
of invasion; (3) bed-boundary detection capability up to 1 m from
wellbore; (4) high-resolution wellbore images while rotating; and
(5) quadrant azimuthal-resistivity measurement while sliding.
The tool uses large electrodes to extend the range of resistivity
measurement for accurate formation evaluation, and two additional
small (0.4-in.) button electrodes mounted on a stabilizer to produce
high-resolution electrical wellbore images. The four large quadrant
electrodes, oriented 90° apart from each other, can also generate
quadrant-resistivity curves at any given tool orientation, making it
possible to geosteer based on resistivity measured from up and down
quadrants even while sliding. Field applications in China and in the
Middle East also demonstrate the value of high-resistivity carbonate
reservoir delineation in conductive mud and in replacing traditional
logging due to borehole-stability risks with wireline operation. High-
resolution wellbore images obtained in high stick-slip environment
also show the tool’s capability to deal with high RPM variation during
drilling.

This paper will describe the principle of measurement, introduce
the newtoolsensordesignand configuration, and show tool-response
characterization with both sophisticated modeling and laboratory
experiments. Several field-test examples will also be presented
with the aim to demonstrate the quality of the measurements and
highlight the capability of the tool and its associated inversion and
visualization answer products in applications including wellbore
imaging, high-resistivity zone delineation, proactive well placement
and accurate bed-boundary detection in thin-bed reservoirs. The
field examples clearly demonstrate that in water-based mud, the
new laterolog logging-while-drilling resistivity and imaging tool
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uniquely adds significant value to drilling and formation evaluation
applications.

From Houston APl Calibration Pits...to Artigueloutan Logging
Metrological Facility

Pierre Chuilon, Gilles Puyou and Emmanuel Caroli, Total SA; Jose
Inciarte, Bill Dillon, Joao Vilela and Francisco Collado, Halliburton

Following the closure of the Europa/Calisto (UK) and the
Houston APl (Texas, USA) logging calibration facilities, a new
calibration laboratory opened in May 2018 in Artigueloutan (France)
by Total SA close to its scientific and technical center located in Pau.
A dedicated affiliate, Total E&P Alternative Subsurface Data (TEP-
ASD) drives the project independently from the headquarters. The
calibration center is open to all well-logging service providers in the
industry, oil and gas companies, and academics.

The center owns 22 porous water- or brine-saturated rock
standards that are the basis of any logging calibration facility. TEP-
ASD is also equipped with a large set of fluid standards in four vessels,
ranging from freshwater to high-salinity brines. High porosities are
achieved with two sand standards made of different lithologies
and fully saturated with fresh water. A thin epoxy/fiber glass liner
creates a borehole where different fluids can be pumped in. A full
set of metallic standards made of aluminum alloy and aluminum
composite are also proposed in six different borehole diameters that
can be filled with various fluids.

All standards were initially designed and modeled to calibrate
logging tools in openhole conditions. The facility can also provide a
collection of removable sleeves built with different casing and tubing
that can be run in the rock, sand, and fluid standards. Clients can
bring their own specific completion sleeves to run in the calibration
facility and, therefore, follow a fit-for-purpose characterization
protocol. The combination of all standards, fluids, and sleeves allows
a wide range of calibration conditions, which make the TEP-ASD
facility unique.

Extensive geological, geochemical, and petrophysical analyses
were completed on all standards at various scales (blocks, slabs,
central core, and plugs) with the latest technologies, procedures,
and measuring instruments connected to the international
measurement system. Uncertainties were evaluated in all steps of
the process. In addition, specific upscaling and downscaling studies
were performed to ensure consistency and a thorough description
of the standards. All these data are made available to any client.

All calibrations can be run in two different levels: a basic option
with a complete access to all standards and the characterization
database, or a second degree adding the delivery of a metrological
confirmation sheet after each calibration experiment.

The TEP-ASD facility in Artigueloutan can be considered as
a reference for logging-tool calibration with best in class HSE and
radioprotection procedures for the whole oil and gas industry in
order to face the new challenges of formation evaluation.

Geosteering in Complex Channel Sands: Successful Use of a
New Deterministic Parametric Inversion of Ultradeep-Resistivity
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Measurements
Joseph Wilding-Steele, Schlumberger

A well was drilled to target turbiditic channel sands of the
Schiehallion field. The horizontal well was drilled from east to west
to link multiple channel elements within the seismically mapped
reservoir envelope. There were several risks associated with the
well, including uncertain sand distribution and geometry within the
reservoir package and a potentially swept reservoir. To mitigate these
risks, reduce the uncertainties and map the position and extent of
the reservoir sands, an ultradeep directional resistivity LWD tool was
selected to be used.

Well data from the Schiehallion field indicated that there was
the potential for significant anisotropy within the channel sands.
To properly handle the complications introduced by anisotropic
sands, it was decided to use an innovative, deterministic parametric
ultradeep directional resistivity inversion (DPI). This new approach
was selected following evaluation of the prejob study, which showed
that the DPI processing could provide resolution of multiple thin
layers within the sands, while also mapping the overall extent of the
channel package.

In real-time, the DPI processing indicated that the maximum
vertical extent of the channel complexes encountered while drilling
the reservoir section was ~4 Om. This knowledge, paired with the
information about channel geometry and internal architecture,
enabled the planning and the execution of the most informed
adjustments to the trajectory to optimize the well’s position within
the sands. Additionally, while drilling between sand bodies, the tool
confirmed that there were no significant sand packages around the
wellbore that had been missed, providing the confidence that the
trajectory was drilled at the optimal TVD position. Meanwhile, the
mapping of the internal channel elements within the sand bodies
allowed for an increased understanding in the nature and geometries
of the sands.

The success of this well has shown the benefits of using a new
deterministic parametric deep-resistivity inversion. The information
about the channel sands’ extent and geometry as well as the
identification of their internal architecture has reduced uncertainties
and increased reservoir understanding.

Improving Production in Child Wells by Identifying Fractures With
an LWD Ultrasonic Imager: A Case Study From an Unconventional
Shale in the United States

Claudia Amorocho, Cory Langford and Gregory Warot, Weatherford
International; Erich Kerr, EP Energy

High-quality images from an LWD ultrasonic imaging tool were
used to identify induced fractures, map offset well communication
and optimize hydraulic-fracturing practices in a series of infill
horizontal wells drilled with oil-based mud.

A newly developed LWD ultrasonic imager was used to acquire
wellbore images while drilling infill wells in an unconventional
shale in US. In a joint effort between the service company and the
operator, design engineers, and the drilling and reservoir teams
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optimized logging operations to acquire high-quality images used to
identify and characterize fractures just hours after the well reached
TD. This allowed the timely detection of zones that could be affected
by offset-well interference, enabling optimization of the hydraulic-
fracturing operations. Furthermore, the fracture-to-wellbore
connection was mapped by integrating the image interpretation into
the reservoir and geomechanical models used for field development
and EOR applications in critical areas of the field.

The ultrasonic imager was run in different areas of the
operator’s unconventional shale acreage, providing high-quality
images that allowed identification of different formation features,
such as bedding planes, natural fractures, and induced fractures.
The presence of fractures induced by nearby wells suggested the
communication between parent-child wells in areas of the lateral.
These zones were identified, mapped and isolated to mitigate the
fracture interference. The child wells where this technique was used
showed a more efficient use of capital expenditures and a reduction
in the negative impact in parent-well production. The operator also
established how the reservoir and geomechanical models in the area
were fractured enhancing predictiveness by identifying detailed
hydraulic-fracture interference. This allowed for better assessment
of primary recovery and EOR optimization.

This case study shows one of the first proven cases where an
LWD ultrasonic imaging tool was used for completion optimization
and improvement of child-well production as a way to mitigate well
intercommunication and field characterization.

Information Content and Resolution Potential of Deep Directional
Resistivity Measurements for 3D Reservoir Mapping

Dzevat Omeragic, Schlumberger; Hanming Wang, Chevron; Hezhu
Yin, ExxonMobil; Michael Thiel, Niloofar Farnoosh, Jean Seydoux and
Jean-Michel Denichou, Schlumberger

Thelatestgeneration of deep directional resistivity tool generates
electromagnetic ratio measurements from a full set of triaxial
components extracted from individual tilted-antenna transmitter-
receiver couplings. The measurements currently used for real-
time interpretation are designed for 1D multilayer formations. This
paper presents the extended measurement set which provides the
information required for 3D steering and reservoir characterization.
Spatial sensitivity plots are presented for all three harmonics both
conventional 1D and 3D measurements. Examples from 1D to 3D
are used to demonstrate how each measurement set contributes
to distinguishing and interpreting various scenarios. The analysis
is extended to drilling along the formation strike, in addition to 3D
steering to lateral targets in the presence of arbitrary anisotropy,
boundaries and contacts. Insight is provided on directional angles
and generalized 3D propagation EM responses. Several field
examples illustrate their value.

The information content of a set of real-time measurements
is assessed using a data-resolution-matrix approach, adapted for
nonlinear problems. The analysis is performed using the latest
generation of inversions, starting from the 1D Oklahoma formation
with a range of resistivities, anisotropy and bed thicknesses. In
addition to finding the most important subset of measurements,
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this approach also helps to identify redundancy and correlations
in the data and can be used to optimize the measurement set for
real-time interpretation. Practical aspects of evaluation of model
uncertainties through the inversion-derived model covariance
matrix are presented.

Knowledge of the measurement sensitivities enables enhanced
interpretation strategies to be devised. One example is the use of
crossplots for steering with respect to lateral features, such as faults.
A crossplot of generalized directional measurements in combination
with a 1D inversion can be used to place the well with respect to
caprock and oil-water contacts while detecting a lateral fault at a
distance. This allows for trajectory corrections to avoid the fault,
without compromising well placement with respect to the features
above and below the well. Examples of artifacts seen in standard
1D real-time interpretation caused by 3D features are presented.
These can be used to help identify lateral targets. A 2D inversion
is used to evaluate uncertainties on several synthetic 3D models.
The methodology is validated on field data where a lateral fault is
crossed at high relative azimuth.

Integrated Reservoir Fluid-Mapping-While-Drilling Along High-
Angle and Horizontal Wells

Artur Kotwicki and Nicolas Gueze, AkerBP; Maria Cecilia Bravo, Mirza
Hassan Baig, Mathias Horstmann, Yon Blanco, Chanh Cao Minh,
Julian Pop and Scott Paul, Schlumberger

Identification of hydrocarbon type, fluid contacts and assessing
production potential are critical inputs to the economics of infill
reservesdevelopment. Thus, highlyflexible data-acquisitionstrategies
while drilling are needed to be able to adapt to unpredictable
reservoir rock and fluid properties, complex structures and variable
fluid contacts.

Logging-while-drilling (LWD) technology has enabled a step
change in well construction from geometric trajectories to those
actively steered by formation and fluid characteristics in real time,
providing information not only on the structure but also the movable
fluid. Deep directional resistivity, using resistivity contrast can map
hydrocarbon-bearing reservoirs but does not always differentiate
between gas- or oil-bearing. It may identify an oil-water-contact
(OWC) but cannot map a gas-oil-contact (GOC), nor identify API
variations in the hydrocarbon column and water salinity that are
crucial to distinguish injection water from connate formation water.

Leveraging short ‘time-after-bit” and less exposure to drilling
fluid invasion, advanced fluid-mappin- while-drilling (FMWD) tools
and petrophysical interpretation techniques exclusive to LWD data
have emerged, not only solving the uncertainty on fluid contacts but
also identifying the movable in-situ fluid. Fluid typing from downhole
optical spectrometry serve as validation points for multiphysics
inversion of resistivity, electron density, hydrogen index and sigma
to continuously map water and hydrocarbon properties along the
well trajectory. All answers are realized while drilling for real-time
decision-making.

The Boa structure in the Alvheim field, Central North Sea, is
a complex structured reservoir with dynamic fluid contacts due to
10 years of ongoing production. Despite a high net-to-gross ratio,
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continuous mudstones and faults are present, causing reservoir
compartmentalization, resulting in multiple hydrocarbon columns.

The infill development was planned in the thin oil rim of the
field with a gas cap. Addressing all the challenges an integrated
drilling bottomhole assembly (BHA) was run in one leg of a trilateral
well: comprising deep directional resistivity to map the top and
bottom of the reservoir, downhole fluid analyzer to determine the
movable fluid, and advanced while-drilling log measurements to
give a continuous fluid typing.

Geosteering decisions were made based on variations in
the fluid encountered, a compositionally lighter fluid versus the
reference was interpreted as an increase in the gas proportion of the
reservoir fluid, indicating proximity to the GOC. Integration of data
led to the successful development of a 6.8-km drainage length within
a variable oil column that changed from 1 to 10 m TVD, identification
of fluids at the landing location, continuous mapping of fluids types,
contacts and hydrocarbon properties along the wellbore.

The planning and acquisition operations described show the
use of an innovative workflow to achieve well-placement objectives
and overcome the initial challenges imposed by fluids and reservoir
structural complexity. Results demonstrated that FMWD and the
integrated petrophysical workflow added significant value by aiding
the placement of the well in desirable fluid type.

Monitoring CO, Saturation Using a Three-Detector PNC Logging
Technique for CO, EOR in Heavy Oil Reservoir

Feng Zhang, Quanying Zhang and Lili Tian, China University of
Petroleum (East China); Xiaoyang Zhang, Qingdao University of
Science and Technology; Qian Chen and Jilin Fan, China University of
Petroleum (East China)

CO, enhanced oil recovery (CO,-EOR) projects are of significance
for CO, sequestration and heavy-oil recovery. Quantitative
monitoring of CO, saturation (S_,,) is essential to recognizing and
understanding the migration and distribution of CO, injected into
the geological formations. Comparing with pore water and heavy
oil, CO, has zero hydrogen index and lower density under formation
temperature and pressure. When the CO,-flood is injected into a
heavy-oil reservoir, the neutron moderation ability of the reservoir
will dramatically change due to CO, gas replacing parts of the heavy
oil, and they indicate such different physical characteristics using
different spacing detectors.

Inthis paper, based on the difference in the neutron-moderation
ability of CO,, water and heavy oil, a three-detector pulsedneutron-
capture logging technique is applied in heavyoil reservoirs to monitor
CO, sequestration. We propose a new parameter, D, the difference
between R13 and R23, where the counting ratio R13 representing
the capture gamma ray recorded by near and far detectors, and the
ratio R23 representing the capture gamma ray recorded by middle
and far detectors. The difference D can be used to determine CO,
gas saturation and the higher value of D results in more accurate
estimation of gas saturation. In addition, it has higher sensitivity
than counting the ratio of other two different detectors. By Monte
Carlo simulation, the responses of the gamma ray count ratio
versus different porosities and CO, saturation were studied. Then,
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a mathematical model of CO, saturation versus gamma-ray count
ratio of the three detectors and formation porosity was established
to quantitatively calculate CO, saturation. In addition, the effects of
formation pressure and temperature, heavy-oil density, lithology,
and other factors on the method were studied. Results show
that variations of formation pressure, formation temperature,
and density of heavy oil have little impact on the CO, saturation
measurement. However, the change of formation lithology results
in larger CO, saturation errors and requires corrections. In addition,
the method has a low discrimination between CO, and CH, gas,
and the results are easily affected by the CH, content. Finally, a
simulated case demonstrates the application of the method. For the
heavy-oil sandstone with different porosities, the method shows a
perfect performance: the S_ , errors are less than 1% for the high
and low gas-saturated formation. This research provides an effective
strategy to monitor CO, storage and residual oil saturation in CO,-
EOR reservoirs.

New 4.75-in. Ultrasonic LWD Technology Provides High-Resolution
Caliper and Imaging in Oil-Based and Water-Based Muds

Peng Li, Jonathan Lee, Richard Coates and Rodney Marlow,
Halliburton

Imaging technologies from azimuthal logging-while-drilling
(LWD) tools provide valuable insight into borehole conditions and
address multiple drilling and formation evaluation applications, such
as wellbore-stability assessment and fracture and bedding-plane
analysis. Although high-resolution images are widely available for
water-based-mud applications, such as from azimuthally-focused
resistivity tools, their availability in oil-based-mud applications is
limited.

This paper presents field test results from a 4.75-in. ultrasonic
imaging tool that provides high-resolution borehole caliper and
acoustic impedance images, independent of the mud type used.
Analysis of datasets collected in oil-based mud with varying mud
weights under multiple drilling conditions are provided, highlighting
the suitability of the imaging technology for multiple while-drilling
applications. Log data and analysis from the field-test wells illustrate
the deliverables from both the caliper measurement and the
acoustic-impedance measurement. Caliper deliverables detailed
include: average hole-size calculation for input into cement volume
calculation, as a borehole quality indicator, and for environmental
corrections for other LWD sensors; borehole ellipse and azimuthal-
sector image plot outputs for real-time geomechanics analysis;
and high-resolution borehole images for the identification of faults
and fractures. Acoustic-impedance deliverables detailed include
real-time images for potential porosity steering applications;
high-resolution memory images for detailed analysis of faults
and fractures; and geological and lithological analyses of bedding
planes, laminations, and determination of stratigraphic dips. The
caliper and acoustic-impedance datasets are compared directly
with corresponding wireline measurements, including a multifinger
caliper and ultrasonic imaging tool.

An overview of the tool geometry and associated sensor
physics is given, along with details of the laboratory setup and
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testing performed to evaluate the sensors and the associated
measurements and images. Details of the field tests, which illustrate
the steps taken to ensure the sensors were evaluated across different
lithologies from vertical to horizontal, using different mud weights,
logging speeds, and drillstring rotation parameters are described.
The logging program was optimized to obtain direct correlation with
wireline data sets and maximize image quality.

Analyses of the deliverables from the field trials illustrate
the value that the ultrasonic caliper and acoustic-impedance
measurements provide to a variety of LWD applications in boreholes
ranging from 5.75 to 6.75 in., adding high-resolution imaging
capability to oil-based mud systems. The excellent comparison with
wireline measurements demonstrates the potential for the LWD logs
to be used as the primary imaging solution in applications where
deployment of wireline technologies is either risky or costly, such as
in high-angle or horizontal wells, while enabling the same high level
of formation evaluation.

New Advanced Material and Coating Technique for Trace Hydrogen
Sulfide Sampling

Christopher Jones, Jimmy Price, Mickey Pelletier, William Soltmann,
Darren Gascooke and Anthony van Zuilekom, Halliburton

The presence of hydrogen sulfide (H,S) in a reservoir fluid can
significantly impact the economic viability of a petroleum asset.
Even in low PPM concentrations, H,S can require special completion
materials to mitigate corrosion problems and surface scrubbers to
remove H.S prior to transport, both of which significantly increase
capital investment. H,S also causes scale, forcing required regular
flow assurance mitigation which increases operational costs. Yet, it
is very difficult to capture representative fluid samples that if not
captured increases asset uncertainty during formation evaluation.
Specifically, H_,S chemically and physically adsorbs to the formation-
tester tool flowline surface, thereby reducing the concentration in
captured samples relative to true formation-fluid concentrations.
This is true even with NACE-compliant materials, which do not react
with H_S but do adsorb H,S to their surfaces. Without mitigation,
formation-tester tools scrub the formation fluid of HS as a
formation fluid passes through the tool, leading to erroneously low
characterization.

Minimizing the flowline length helps lower, but does not negate,
the effects of adsorption scavenging. Currently, there are specialized
coatings applied to the formation-tester surface which help but have
some drawbacks. In many instances, the coating durability is low.
Fundamentally, all current coatings are physically adhered like paint
to the tool surface and can peel by chemical attack and flake off,
exposing unprotected surfaces for H.S adsorption. Current coatings
do not adhere to elastomers, which is a large sink for H_S. Some of
the more durable coatings require temperatures in excess of 800°F
for application. These coatings are applied to disassembled parts, not
to all tool materials, leading to incomplete coverage. For all present
coatings, the process is conducted in specialized facilities negating
the possibility of rapid reapplication to repair worn coatings for most
field locations.

In this study, sapphire has been validated as a new material
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to mitigate H,S adsorption. Sapphire has a very low adsorption
affinity for H,S so that coated materials do not scrub H.S even at
low concentrations. Sapphire, being one of the hardest materials, is
highly scratch resistant and only scraped off if the underlying material
is gashed. A new chemical process has been developed to deposit
sapphire, which binds the coating to the formation-tester material
at the molecular level. Therefore, this coating does not further peel
back from the gashed site. In this study, the coating has also been
shown to protect elastomers. The coating process is quick, HSE
safe, and applicable at low temperature. Therefore, coatings may
be reapplied to assembled field tools prior to sampling. Elastomers
may also be treated with this process. Accelerated lifetime testing
has shown high durability relative to tool life. Samples containing
H_S have been successfully stored in lifetime-worn bottles for weeks
with no loss.

Prejob Planning Based on Nuclear Modeling Leads to Successful
Downhole Mineralogy Determination in Extremely Challenging
Logging Conditions

Haijing Wang, Lorelea Samano, Kenneth Kelsch, Ela Manuel and
Janet Yun, Chevron

New-generation nuclear spectroscopy logging tools can provide
downhole mineralogy and total organic carbon measurements in
both open and cased wells. This technology is made possible by a
combination of advanced physical measurements, data processing,
and petrophysical interpretation. There is an emerging need to
educate petrophysicists, core analysts, geologists, and other earth
scientists on this technology to further expand its application, a task
that requires a collective effort of nuclear experts in both logging
and operating companies.

Here, we demonstrate such an effort from an operator’s
perspective using a case study in a carbonate reservoir. The
downhole mineralogy was successfully determined despite
extremely challenging logging conditions, namely a large borehole
of 17.5-in. diameter and mud salinity of 130 parts per thousand
(ppk) in an upper openhole section, and logging through 7-in.
casing in a lower section. To justify the logging program in these
extreme conditions, Monte Carlo nuclear modeling is applied during
the prejob planning process to optimize logging parameters and
mitigate potentially unfavorable effects of a large borehole and
high salinity. During and after data acquisition, detailed data quality
control with a complete set of raw and intermediate processing
data helps to identify additional corrections needed for metal debris
in the casedhole section. The elemental dry weights were finally
incorporated into multimineral analysis, improving the accuracy of
the mineralogy determination over the traditional method based
on gamma-ray, neutron-density, and sonic logs, and enabling the
formation evaluation through casing.

This case study was used to demonstrate best practices of
nuclear spectroscopy logging and interpretation, including accurate
job planning, complete raw and intermediate processing data,
customized environmental corrections, and appropriate mineral
models being applied. Collaborative work between logging and
operating companies is critical towards expanding the operating
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envelope of new logging technology and advancing the general
knowledge within the industry.

Pseudofocusing Processing of Induction

Measurement in High-Angle Wells

Array Logging

Hu Li, Maxwell Dynamics, Inc.; Chao Yuan, Chaoliu Li, Xia Li, Cancan
Zhou, PetroChina Research Institute of Petroleum Exploration &
Development; and John Zhou, Maxwell Dynamics, Inc.

In vertical wells, array induction logging has successfully
provided resistivity logs with desirable depths of investigation
(DOI) and resolutions. However, in high-angle wells, the “standard
focusing” processing may fail, due to the severe dip effects. One may
observe the horns on the log near formation boundaries. Moreover,
separations of logs with different depths of investigation may occur
in nonpermeable layers. Thus, petrophysicists could be misled in
interpreting the so-called resolution-matched logs.

In this paper, we present a pseudo, i.e., an inversion-based,
focusing approach to process the data measured by the array
induction tool in high-angle wells. We start from the very original
conductivity logs measured by the multispacing, multifrequency
tool. First, skin-effect correction and borehole-effect correction
are applied to the data. Then, a new set of filters were designed to
acquire the logs with desirable DOLI. In this process, the goal response
functions in the design of the filter were chosen to be the geometric
factor of a virtual subarray, who has the same configuration with the
subarray of the tool but a required DOI, such as 10, 20, 30, 60, 90
and 120 in. And lastly, a layered-model-based inversion is applied to
obtain the “true” resistivity logs. Note that each log, with the specific
DOI, will derive an individual “true” resistivity log representing the
resistivity inside the corresponding depth.

In addition, the scheme has the following considerations:
(1) automatic adjustment of the boundary positions to achieve
the optimal fitting; (2) noise containment to minimize the noise
amplification during inversion; (3) analytical expression for the
sensitivity function, or the Jacobean matrix, in a general layered
transverse isotropic (TI) medium to accelerate the inversion; and (4)
automatic consistency analysis of the results inverted from logs with
different DOI.

Both synthetic and field datasets are processed to showcase
the implementation of the proposed method. The pseudofocusing
processing is proven to be stable, effective and efficient. In vertical
wells, the results from the proposed approach are compatible with
those from the “standard focusing” processing. While, in high-
angle wells, the dip effects are eliminated to a substantial degree.
The pseudofocused resistivity logs, which have desirable DOl and
matched resolutions, characterize the formation radial resistivity
profile convincingly, which may greatly help the formation evaluation
and log interpretation in high-angle wells.

Real-Time Downhole MID-IR Measurement of Carbon Dioxide
Content

Christopher Jones, Halliburton; Ralph Piazza, Alexandre Vieira and
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Luiz Alexandre Sacorague, Petrobras; Bin Dai, Megan Pearl and
Helen Aguiar, Halliburton

Carbon dioxide (CO,) is an acidic gas that causes significant
production problems, thereby increasing the cost of operations
and the cost of capital expenditures, especially for completion and
surface equipment, as well as for flowlines. In fact, the presence
of CO, may change the economic viability of an asset, even in low
concentrations. Gas-phase concentrations greater than 2-bar
partial pressure are already considered highly corrosive, which may
correspond to a liquid phase concentration as low as between 0.4
and 2.4 wt% for most oils. Corrosion alone costs the oil and gas
industry USD 1.4 billion per year in 2016, with approximately 60%
of failures directly related to carbon dioxide. Furthermore, lost
production related to corrosion failures further cost the oil and gas
industry tens of billions of dollars in lost revenue annually.

Multivariate optical computing (MOC) is an optical analysis
technique that has been shown to match the sensitivity and
accuracy of a Fourier-transform infrared spectrometer using a partial
least-squares regression. MOC performs an analogue dot product
regression in the optical domain, which uniquely suits MOC to allow
high-resolution mid-infrared spectroscopy at high temperature.
This is particularly important for downhole CO, measurements.
The near-infrared (1,952 to 2,080 nm) region is far less sensitive
for CO, measurements than the mid-infrared (2,686 to 2,835 nm)
region, with an intensity ratio of 43 between the two regions’ bands.
Therefore, a new MOC sensor has been developed to access the
mid-infrared (MIR) for high-accuracy carbon dioxide measurements.

Although CO,-rich fluids may be sampled and shipped to
a laboratory for analysis, selecting a location to sample can be
problematic. With varying degrees of compositional grading in
reservoirs, the CO, concentration will likely not be equivalent at all
locations. Therefore, a short trial pumpout with extrapolation to
reservoir concentration of CO, would be desirable to determine the
relevant locations to sample. A new technique has been developed
to accomplish this goal using the MOC sensor.

In this study, a first observation of caustic drilling-fluid filtrate
suppressing CO, signature throughout the pumpout will also be
shown. This suppression effect is reduced as the amount of filtrate
present decreases during the pumpout cleaning period, but not
at the same rate as the filtrate dilution effect. Therefore, a new
technique has been developed to correct this effect in real time to
deliver not only the instantaneous carbon dioxide concentration, but
also the true reservoir concentration. Furthermore, the accuracy of
the carbon dioxide measurements made in five wells, with eight
formation-tester pumpout stations, has been determined as + 0.4
wt% over a concentration ranging from 1.5 to 23 wt%.

Real-Time EM Look-Ahead: A Maturing Technology to Decrease
Drilling Risk in Low-Inclination Wells

Jean Seydoux, Jean-Michel Denichou, Irlan Amir, Vera Wibowo,
Thorsten Bauch, Diogo Salim, Shim Yen Han, Mauro Viandante,
Guillermo Cuadros, Michiko Hamada, Sarwa Tan and Yao Feng,
Schlumberger
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Exploration in vertical wells has always faced many challenges
related to drilling risks. Effective positioning of the casing shoe
above a problematic zone or a reservoir, optimizing coring location,
geostopping before potential high pressure or a depleted zone
ahead of the bit, avoiding a potential kick, mud loss, or stuck pipe
are some of the challenges that the industry is currently addressing
in a reactive way.

With the recent introduction of the LWD EM look-ahead
technology, real-time detection of resistivity features up to tens
of meters ahead of the bit allows being proactive in reducing
drilling risks and in successfully addressing some of the exploration
challenges mentioned above.

EM look-ahead has been extensively tested in the past five
years in many world locations and under different conditions with
success. As this technology is relatively new and still evolving, so
is the learning curve for its implementation. Most importantly,
how do we make the crucial geostopping decision based on the
identification and correct interpretation of target formations ahead
of the bit in real time. This innovative look-ahead technology avoids
unnecessary operational adjustments and setting of extra casing,
thus significantly improving overall drilling efficiency and savings in
overall well cost.

In this paper, the EM look-ahead technology response and
sensitivity in key vertical well applications are reviewed. Field results
and simulated examples provide an understanding of the technology
capability, limitation, and lessons learned both in interpretation,
decision taking, and operational deployment. Finally, the future of
the technology is discussed.

EM look-ahead is a new and powerful technology that is
expected to grow significantly in the next few years to benefit
many segments of the industry as a safe and efficient addition to
the exploration and appraisal phases. As the technology matures,
proactivity in reducing drilling risk will become the new standard in
geostopping.

Resolution Enhancement of Sonic Logs Supported by Ultrasonic
Data

Jingxuan Liu, Ali Eghbali and Carlos Torres-Verdin, The University of
Texas at Austin

The vertical resolution of borehole sonic measurements is
mainly controlled by the length of the receiver array; consequently,
sonic logs represent a spatial average of rock properties across the
receiver array. This behavior makes it very challenging to interpret
sonic logs acquired along thinly bedded or very heterogeneous
formations. Subarray processing can yield high-resolution sonic logs
but at the expense of lower signal-to-noise ratios because of fewer
traces used to perform the corresponding semblance processing.
The objective of this paper is to improve the vertical resolution of
sonic logs by incorporating borehole images for better definition
of thin beds or vuggy formations, for instance. To that end, we
developed an inversion-based interpretation method for sonic logs
that uses high-resolution bed boundaries obtained from ultrasonic
borehole images.

Conventional

forward-simulation methods, such as finite
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element or finite difference, are challenging in highly laminated
formations because of the large contrasts between material
properties involved and the presence of the internal reflections,
resulting in large computation time and memory demands. To
enable inversion-based interpretation, we use a new fast forward-
modeling method based on spatial-sensitivity functions and
combine Backus averaging when bed thicknesses fulfill the long-
wave equivalent requirements to be calculated as a homogeneous
anisotropic effective medium. The effective properties of thinly
bedded formations obtained from sonic-dispersion curves are
constrained within a range limited by the properties of each bed and
depend on the layering patterns and their property variations, which
is taken into account by our sonic spatial-sensitivity functions. This
method was benchmarked and verified for compressional, flexural,
quadrupole, and Stoneley modes in highly laminated formations.
We found that the use of sonic sensitivity functions with Backus
averaging yields simulation errors lower than 5% with only 2% of
central processing unit time and memory demands compared to
finite-element or finite-difference simulations.

The rapid sonic-modeling method was applied to fluid
substitution examples to calculate differences between sonic logs
acquired with and without the presence of thin laminations. The
method was also implemented to perform slowness inversion of
field data to construct earth models across highly heterogeneous
laminated formations. Bed boundaries were defined using ultrasonic
logs generated from the azimuthal average of ultrasonic images.

The combination of Backus averaging with fast forward
modeling provides an effective and accurate means to quantify the
frequency-dependent averaging effects of sonic measurements due
to shoulder beds, thin beds, and thinly laminated formations with
and without the presence of invasion. Our work underlines the
importance of detecting laminations or other rock heterogeneities
thinner than the length of the receiver array and quantifying their
effects on sonic logs for reliable fluid-substitution calculations and
hydrocarbon detection, for instance. Furthermore, the inversion
of sonic logs based on high-resolution bed boundaries obtained
from borehole images improves the integrated assessment of rock
petrophysical properties in combination with nuclear and resistivity
logs. We show several successful examples of the new inversion-
enhanced sonic-interpretation method using well logs acquired in
heterogeneous clastic and carbonate formations.

Well-Depth-Measurement Quality Improvement: Use of Way-Point
to Improve Drillpipe Depth Measurement and Quantify Uncertainty

Harald Bolt, Depth Solutions Ltd.

Depth is the most fundamental subsurface measurement made
in our business. Logging-while-drilling depths are based on driller’s
depths. Driller’s depths have been plagued with accuracy issues,
with numerous articles highlighting this.

Driller’s-depth measurement is based on calibrated drillstring
length, typically as identified in the “tally book”. Together with the
dimensions of the bottomhole assembly (BHA), the calibrated pipe
length represents the calibrated drillstring length.

Way-point wireline-depth-correction methodology is applied
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to drillpipe-derived driller’s depth. The methodology used results
in arriving at corrected drillstring depth based on the calibrated
drillpipe length measurement. Using this, an associated uncertainty
is quantified. The objective is to arrive at “true along-hole” depth.

A crucial difference to conventional driller’s depth is that the
way-point method is applied uniquely when pulling out of hole
using simple sliding motion. Most of the parameters that cause
complications in driller’s-depth correction are mitigated using this rig
state. The correction contributions are limited to thermal elongation
and elastic stretch but then based on measured, and not assumed,
parameters.

This allows a corrected depth to be defined for the bit and
the associated LWD sensors. A major improvement is that the
measurement is not only repeatable, but has also an associated
calculated uncertainty. The correction profiles and the uncertainty
profiles are unique to each well.

The way-point method described provides corrections in
wells with complex and long-reach trajectories. This includes deep
offshore, horizontal and crooked wells and complex architecture
drillstrings.

The objective is arriving at “true along-hole” depth, providing
users of depth data with not only a depth value but also an evaluation
of the accuracy of the depth data. This means that the depth data
from drillpipe can be independently evaluated against other sources
of depth data, such as wireline. The typical “tie-in” is then no longer
necessary, as depth-data measurements can then be used to verify
measurements instead of simply complying to an arbitrary maxim.

An example is discussed where way-point is used to improve
drillpipe-derived well depth and quantify the depth-measurement
uncertainty.

RESERVOIR AND PRODUCTION SURVEILLANCE

‘Log-Soak-Log’ Experiment in Tengiz Field: Novel Technology for
Uncertainty Reduction and Decision Support in an Improved Oil
Recovery Project

Yegor Se, Tengizchevroil; Mauricio Villegas, Chevron USA; Elrad
Iskakov and Ted Playton, Tengizchevroil; Ernesto Cordova, Karl
Lindsell and Aizhan Turmanbekova, Haijing Wang, Chervron, USA

Waterflood design in tight naturally fractured carbonate
reservoirs (NFR) significantly differs from the conventional ones.
Despite the fracture-network dominance in reservoir connectivity
and well deliverability, the majority of hydrocarbon is stored in the
tight matrix. Incremental recovery from the waterflood in a NFR will
often depend on the rate and magnitude of water imbibition into
the matrix. If it is found that injected water only displaces the oil in
the fractures and leaves matrix oil unrecoverable, the value of the
waterflood is limited to the oil volume in the fractures.

Laboratory measurements of spontaneous imbibition on the
core plugs can be inconclusive due to several limiting factors including
experiment temperature and pressure limit, use of synthetic fluids,
core-plug size limits, core preservation and aging uncertainties. To
resolve this uncertainty, the asset team designed a single-well pilot
named “log-soak-log” (LSL) to quantify incremental oil recovery
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from the matrix due to imbibition of water. The purpose of the pilot
was to recreate an imbibition experiment at well-scale with in-situ
fluids and conditions and monitor matrix imbibition through time-
lapse log measurements.

In-situ log measurements of water imbibition posed several
unique challenges related to fluid placement in the naturally
fractured reservoir, high measurement uncertainty in low-porosity
rock, potential wettability alterations in the near-wellbore region,
through-tubing tool conveyance, elevated operational risks due
to highly corrosive logging environment and presence of H_S and
inability to maintain fluid level during the experiment.

This paper describes the design, execution and evaluation of
the LSL pilot conducted in a giant naturally fractured tight carbonate
reservoir in Western Kazakhstan, where repeatable and reliable
measurements of changes in water saturation were achieved across
large intervals (tens of meters) using time-lapse pulsed-neutron
logging techniquse. Periodic time-lapse measurements provided
valuable observations of dynamic saturation and fluid-level change
with time and allowed estimation of the rate and magnitude of
imbibition in the near-wellbore region. Incorporation of the LSL
results into the reservoir model validated the ranges of current
water relative permeability curves, residual oil saturation to water,
irreducible water saturation, and capillary pressure assumptions.
This resulted in significant reduction of the key uncertainties of the
IOR project and the updated oil-recovery forecast.

Cement-Bond Evaluation With a Logging-While-Drilling Sonic Tool

Franck Michel, Ruijia Wang, Chung Chang, Richard Coates and
Jonathan Lee, Halliburton

A cement-bond log (CBL) plays an important role when
evaluating the quality of cement behind casing and determining well
integrity, which in turn helps to ensure zonal isolation and wellbore
protection. Logging-while-drilling (LWD) sonic tools provide an
economical solution for locating the top of cement and determining
the cement-bond index, particularly for highly deviated wells, due
to the ease of conveyance. In general, LWD tools can make time-
lapse measurements and save rig time and cost by eliminating
separate wireline runs. However, LWD sonic measurements are
often contaminated by the tool-wave mode and road noise, resulting
in biased casing-wave amplitude and attenuation estimates.
Using these biased measurements directly can yield an unreliable
bond index (Bl), particularly for zones where the tool waves are
significantly stronger than casing arrivals. These challenges can be
overcome as demonstrated in a field-data example with both free
casing and well-bonded zones.

The paper describes a quantitative cement-evaluation method
developed using LWD monopole data. The method uses the
characteristics of LWD sonic tools—the tool waves have an intrinsic
stop band in excitation, and the tool-mode speed is slower than the
casing wave.

During the first step of the process band-pass filters are
developed and applied to extract casing waves in the intrinsic stop
band of the tool mode. The waveforms of a single-shot data recorded
by different receivers are then stacked to a reference receiver with
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different weights to further suppress the tool-wave arrivals and
increase the signal-to-noise ratio (SNR). The weights are calculated
according to the speed differences between the casing and tool
waves. The remaining tool waves after the array processing are
predicted by multishot data, including both a free-casing zone and a
well-bonded zone. A simplified tool-casing-wave model is developed
and applied to describe and predict the interference phenomenon
between the casing arrival and the tool arrival. The tool-wave signals
are calculated from the well-bonded data by subtracting the casing-
wave predictions calculated from the free-casing data with modeling
predictions. The true casing-wave amplitude is estimated from the
filtered waveforms and calibrated by subtracting the tool-wave
predictions. A Bl log is then calculated from the calibrated casing-
wave amplitude.

This new processing technique was applied to a field-data
example exhibiting both free-casing and well-bonded zones. Both
the CBL amplitude in mV and BI log are extracted from the LWD
sonic data and compared with Bl estimated from a wireline segment
bond tool (SBT). A good match is obtained over the entire log despite
the fact that a casing pressure test was conducted between the
acquisition of the LWD sonic and wireline data, which might have
created microannuli detected by the SBT measurements.

The proposed approach promises to be a significant step toward
deriving a quantitative CBL from LWD sonic monopole data.

EOR Pilot Performance Evaluation in a Giant Mature Field in
Argentina

Silvio Pedro Figliuolo and Maria Leticia Legarto, Y-TEC; Andrés Lopez
Gibson, YPF; and Facundo Arillo, Halliburton

In both well operations, the target reservoir was an eolian dune
and interdune sandstones initially considered as a fairly vertically
homogenous layer.

The first test was performed in Well A to evaluate the residual
oil saturation (S ) to waterflooding and the performance of a
subsequent alkali-surfactant-polymer (ASP) injection.

Due to the great areal extension of the target reservoir, the
second test was implemented in Well B in order to confirm the
results of the first well, and to integrate different characterization
tools that helped us interpret results.

Each well operation consisted of two single-well chemical tracer
tests (SWCTT), well logging and testing tools implemented prior to,
during and after the injection of the EOR process.

The SWCTT technology was designed and executed to gain
insight of EOR potential in deep reservoir areas. Due to integrity
issues of old wells, different procedures were used to detect and
guarantee hydraulic isolation of the target zone. Fluid-saturation
logs were used to measure the vertical sweep efficiency. In the
second operation, production logging tools were used to determine
the injectivity distribution and helped to improve the conformance
during the test.

It was important to confirm zonal isolation because drawdown
tests showed the need to cement the underlying perforations for
hydraulicisolation of the target zone. Conservative tracers confirmed
that the target zone was effectively isolated during the test.
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Production logging tools allowed identifying the presence of
high- and low-permeability layers. This tool and the conservative
tracers allowed to characterize the crossflow between dune and
interdune.

Conformance was improved with a carefully designed low-
permeabilty layer stimulation. An improvement of 80% in the
conformance was confirmed between wells with the use of
saturation logs.

Both tests confirmed positive results. A 19% improvementin S _
reduction was observed between wells.

This paper presents the first tests of this kind performed in
Argentina to define EOR potential in a low oil-price environment.
Complementary tools helped to support and enhanced the
interpretation of the SWCTT results. ASP formulation has been
positively evaluated as an EOR prospect at field-scale in Argentina.

From the Borehole Wall Into the Formation—Combining Borehole
Images With Deep Shear-Wave Imaging Technology

Stefan Schimschal, Stephen Fayers, Nicklas Ritzmann and Martin
Cox, Baker Hughes, a GE Company; lain Whyte, Tullow Qil

One major challenge of integrating borehole image and
geophysical measurements is to bridge the gaps between their
dissimilar resolutions. Identifying and characterizing geological
features, like bedding contacts and fractures, by combining high-
resolution borehole images with deep shear-wave imaging (DSWI)
technology, helps to bridge these gaps. Ultimately this will add to a
refined, more accurate subsurface reservoir model.

High-resolution borehole images are suited to identify fractures,
bedding, dip information, facies types and other properties along the
borehole. Besides coring, this evaluation method reveals the highest
resolution geological details, resolving features down to ~0.2 in.
Despite the high detail, these images represent only a localized view
of the wellbore wall.

Borehole acoustic measurements can be separated into
different acquisition methods to determine various properties along
and away from the wellbore. One of these methods, deep shear-
wave imaging, uses crossed-dipole waveform data, around 2 kHz,
in combination with simultaneously acquired orientation data.
Deconvolution, orientation and migration of the waveform data
produces an orientated reflector image, separated into up- and
down-going reflector image-bins located in the sagittal plane. The
associated vertical and horizontal resolution is approximately 3 to
3.5 ft. The depth of investigation is dependent upon the formation
slowness and ‘listening time’ of the acoustic measurement, but
can be up to 100 ft into the formation. Subject to suitable acoustic
contrast and relative dip to the borehole, a dipping geological
feature away from the borehole may be resolved as a reflector on
the image, from which its lateral continuity, dip magnitude and strike
may be determined.

In this paper, we present a case study showing the full integration
of both imaging methods. Picked reflectors in the deep-shear-wave
image allow correlation with corresponding geological features on
the borehole image. Identifying the dip azimuth of a reflector from
the measured orientation of the corresponding feature on the
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borehole image enables the rotation of the sagittal plane in the deep-
shear-wave image. With this borehole image-based adjustment the
reflector plane of the deep-shear-wave image is shown in its correct
aspect and positioned correctly in the subsurface.

Combining borehole imaging and acoustic DSWI methods
allows the identification and characterization of geologic features at
the wellbore and their propagation into the formation. This input
can help to refine the structural model of the subsurface, obtained
from surface-seismic measurements, and thus enables us to bridge
the gap between borehole-wall measurements and geophysical
characteristics away from the wellbore. In addition to this,
integrating feature characterization and measured dip information
from the borehole image significantly improves our understanding
and interpretation of the DSWI result.

Increasing the Dimensional View in Both Cement Evaluation and
Mechanical-Integrity Surveillance Delivers Solutions Beyond the
Current Norm

Gary Frisch, Phil Fox and Roddy Hebert, Halliburton

Cement-evaluation results are commonly presented in a
standard two-dimensional (2D depth and azimuth vs. bond)
log format, while casing-inspection results might include three-
dimensional (3D depth and azimuth with projected radius vs.
thickness) images. Incorporating 3D images supporting cement
evaluation provides an enhanced visualization-based interpretation
capability and improved decision making. Incorporating a time-
based surveillance monitoring (4D) with current casing-evaluation
techniques provides pipe-integrity inspection solutions to operators
that pushes the envelope beyond current industry norms.

Ultrasonic-based casing inspection and existing post-processing
software creates multiple images, curves, spreadsheets, and
statistics designed to pinpoint areas of casing damage. Additionally,
high-resolution passes could be made to create 3D images of the
casing geometry including portions with damage. Applying the
same 3D imaging technique to cement evaluation allows increased
comprehension of the cement-sheath characteristics, particularly
extending away from the immediate casing wall-cement contact. An
analysis method was developed to evaluate the behavior of standard
CBL refracted waveforms is also applied directionally to the multiple
waveforms from the Segmented Bond tools. This process allows
detailed interpretation of the entire cement sheath between the
casing and formation. It is possible to detect channels or problem
areas in the annular space with this new process. Taking the results
of the processing another step it is possible to create 3D images,
along with cross-sectional views, which allow easy visualization of
the annular volume. The results of the processing and resulting
images help illuminate inferior cement sheaths that do not provide
the desired zonal isolation and help determine the reasons for the
unwanted fluid production.

When handling riser inspection, or monitoring casing wear, it
is important to scrutinize changes in the pipe condition over time
to meet governmental regulations. Visually comparing the logging
runs is the standard legacy methodology, but this is extremely time-
consuming, particularly when comparing large amounts of data. This
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paper demonstrates a new technique to observe these alterations
of the pipe conditions over time, both on a depth-by-depth and
joint-by-joint basis. This new 4D surveillance interpretation method,
accepted by the Bureau of Ocean Energy Management (BOEM),
allows the operator to complete pipe inspections quickly and to
continue drilling with confidence.

Novel Coupling Smart Seawater-Flooding and CO,-Flooding for
Sandstone Reservoirs; Smart Seawater-Alternating-CO,-Flooding
(SMSW-AGF)

Hasan Al-Saedi, Missouri University of Science and Technology

The ever-growing natural decline in oil production, recently
oil prices cut, in addition to the global energy demand have been
the main motivations to pursuit for cost-effective IOR methods to
increase recovery efficiency, especially heavy-oil accumulations. It
is traditionally well known that heavy-oil IOR techniques are costly.
Currently, smart water, low-salinity water and CO, are the most
economically viable IOR techniques. We propose a new method to
improve oil recovery via synergistically smart seawater with CO,.

In order to evaluate our new proposed method, several
successively coreflood experiments using smart water and CO,
were conducted. The coreflood experiments include sequentially
injection of sweater, smart seawater, and ultimately CO, in reservoir
sandstone cores taken from the Bartlesville Sandstone reservoir
(Eastern Kansas). The coreflood experiments provided a very
promising results that could change traditional EOR methods.

The cores were delivered fully saturated with oil and well-coated
with a plastic wrap. The cores were cleaned by Soxhlet extractor.
The cores were transferred to a vacuum container for evacuation
purposes. A one-day vacuum was performed on all the cores, after
that, synthetic FW was presented to the cores under vacuum.
Porosity and permeability were measured. The FW was displaced by
3 pore volume (PV) crude oil in both directions to establish S _. The
cores were then aged in the crude oil for three weeks at 90°C to
restore the initial wettability.

After the pre-aging duration had completed, the cores were
then flooded with two pore volumes (PV) of seawater (SW) followed
by three PV of SMSW, and then six PV of CO, at 45°C. SW and SMSW
were injected into the cores until no more oil was produced and the
pressure was stabilized. The reservoir cores were flooded using the
following scenarios:

RC3a was flooded with SW followed by CO,.

RC3b was flooded with SW followed by SMSW1 and CO,,.
RC3c was flooded with SW followed by SMSW2 and CO.,,.
RC3d was flooded with SW followed by SMSW3 and CO,,.
RC3e was flooded with SW followed by SMSW3 + CO,
but in shorter cycles using our proposed design for low-
salinity-alternating-steamflooding (LSASF), 0.5 PV CO, + 0.5
SMSW3 +0.5 PV CO, + 0.5 PV SMSW3 (Less injected PV, but
more recovery ever).

ukhwN e

Using the same brines that were used in the coreflood
experiments, contact-angle measurements on the same core
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materials was performed. The results of contact-angle measurements
confirmed a wettability alteration of the rock surface towards more
water-wet using our new EOR process.

The coreflood experiments of all scenarios resulted in additional
oil recovery, but the optimum scenario was the scenario (5) with
incremental oil recovery 24.5% of OOIP beyond the 55% of OOIP
from injecting FW. The short cycle injected of LS water and CO, are,
the more oil recovery was obtained.

This combination technology can solve the CO,flooding
problems (channeling, gravity override, etc.) and support the CO,
by SMSW, which is itself has the ability to increase oil recovery by
altering the wettability towards more water-wet.

The Neutron Dance: A Quest for Reliable Casedhole Neutron Data
for High-Temperature Steamflood Surveillance

Abbie Morgan, Aera Energy LLC

The Midway Sunset oil field in the San Joaquin Valley of
California is one of the largest fields in the United States, having
produced approximately three billion barrels of oil out of various
reservoirs. Many of these reservoirs contain heavy oil, requiring
recovery by steam to reduce the viscosity of the oil and allow it to
flow. In steamflood operations, monitoring the steam distribution
and behavior is necessary for effective steam management and
identification of bypassed oil. Casedhole neutron logs are critical
to this surveillance and are acquired throughout the life of the
steamflood operation using cased observation wells. Each subsequent
casedhole neutron porosity is compared to the original openhole
neutron porosity to determine the increase in steam saturation and
corresponding decrease in oil saturation that has taken place since
the well was drilled. These logs are used to define current steam-oil
contacts throughout the field, allowing reservoir teams to modify
steam injection accordingly. There are many casedhole neutron tools
available, but they vary in tool characteristics, benefits and costs.
Some tools can only be run in temperatures lower than 300°F, while
steam-chest temperatures can reach 350°F, or more. This constraint
leaves fewer tool options for some wells, and the data from these
tools has not always been reliable. To better define the quality, limits
and value of this data, we test multiple high-temperature neutron
tools, including both chemically sourced and electrically sourced
tools, by running them in a new well immediately after completion
to compare them directly to the openhole neutron log and to each
other. We analyze the data quality, benefits and costs of the different
tools and design a plan for our future surveillance.
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Forty Years of Fun—Some Call it a Career

While this article may read like it’s about “me”, it’s not. It’s about all the
managers, supervisors, coworkers, peers and SPWLA members whose input
and guidance has been invaluable in my career. It is to all of you, that | want
to say thank you! You all know who you are, and | am forever grateful for
your guidance, technical support, and the absolute fun and joy we had in our
interactions together. If you are reading this and currently not having fun in your
daily work, then | recommend a change. Work should be FUN.

You will read about my mentors, near death experiences and drinking single
malt whiskey at 7 a.m. | hope you find this article amusing. My advice to those
in the early stages of their careers: “Embrace diversity of people and disciplines.

: Learn from everyone as everyone has knowledge and experience to share”.

SPVZV(I)_ﬁ ﬁ;%sgem I have been lucky enough to have a career as a geologist, petroleum engineer
Retired Manager Integrated  and petrophysicist. Of those three, petrophysics provided me with the most
Reservoir Characterization,  opportunities. But it is the integration of all these disciplines that is crucial for

Marathon Oil Corporation ¢ s ccess as a petrophysicist.

How and where did it all start? | had a great interest and fascination for rocks
and minerals at six years of age. | didn’t just collect “pretty” rocks. By the age of eight, | had numbered,
labeled and catalogued every specimen | collected.

My parents recognized my passion for geology, and living in the Southwestern United States, they
fostered my interest with monthly camping trips to noteworthy geologic locations: The Sandia and
Manzano mountains in New Mexico; Grand Canyon, Arizona; and Bryce and Zion Canyons in Utah, to name
a few.

My interest in the geosciences never waned. In high school, my circle of friends included several others
who also had an interest in geology. Weekends were spent out hiking in the mountains collecting fossils
(Pennsylvanian fish) and admiring the multitude of geologic features in and around the Albuquerque, New
Mexico, area. | eagerly went to college and majored in geology.

Careers in any discipline can be fortuitous and you will see from this story, that, this is my experience
as well. I thoroughly enjoyed the discipline of geology and it was during college that my experience and
knowledge base of the oil and gas industry began to form.

My first summer job in college was working with a Bendix United Geophysical seismic crew as a “jug
hustler” (a fancy name for the person who planted and recovered geophones), in the swamps of Louisiana
and East Texas. There | learned the fundamentals of seismic acquisition. It was during this work assignment
| nearly drowned while trying to swim across a bayou with geophones on my back weighing me down. |
was pulled from the water by a coworker as | was taking my last breath. That was the day | made a note to
myself: “Finish your college degree, you don’t want to be a jug hustler for the rest of your life.”

And now the fortuitous part.

The college | attended (California Lutheran College; later named California Lutheran University),
maintained a great relationship with the oil and gas industry. Specifically, Unocal Corp. (formerly Union
Oil Co. of California). | was privileged to work my next three summers for Unocal in Santa Paula and
Bakersfield, California. My summers were spent as a roustabout in the producing fields of South Mountain,
Santa Paula, and the many various fields around Bakersfield, where | learned the basics of oilfield drilling,
completions and production. My third summer was spent working as a geologic intern where | worked
to double the production of a small six-well lease (fee) from 6 to 12 BOPD. It always sounded impressive
“doubling production” if you didn’t look at the numbers!

After obtaining my BS Geology degree, | was offered a full-time job with Unocal Oil Company’s

Randall Cooper
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Forty Years of Fun—Some Call it a Career

International Division in Los Angeles, California. Fortuitously, the college | chose, basically led me to Union Qil, the company |
would work for the next 30 years.

And thus, began my 40-year career as a geologist, petroleum engineer and petrophysicist. The company suggested that |
continue my academic studies, so | enrolled at University of Southern California and obtained my MS Petroleum Engineering
degree. For two years | worked fulltime as a geologist while attending school in the evenings.

During these two years | had many significant mentors. Bill Sulkoske introduced me to log analysis and petrophysics. | quickly
discovered the value of petrophysics and my knowledge base was expanded rapidly through coaching from Bill Lang (SPWLA
President 1979-80) and Bob Ransom. It was these three individuals who introduced me to the SPWLA and furthered my knowledge
of petrophysics. I still remember the first SPWLA conference and short course | attended in 1980 in Lafayette, Louisiana. The short
course, taught by Chuck Konen and Richard Bateman, is still etched upon my mind almost 40 years later! Technology was changing
and the HP-41C programmable calculator was the big thing. Chuck and Richard taught a course entitled
“The Log Analyst and the Programmable Pocket Calculator.” Many of us were already using these calculators for wellsite work.
| spent endless hours programming different porosity and water-saturation equations and implementing these programs for
Unocal’s North Sea drilling program.

With this new set of tools (MS and PE degree, rudimentary petrophysical skills and a programmable calculator), Unocal
assigned me to work the geology of the North Sea in Aberdeen, Scotland. This was a five-year assignment working as an exploration
and development geologist. My petrophysical skills placed me at the top of the list for wellsite work on wells drilled in the UK and
Dutch North Sea, as well as West Africa. During one of my first wellsite assignments in the North Sea, | was tasked with identifying
when the drill bit had penetrated the shale immediately beneath the main reservoir sand. The pick was critical as the well was a
very long high-angle deviated well. The mudloggers and | easily found the main reservoir but saw no shale at the expected base,
so we merrily kept on drilling for another 250 ft. The prognosis had us stopping 50 ft below the main sand. Drilling was eventually
stopped as we were exceeding the limits of extended drilling. Logging the well revealed we had most certainly drilled past the
shale (how | and others missed it, | do not know) and had essentially drilled more than 250 ft of a lower wet sand unnecessarily.
Back in the office the following week | was summoned to the Chief Drilling Manager’s office at 7 AM on a Monday morning. He
asked me to come in to his office and sit down. He closed his office door, opened his desk drawer and brought out a bottle of
single malt whiskey and two glasses. After putting whiskey in both glasses, he handed me one and said: “A toast to a new North
Sea drilling record. Thanks for helping us set a new record” (apparently we had surpassed the old drilling record for the industry
at that time by 200 ft). It was my first lesson in superbly executed sarcasm from my drilling colleagues. | also learned from my
mistake. | never missed another target. | have always considered the drilling engineers as friends.

These offshore opportunities placed me at the wellsite for long periods of time supervising coring and wireline logging
operations. These experiences would become the foundation of my petrophysical career.

Assuming roles with increasing responsibilities led me to supervise a team of geologists, geophysicists and petrophysicists in
Los Angeles, California, for a two-year period upon completion of my five-year UK assignment.

| was promoted to the position of District Geologist for Unocal’s Netherlands office in 1988. In 1993, | returned to the US
where | was offered the position of petrophysicist for Unocal in Houston, Texas.

Already an active member of the SPWLA, | had the opportunity to work with many of the organization’s members via
unitization and joint partner projects. Working with petrophysicists from Amoco, Pennzoil, Exxon, and State Oil Company of
Azerbaijan (SOCAR) on a 3+ billion-barrel oil field was a significant highlight. Our petrophysical team analyzed 300+ wells in two
months as part of a redetermination of oil-in-place. Getting five petrophysicists to agree on anything was the real challenge!

After a seven-year stint in Houston working on projects all over the world (India, Indonesia, Brunei, Azerbaijan), | accepted my
first Southeast Asia assignment in 2000. | spent the next five years in Bangkok analyzing wells in the Gulf of Thailand and Vietnam.
Wells were drilled quickly in Thailand and it was not unusual to see a 10,000 ft well drilled from spud to completion in five days.
The petrophysicist was always expected to complete his/her analysis of the 30+ reservoirs in each well in under two days.

It was while | was working in Thailand that | accepted my first official position in the SPWLA organization as the Regional
Director Asia/Australia in 2004. | served as Regional Director of Asia/Australia for three years. During that time, |, together with
other very dedicated SPWLA members in the region, re-activated the Indonesian SPWLA chapter, we held a regional SPWLA
conference in Kuala Lumpur (originally planned for Bali, but a terrorist bombing two months before our conference forced us to
change locations) and we laid the foundation for a much larger and very successful regional meeting in Bangkok in 2008. It was
the dedication of all the SPWLA members in the region of Asia/Australia that allowed these programs to succeed. | subsequently
served as VP of Education in 2008 and finally as President of the SPWLA in 2011. Participation in SPWLA has provided me with the
tools necessary to accomplish my career goals.

Issue 02 SPWLA TODAY March 2019

91



Forty Years of Fun—Some Call it a Career

After 30 incredibly fun years at Unocal (subsequently purchased by Chevron), | “retired” and immediately went to work full-
time at Marathon Oil Co. Here, | again found an energetic petrotechnical team that challenged me and others. We spent many
years working the shale plays of the Marcellus, Eagle Ford, SCOOP, STACK, etc. | am very grateful for the 10 years of employment
| had at Marathon.

Note: | spent the last six months of my 40-year career working for Marathon Qil Company’s Human Resources department
as a mentor, working on petrotech training programs and building/designing some new training courses. This is an experience
I wish | had taken advantage of years earlier in my career. | found Marathon’s HR team to be diverse, energetic, supportive and
incredibly forward thinking. Their energy is infectious and re-invigorated my desire to be associated with the oil and gas industry.
So, am | really retired? To be continued..........
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A Discussion with Dr. Nicholas Bennett, Principal Research Scientist, Schlumberger on being recognized as the
SPWLA Distinguished Speaker 2018-2019.

Nicholas Bennett is currently a Principal Research Scientist at Schlumberger-Doll Research Center,
Cambridge, Massachusetts, where he has been working since completing his PhD in Mathematics from Yale
University in 1997 under Professor Ronald Coifman. Nick’s main activities have involved acoustics, particularly
sonic imaging, LWD conveyance of nuclear magnetic resonance measurements, and imaging using LWD
electromagnetic measurements.

Congratulations on being selected as the SPWLA Distinguished Lecturer. Please share with us a short
description of the work that led to this prestigious recognition.

I had been working on some of the answer products related to Schlumberger’s directional logging-while-
drilling electromagnetics measurements and began to wonder if there could be an acoustic analog for the
directional EM measurement. This hunch eventually led to our discovery of 3D slowness time coherence
(3D STC) and then much later to a new approach to sonic imaging itself.

Nicholas Bennett

How did you start your career in petrophysics and formation evaluation?

By accident, of course. | had been in graduate school in applied mathematics at Yale, when one of my classmates, Naoki Saito,
mentioned that Schlumberger was looking for some summer interns at their research center, Schlumberger-Doll Research. |
worked two summer internships at SDR, and | was hooked.

What do you consider as important achievements/accomplishments in your career? How did you go about achieving those
achievements/accomplishments? What were the challenges/sacrifices on the way to those achievements/accomplishments?

Probably winning the best e-Poster award at SPWLA 2018 for this sonic imaging work has been my most important achievement.
| probably spent at least 10 years working on the ideas and concepts for 3D STC before we published at SPWLA last year, so a lot
of perseverance was required from me and my collaborators along the way.

Share with us any interesting challenges you have faced in your career or technical projects.

After having spent such a long period of my career working on EM measurements, connecting with new colleagues and learning
about acoustics led to many challenges, particularly as the 3D STC concept began emerging as a viable processing tool.

How do you convey the importance of petrophysics/formation evaluation to your colleagues from other disciplines? Share with us
any such interesting case.

When | discuss my work with colleagues outside the oil industry, | try to convey to them that finding oil and gas in a cost-
effective and environmentally sensible fashion leads to some incredibly interesting and compelling science problems. | usually
give examples related to electromagnetic and acoustic imaging where we are trying to delineate the structure of the Earth
formation along the well track.

Which petrophysical or formation evaluation concepts/workflows/methods do you find most useful and impactful for upstream
O&G projects?

| work at one of the main research labs for Schlumberger and really work on some very specialized topics, so my perspective
on comparing the utility of different FE workflows for O&G projects is pretty limited. Sorry!

Share with us few emerging petrophysical or formation evaluation concepts/workflow/methods that will benefit the upstream
O&G projects?

Our new sonic imaging capabilities for mapping fractures in 3D along the well track and integrating this with the interpretation
coming from borehole imagery will help the industry more effectively locate productive zones, particularly in unconventional
reservoirs.

Issue 02 SPWLA TODAY March 2019

93



What important skills (technical or otherwise) do you rely on in your day-to-day work and how do you keep your skills sharp?

A good mathematics background and good communications skills have always been the foundation of the progress | have
made in my career. | think success in any technical field these days requires one to be kind of an adventurer looking for new
technical and personal challenges. This is the only way to stay engaged in the process of discovery and to keep growing.

What were the most useful subjects/topics/concepts you learned in college that help you in your day-to-day work?

While I did spend a lot of time with science and engineering disciplines in college and graduate school, | spent some considerable
time while in college studying art history and various literature classes. | also keep some facsimiles of various works of art in my
office. Somehow, for me, pursuing interesting technical objectives is somehow closely tied to developing beautiful processing
outcomes or depictions.

How were you mentored and how did you seek mentors? Please share with us any valuable learning or experience shared by your

mentors.

I think the main rule I've tried to follow at work has been to have a positive attitude when meeting new people and learning
new concepts. Above all else, | think this has led to mentoring opportunities. | think patience and perseverance has some
of the main lessons | have learned over the years from my mentors. The most important problems we work on take time to
conquer and sometimes even longer to see implemented in the oil industry, so staying continually engaged in the process is
very important.

What are the most significant changes you think the industry or your area of work has had since you started?

Vastly improved connectivity has meant that we have much greater access to colleagues and clients working in operations, so
we are much more immediately aware of new challenges they are facing today. In terms of sonic imaging, new computational
capabilities and our new workflow has meant that processing and interpreting sonic imaging datasets has been reduced from
a few months to just a day or so.

Technical vs. Management roles? What is your advice or experience for those still undecided on what to pursue in their career?

| think what is most important is to get involved in the fields where you think you may have interests to gain first-hand
experience through an internship or through simply meeting and getting to know professionals who work in those areas.
| spent my summers in college working at a law office, doing cryptography work at NSA, and at a research experience for
undergraduates before getting involved in the oil industry. What’s important is to see where you would feel passionate about
the work.

How do you motivate people to be interested in petrophysics and in the oil industry in general?

Through ups and downs in the oil industry, it is important to keep in mind that providing energy in a cost-effective and
environmentally sensible manner is critical for the wellbeing of our society, and providing petrophysics expertise is what
converts opportunities into production.

What your advice to those starting their careers in the oil industry, especially to those starting in the areas of petrophysics and

formation evaluation?

Connecting with experienced people and being a good collaborator in your office/company and through SPWLA is very
important. This is the preparation required before moving forward to make your own contributions.

What advice you have for those affected by the downturn, especially when just starting in the business?

It is important to keep in mind that many very qualified and thoughtful professionals have been affected by the downturn, so
maintaining a positive and professional attitude is very important. | think the best advice | can give is just to stay engaged and
always looking for new opportunities to grow.
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Kanay Jerath — O&G Movie Reviews

Looking for some good recommendations for movie nights? Look no further!
We’ve got the lowdown on the best O&G-related movies for the action-seekers. While
Hollywood takes the cake in dramatizing the industry we know and love, there’s still
something thrilling about watching Daniel Plainview dig and drill his first well by hand, or
living vicariously through James Bond as he races against the clock to prevent the villain
from destroying an important oil pipeline. Take a look at some our favorite movies and let
us know your favorite, or if we missed one.

There Will Be Blood (2007)

Daniel Plainview, played by Daniel Day-Lewis, is a slick oil man at the turn of the 20t
century, espousing his ‘family man’ values to simple, hard-working Californian families,
convincing them that he is the only one capable of drilling and developing their oil and
gas resources. He manipulates the locals with lofty promises and shuns camaraderie, bent
on making his fortune while dispensing of all previous formalities and espoused values,
eventually alienating the locals, his colleagues, and even his son.

Deepwater Horizon (2016)

What else can you say about this movie that chronicles a disaster none of us will soon
forget? In April 2010, the drilling rig Deepwater Horizon exploded in the Gulf of Mexico
causing one of the worst offshore oil spills to date. The event and the film itself remind
industry newbies and veterans alike how important it is to follow all safety procedures, tests, and maintenance so that each of us goes
home safe and whole at the end of the day.

The Abyss (1989)

In this “oldie but goodie,” an American nuclear submarine mysteriously crashes in some of the deepest waters on Earth, and
the crew of a nearby underwater oil rig is tasked to help a team of Navy SEALS locate and investigate the site and cause of the crash,
suspected to be the work of the Russians. When reports surface of underwater UFOs and the crew suffers some near-fatal disasters,
it becomes apparent that they are not the only inhabitants of the ocean space and they may be the only ones to prevent WW Il from
happening.

Armageddon (1998)

When a series of asteroids crash into a shuttle, killing all onboard, and go on to decimate New York City, NASA scientists discover
that a Texas-sized asteroid is hurtling towards Earth and will destroy the planet and all its inhabitants. A misfit team of deep core
drillers, led by Harry Stamper (Bruce Willis), is recruited to drill a warhead into the asteroid itself, in hopes of blowing it up before it
destroys civilization.

Syriana (2005)

Telling parallel stories of corruption and power, with a shocking double-cross between an Arabic territory heir and a U.S. oil
company, a failed assassination attempt, and investigations into the merger of two oil companies suspected of shady behavior and
bribes, this fast-paced thriller is sure to keep you on the edge of your seat.

The World is Not Enough (1999)

Bond—that’s James Bond, MI6 agent—is back to reign in chaos when an oil tycoon and friend of Bond is found murdered.
Meanwhile, an old foe with Bond'’s bullet in his brain is on the loose, plotting to destroy an oil pipeline that may very well be capable of
supplying oil to the entire world. The real threat still lurks, however, and true to form, Bond seduces and spies his way to unearth and
prevent a terrorist plot before it’s too late.
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A Day in the Life of a Software Support Petrophysicist

Brooke Hodenfield and Kristen Foust
Schlumberger Techlog Support, Houston

Who are we?

The North America support team for a major service company petrophysical interpretation software application consists of
a group of individuals who support our clients using Schlumberger’s wellbore analysis software, Techlog. Our company is very
diverse, as is our team including people from more than seven countries and our personal favorite, more than half the team is
women! Our degrees, from universities around the world, range from mathematics to petroleum engineering and geology to
geophysics. Despite our technical backgrounds, we are an outgoing team who love the social aspect of our job.

What do we do?

As a Support Petrophysicist, our role is unique in that it is heavily technical as well as client-facing. We work under the
Software Integrated Solutions segment of the company. This is the most exciting segment, in our opinion, as it heavily involves
client-facing events alongside the daily help desk communication with clients. Our main responsibility is to help clients best use
Techlog for their daily work and projects. This involves us guiding users through petrophysical workflows, analyzing their data,
and training them on the software.

Beyond the typical client support, we keep busy providing software demonstrations to new or potential clients, teaching
training courses to new users, testing alpha and beta software, consulting on internal and client projects, attending and working
at tradeshows, designing trainings and training documentation, and of course our own continuing education so that we may
assist our clients as best as possible. Every day is different and provides a new set of challenges.

A typical day can easily include a few hours of speaking with clients on the help desk, multiple meetings for updates on an
internal project for improving Service Quality to our users, preparing for teaching an upcoming training, and providing a full
demo to clients beginning an evaluation of the software. There is rarely a dull day working in software support.

How do our clients contact us?

Most of our clients reach us through our support phone number, or through email. Many of us in support have worked
the Help Desk for many years and have in turn developed strong business relationships with our clients. It is very common to
overhear a support employee asking a client on the phone, “Good Morning! How was your son’s basketball game yesterday?”.
Needless to say, we have many clients in the beginning stages of learning Techlog that will be our first and last call of the day and
with this level of communication great networking friendships are developed.

How do we solve problems?

One would assume we receive the same questions day in and day out, but our users keep us on our toes. We receive
fundamental questions from new users, however clients ask more specific and complex questions as they become more
advanced. Our job requires a great deal of problem solving and multitasking to give our clients a solution in a timely manner.

As one could imagine, providing software support via phone can be a challenge without the ability to see the issue the
client is calling about. In these cases, we typically ask to have a video WebEx meeting so that we can more easily work through
the problem. We'll have WebEx with the client’s screen on one of our monitors and the software application open on another
monitor to try to work through the question on our end. We try our best to emulate the user’s setup with our own data, but
kindly ask for client’s data only if necessary to replicate the situation.

What do we do if we don’t know?

Most of our callers are asking relatively simple, fundamental questions about equations, QC steps, log editing, printing, and
these are usually our quick 5 to 10 minute chats followed by a few laughs, salutations, and on to the next call. Occasionally, we
run into the problem of not knowing the answer to a client’s question. In this case, we get as many details as possible so that we
can begin to research and find the best solution.

Fortunately, we have many different avenues to help us address every inquiry. Our first step is to always research internally
using the company’s extensive knowledge base full of help documents, case studies, webinars, etc. We can spend hours researching
the answer on our own and will reach out to our team as a second line of defense. We have senior petrophysicists on the team
who have a great deal of knowledge of the theory presented in log analysis and formation evaluation modules. Depending on the
question, we have many different bulletin boards on Yammer dedicated to answering questions about petrophysics and specific
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proprietary tool. These bulletin boards reach coporate employees around the world. Our last line of defense is to escalate to the
software developers and engineers, whom are dedicated to answering any company employee’s technical questions.

Who are our clients?

Many SPWLA members have used our software and we have likely had the pleasure of assisting many of you reading this
article with one thing or another in the past. The North American software support team has clients all over the U.S., Canada,
and even Trinidad and Tobago. We enjoy getting to know our clients over the phone or in person—as mentioned, we’re an
outgoing bunch!

And remember, no question is a dumb question!

Houston Techlog Support Team. Top row (from left): Issa, Dolapo, Sydney, Christie, Brien, and Sonia. Bottom row (from left): Brooke, Jo.
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Don’t miss our next event!

Join us for our next event to kick off our networking activities in 2019. Our first SPWLA Networking Happy Hour in the New Year
will be held in a venue close to the Houston Energy corridor. Several of our members who have attended in the past requested this
location. The social event held at this location had the highest attendance in 2018 so we hope to keep this trend in the upcoming happy
hour. The entire SPWLA community is invited, no need to RSVP, come at your own leisure, no payment required. Come and mingle with
fellow petrophysics enthusiasts. Recent social events have been well attended by petrophysicists, geologists, geophysicists, engineers
and managers. We have had also current and past SPWLA international board members and well recognized names in the oil industry!

Everybody is welcome!

What is your favorite science or math joke?
Please, send us some nice jokes, memes or comic strips
at spwlayp@spwla.org or through SPWLA social media, and
we’'ll choose some responses to publish in the next issue!

Where: Yard House at Citycentre, Thanks for your participation.
800 Sorella Ct Space 116,
Houston, TX 77024

NI

Contact us: SPWLAYP@SPWLA.ORG

We encourage you to contact us with any suggestions for improving
our group and)/or if interested in participating in our activities.

When: 5-8 PM Thursday March 21, 2019

Send us your articles, stories, fun moments, photos,
efc. to be published in The Bridge.

\
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SPWLA International Student Paper Contest 2019
Dear Students:

SPWLA would like to announce the guidelines for participation in the 2019 international student
paper contest. Due to the increase in student involvement across the international SPWLA
community, the SPWLA board of directors and the 2019 SPWLA Annual Symposium Student Paper
Committee have decided to conduct Internal Student Chapter Paper Contests (ISCPC) as a
preselection step for participants of the 2019 SPWLA International Student Paper Contest (2019
SPWLA ISPC). Both of the ISCPC and the 2019 SPWLA ISPC will have separate categories for
Undergraduate, MSc, and PhD level students. In order to compete in the 2019 SPWLA ISPC,
students should either win the nomination of their SPWLA student chapter, or submit an abstract.

Students who have a local student chapter at their university must win the nomination of their SPWLA
student chapter per each degree level, Undergraduate, MSc, and PhD Student Chapters must finish
their competitions, submit their abstracts and deliver their nominations to the SPWLA Student Paper
Contest Committee at papercompetition@spwla.org on or before March 31, 2019. Each Student
chapter is allowed three nominees for each degree level. The guidelines for the internal paper contests
can be found in Appendix A, attached to this announcement. You may contact the Student Paper
Contest Committee for more information about the ISCPC.

Students who do not have a local student chapter at their university are also welcome to participate
in the international paper contest. To be eligible to compete in the international competition, these
students must submit an abstract and the abstract submittal form to papercompetition@spwla.org on
or before March 31, 2019.

When submitting an abstract, please follow the guidelines on the attached Student Paper Contest
Entry Form and submit the completed form with your abstract. The student paper contest committee
will announce the list of participants in the ISPC by April 15, 2019. Students may be selected to
participate in either an oral or poster contest. The 2019 SPWLA ISPC will take place during the
annual symposium in Woodlands on Sunday, June 16, 2019. Monetary awards will be given to the
top presenters within each category Undergraduate, MSc, and PhD for both oral and poster contests.

For more information about the 2019 SPWLA ISPC, please contact papercompetition@spwla.org.

We would like to thank you for your time and interest in the SPWLA organization and we look
forward to seeing you at the 2019 SPWLA Annual Symposium in Woodlands, Texas.

Sincerely,

Jiaxin Wang, Chair of the Student Paper Contest Committee
Katerina Yared, SPWLA VP-Education
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Appendix A: Guidelines for the SPWLA Internal Student Chapter Paper Contests

The guidelines for the Internal Student Chapter Paper Contests are listed as follows:

+  SPWLA Student Chapters are expected to hold internal paper contests.

+  SPWLA Student Chapters are expected to share their plans for holding internal paper contest
with the SPWLA VP of Education.

+  Each SPWLA Student Chapter should submit a plan for the use of this financial support to the
SPWLA VP of Education to gain approval before receiving the funds. The financial support
of $500 USD is reimbursed for approved plans. The plans should be submitted to the SPWLA
VP of Education no later than November 30, 2018 to qualify for the financial support.

+  Each SPWLA Student Chapter has the responsibility of announcing the internal paper contest
within their university. This includes a call for abstracts.

+  Each SPWLA Student Chapter must also select at least three judges for their internal contest.
The judges assigned for internal student paper contests should include at least one professor
and one member from the local SPWLA chapter or from the industry. Students are not allowed
to serve as a judge for the internal student contests.

+  Each SPWLA Student Chapter is required to send a list of the three top student presentations
within each category of PhD, MSc, and Undergraduate to the SPWLA VP of Education and the
Chair of the student paper contest committee.

v The SPWLA VP-Education and the student paper contest committee will select among the
nominees from each school for participation in either oral or poster presentations in the
SPWLA International Student Paper Contest, upon availability of the spots and based on the
technical content of the submitted abstracts.

+  Financial support to those selected to present at SPWLA 2019 may be available to help
students attend. This will be discussed with students once they have been selected.
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Student Paper Contest Entry Form
Return by March 31st, 2019
Date:
Full Name: SPWLA Member Number:
Address:
Telephone: E-Mail:
Are you a full-time Student? College/University:
Citizenship: Non US Citizen Passport Number:
Passport Issuing Country: Passport Expiration Date:
Degree(s) Completed: Date Degree(s) Awarded:

What is your current status? (Field of study, Degree pursued, and anticipated completion date)

Division entered: Undergraduate (BS)___ Masters (MS)____ Doctoral (PhD)___
Paper Title or Topic:

Has this paper been accepted for publication? Yes ___ No___
Has this paper been presented elsewhere? Yes ___ No

If yes to either of the above, please explain:

By completing this form, | confirm that the information given is correct to the best of my
knowledge. The work completed in my paper/presentation is that of my own and has not been
plagianised. If my work is found, to have been copied, from another person or source, or is the
work of more than one author, | may be disqualified from participating in the 2018 SPWLA
Student Paper Contest.

Signature: Printed Name: Date:
Sponsoring Professor

Full Name: SPWLA Member Number;

Address:

Telephone: E-Mail:

College/University: Department:

I confirm that the above Student will present the paper, described below, if accepted for presentation.

Signature: Printed Name: Date:

SPWLA TODAY
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Student Paper Contest
Entry Form

Student Paper Contest Abstract Information

Please make sure that the abstract includes the following:
1. Problem Statement: Describe the problem that motivates the paper proposal.
2. Methodology: Describe approach to problem solution, with particular emphasis on innovative
procedures that differentiate the method.
3. Results and Conclusions: Describe significant results and major technical contributions, lessons
learned from the study, application of findings, and opportunities to further deploy methods.

4. The Abstract should be longer than 200 words and no more than one page.
5. Return your abstract on or before March 31, 2019 to papercompetition@spwla.org

Attach Abstract by Separate File
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Thinking Sideways

Challenges of High-Angle and Horizontal Wells

The Society of Petrophysicists and Well Log Analysts would like to invite you to attend the SPWLA
Spring Topical Conference on April 2-3, 2019 at the Halliburton Life Center Auditorium, 3000 North
Sam Houston Pkwy E, Houston, TX 77032. This two-day topical conference is organized by the High
Angle and Horizontal Wells Special Interest Group and is open to all SPWLA, affiliated and non-
SPWLA members. Our purpose is to facilitate knowledge sharing, technical training and multiple discipline
collaboration specific to high angle well placement and formation evaluation.

Call for Abstracts is Now Open!

Abstracts on the topics listed below are invited, other related topics are encouraged. Please limit your
abstract to 300 words. Those selected will have 30 minutes for their presentations, including 10 minutes
for discussion and questions.

Interpretation / Formation Evaluation Sponsorship
= Horizontal well-log responses HAHZ SIG is a non-profit organization
=  HAHZ well interpretation affiliated with SPWLA and run by
= 3D reservoir characterization oiffield professional volunteers.
Challenges in HAHZ Formation Evaluation R R o e S i
Geosteering / Reservoir Mapping sponsorship opportunity, please get in
= Well Placement touch with HAHZ committee.

» Production steering
= | ook-ahead technologies
= Structure maps and cross sections

Organizing Committee
If you would like to volunteer to take
part in the organizing committee,

Drilling Engineering / Operation session chair, topical workshop, or
= Depth and well-position uncertainty field trip coordinator, please contact us
»  Drilling automation by email below.

= QOperational issues for logging in HA wells

Data Integration / Application Ef:isztzd)s: ;ﬁ: r:ra; °

= Completion design and modeling
= Frac optimization _ , Registration: www.spwla.org
» Image, coring, mud logging, cutting

= Rock vs. log integration

This topical conference will be conducted as an “off-the-record” forum with no publication of any material
presented. We encourage the presenters and participants to share their case studies, conceptual innovations,
new methodologies and latest technologies. Video recording, photographing or quoting of speakers or their
presentations will be expressly prohibited. Company logos should be limited to the title slide to indicate the
affiliations of the author and coauthors. Commercialism during presentations is not permitted.

Our Policy: It is the policy of this organization to provide equal opportunities without regard to race, color, religion,
national origin, gender, sexual preference, age, or disability.

Conference Attendance; Attendance may be limited due to room capacity. Preference will be given to
applicants who are willing to present at this topical conference.

Conference Registration Fee: $275.00 for SPWLA members, $375.00 for non-members.
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2019 SPWLA Formation Testing SIG Meeting
New Technology, Applications and Case Studies in Formation Testing SOCIETY o

7:30 AM—4:30 PM
March 6, 2019
BP Helius Plaza Auditaorium
201 Helios Way, Houston, TX 77079

Formation.Testing.SIG@SPWLA.org
Registration Fees: Non SPWLA member $65; SPWLA members $50; Students $25
Registration fee includes breakfast and lunch

Affiliation | Speaker
7:30 Breakfast and Registration
8:00 BP Pineda, Wilson Introduction
8:10 Halliburton Jones, Christopher Predicting Reservoir Fluid Sample Contamination Using an Advanced Equation-of-State Based Model
8:40 Repsol Gil, Jose Formation Testing for Integrated Reservoir Characterization of a GoM Wilcox Development
9:10 UH Economides, Christine Differences Between MiniFrac, DFIT and MicroFrac

Coupling Downhole and Surface Fluid Measurements to Reveal and Assess Complexities in Reservoir

:4 hl D to, lari
9:40 Schlumberger e Santo, llaria Fluids Distribution in Real Time, While Drilling
10:10 Break
Formation Sampling While Drilling in Challenging Environments. Deepwater Gulf of Mexico Value of Information
10:30 BP Cedillo, Gerardo ki g bl . ®
Case Study on LWD Sampling
11:00 uT Gelvez, Camilo Study of the Efficiency of Fluid Cleanup in Heterogeneous Formations with Various Formation-Testing Tools
11:30 uT Schroeder, Colin Understanding and Improving Formation Fluid Sampling While Drilling Using Numerical Simulations
12:00 Lunch
ivity Analysis i L R i | i in Petrol R i
1:00 Schiumberger Mullins, Oliver Connectivity Analysis in a Large .eservmr by n.tegratmg Concepts in Petrol e.um Systems, Reservoir
Fluid Geodynamics and Structural Geodynamics
1:30 HaBkirton Dai, Bin Digital Sampling: An Equation of State,. Machi.ne Learning, and Pattern Recognition, a Real-Time Approach to
Formation-Fluid Property Assessment and Use
2:00 MPC Proett, Mark Automated Workflows for Planning Formation Testing and Sampling
2:30 Break
3:00 Schlumberger Garcia, German Let's Disrupt the Wireline Pressure Testing Practices, Shall We?
3:30 BGHE Amin, Asif Estimation of Typical Total Dissolved Solids in Water from Downhole Ultrasonic Sound Speed Formation-Tester
Survey
4.00 BGHE Xu, James Closing Remarks

Although the organizing team will make every effort to follow the above schedule, we recognize that factors beyond our control may result in changes. We thank you
Jor your understanding.
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Petrophysical Data-Driven Analytics

2019 SPWLA PDDA SIG Meeting

Keywords: Machine Learning, Deep Learning, Artificial Intelligence,
Petrophysical Interpretation, Reservoir Characterization

When: Thursday, June 20, 2019
(the day after the 2019 SPWLA Annual Symposium)

Where: Anadarko Corporation Headquarters
1201 Lake Robbins Drive, The Woodlands, Texas 77380

Registration Fee: SPWLA members $100, Non-members $125, Students $50
Registration fee includes breakfast, lunch, and coffee breaks

Conference Attendance: Attendance will be limited to 50.
Preference will be given to applicants who are willing to present at this topical conference.

PDDA SIG Meeting Committee:
Chicheng Xu (Aramco Services Company), Michael Ashby (Anadarko Petroleum Corporation), Bin Dai (Halliburton), Zheng Gan
(Core Laboratories), Constantine Vavourakis (Paradigm, Emerson)

Call for Abstracts:

The committee encourages the SPWLA community to share both theories and applications of the emerging data-driven
analytics methods as applicable to petrophysical data analysis, such as machine learning (deep learning) and artificial
intelligence. We are seeking abstract submissions (250-500 words) on related topics including but not limited to the following
areas:

Interpretation and mapping of geological features

Reservoir description, characterization, and modeling

Seismic rock properties or rock physics modeling

Well and reservoir surveillance

Operational practices: data acquisition, quality control, standardization, and automation

Abstract Deadline: Friday, April 19, 2019
Send your abstract to: Bin.Dai2@halliburton.com

SIG Policy:
It is the policy of this organization to provide equal opportunities without regard to race, color, religion, national origin, gender,
sexual preference, age, or disability.

Proceedings are “off the record” to encourage sharing of the latest techniques and information. Presentations will typically be
20-30 minutes (including Q&A). Quoting and (or) recording speakers or their presentations is prohibited.

Commercialism in speaker presentations will not be permitted. Company logos should be limited to the title slide only and

used only to indicate the affiliation of the author and coauthors of the presentation.
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Chapter News

ASIA PACIFIC / AUSTRALIA REGION

Australia Chapter

(Formation Evaluation Society of Australia, FESAus)

Recent Events
12 February 2019 — Jie Zou (Curtin WA School of Mines)
gave a presentation on “Prediction Model for Methane
Adsorption Capacity in Shale Gas Reservoirs.”

FESAus February 2019 meeting. Speaker Jie Zou (Curtin WA School of Mines)

giving his presentation.

Bangkok Chapter

General News:

The Bangkok Chapter of SPWLA holds Technical Meetings
in Bangkok on the last Thursday of each month. Meetings are
fully sponsored for SPWLA Members. There is no charge for
nonmembers with email registration prior to the meeting.

Students are always free of charge.

Please visit https://www.spwla.org/SPWLA/Chapters_
SIGs/Chapters/Asia/Bangkok/Bangkok.aspx
for meeting information. Email: bangkok.chapter@spwla.org

2019 Chapter Committee Members:
President
Technical Programs Coordinato

Communications / Temporary Treasurer

Secretary
Sponsorship

Issue 02

Andrew Cox
Numan
Phettongkam

Alexander Beviss

Ronald Ford
Peter Roden

Student Liaison Kruawun Jankaew
Member at Large Damrongsak
Chantipna

Recent Events

31January 2019 — Katherine Kho, Geophysicist, (KrisEnergy Pte
Ltd.) discussed “Cambodia’s Hydrocarbon Prospectivity—
An Insight From Block A.” Similarities with the reservoirs
just over the border in the very productive North Pattani
Basin were highlighted. KrisEnergy plans to have the first
ever production from Cambodia in the near future, and a
lively Q & A session resulted. A great talk, well attended,
thanks to KrisEnergy for their contribution.

Bangkok Chapter January 2019 meeting. Katherine Kho (left) receiving a token of
thanks for presenting from Chapter President Andrew Cox.

28 February 2019 — Prapun Sooksawat and Chuthanart (PTTEP)
presented their work on “Mechanical Earth Modelling:
A Fundamental to the Success of Geomechanics
Applications.” The full details with abstract can be found
on the chapter website accessible from the main SPWLA
website

Upcoming Events

28 March 2019 — Lim Eng Chuan (Baker Hughes) will be
presenting his work on “Casedhole Pulsed-Neutron
Logging and its Application.”

25 April 2019 — Ryan Banas (Apache) will be presenting on
“Workflow for Assessing Hydraulic Fracturing.”

SPWLA TODAY March 2019
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Chapter News

China University of Petroleum in Beijing (CUPB) Student
Chapter

General News

The 2018 Well Logging Annual Conference of China
University of Petroleum in Beijing (CUPB) was held on
December 28, 2018.

Recent Events

28 December 2018 —The 2018 Annual Well Logging Conference
of CUPB was held at the Cuigong business hotel. The
faculty and students of the Well Logging Department of
CUPB together with well-logging practitioners in Beijing
gathered to exchange the latest developments in the field
of welllogging. Inthe morning, CUPB faculty gave academic
presentation in their fields and representatives from the
China Petroleum Exploration and Development Research
Institute, China Sinopec Exploration and Development
Research Institute and China Oilfield Services Limited
also introduced their company developments. In the
afternoon, the distinguished speakers in the third student
paper competition in CUPB also gave English-language
presentations.

PEAMASE 50O B+ /B4 2 BSPWLATER:

CUPB Chapter December 2018 Logging Conference. Professor Jie Gao of CUPB
giving a presentation.

CUPB Chapter December 2018 Logging Conference. Zenghui Yu (China Oilfield
Services Limited) introducing the COSL.
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CUPB Chapter December 2018 Logging Conference. Group photo of student
speakers.

EUROPE REGION

Norway Chapter
(Norwegian Formation Evaluation Society, NFES)

Recent Events

09 January 2019 - Just after the seasonal break Mathias
Horstmann, NFES President and Dler Mirza, NFES VP
Membership kicked off the new technical year at the
Solastranden Gard. For the first talk of the term they
welcomed Trond Rolfsvag (Hydrophilic) as presenter and
many members of the local SPWLA chapter attended.
The crowd enjoyed a very well delivered and informative
session with Trond, explaining an emerging approach how
to possibly measure water pressure inside an oil reservoir
with a hydrophilic probe. Aside of the applications to
estimate the distance to the oil/water contact without
drilling through it. The presentation also provided some
details on how the hydrophilic probe works, shared fresh
results from the lab and showed the conceptual design of
a wireline tool capable of performing the measurement
in an open hole discovery well. A session which can be
summarized in one term: innovation!

NFES January 2019 meeting. Dler Mirza (left), NFES VP Membership, presents
the NFES ice bear to Trond Rolfsvag (Hydrophillic AS) in gratitude for his well-
attended and delivered presentation.
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06 February 2019 —Speaker Subhadeep Sarkar (Petrophysicist,
Schlumberger Norge) attracted many participants to
the NFES monthly meeting. Subhadeep illustrated a
“Comparative Study of Machine-Learning Techniques
for Facies Characterization.” A very interesting talk
followed by a fruitful expert discussion. A big thank you
to Subhadeep for this contribution.

Schiumberger

NFES Technical Meeting February 2019 in Stavanger. Subhadeep Sarkar (right),
Petrophysicist with Schlumberger in Norway receives a keepsake for his great talk
from Dler Mirza, NFES VP Membership.

The Norwegian Formation Evaluation Society would
also like to thank its 2019 sponsors Lloyd’s Register Logtek,
Neptune Energy, Schlumberger and Wintershall. Their
contributions allow us to continue the technical monthly
meetings in the current format—our primary forum for
technical presentations and professional discussions. Tusen
takk!

Upcoming Events

06 March 2019 —NFES welcomes Michael Thiel (Schlumberger)
who, as SPWLA Distinguished Speaker, will present
his innovative talk on “Azimuthal Imaging using Deep-
Directional Resistivity Measurements Reveals 3D
Reservoir Structure.” NFES is looking forward to welcome
Michael up North!

The NFES’s monthly seminars take place on the first
Monday of the month at Solastranden Gard at 11 a.m.

MIDDLE EAST REGION

We are based in Doha and welcome any professional/
student interested in well logging and formation evaluation.
The SPWLA Qatar Chapter promotes technical talks in close
partnership with our sister society the well-established Qatar
SPE Section (QSPE).

Recently we had some additions to our chapter committee.
We are very pleased to have Enrique Diaz and Hussein Jichi
(BHGE) and Faisal Abdulrahman Al-Mutawa (Qatargas).

Recent Events

05 December 2018 — Dr. Thomas D. Seers (Texas A&M
University at Qatar) gave a talk titled “From Pore-Walls
to Footwalls: The Application of Experimental Imaging
and Image-Based Modeling to the Characterization of
Flow Heterogeneity in Reservoir Rocks.” It was our first
talk from a university and the Qatar Chapter is willing
to facilitate communication between academia and
operators/service companies.

Qatar Chapter December 2018 meeting. Dr. Thomas D. Seers showing one of the
approaches used in his work.

21 January 2019 — Nicolas Leseur (Baker Hughes, a GE
Company) gave a well-attended talk on “The Holistic
Reservoir—A Multiphase Flow Petrophysics Approach
From the pore-Scale to the Reservoir-Scale.” Nicolas
touched on several challenges we see when we integrate
different datasets/outputs at different scales coming from
different disciplines. He closed the talk with an interesting
message: “The information passed from one scale to the
other is controlled by the underlying objectives of the

Qatar Chapter ; ) . i
modelling enterprise. Not all the information needs to be
General News passed”.
SPWLA Qatar Chapter is now on LinkedIn! Follow us to
stay updated about our chapter activities!
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Chapter News
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Qatar Chapter January 2019 meeting. Front row (left to right): Ali Zwali
(Halliburton), Hussein Jichi (BHGE), Jose Oliveira Neto (Secretary — Qatar, Shell),
Speaker Nicolas Leseur (BHGE), and Enrique Diaz (BHGE).

17 February 2019 — Dzevat Omeragic (Scientific Advisor,
Schlumberger) gave a talk titled, “Towards 3D Reservoir
Mapping Using Deep Directional Resistivity.”

If you want to be added SPWLA Qatar Chapter mailing list,
please email us at QSPWLA@gmail.com or talk to any of the
committee member! We look forward meeting you!

LATIN AMERICA REGION

Student Chapter of SPWLA at UIS (Universidad Industrial de
Santander, Colombia)

Recent Events

We held a conference to promote the Internal Student
Paper Contest and also to show off the chapter to the
Petroleum and Geology School. SPWLA UIS is positioned at
the most important student chapter related to petrophysics,
well logging and reservoir characterization in the Colombian
northeast.

18 February 2019 — The Student Chapter at UIS held a
successful meeting with a presentation on “Dynamic
Reservoir Characterization by Formation Testers” given
by Marcela Caviedes (Schlumberger).
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Student Chapter at UIS February 2019 meeting.

NORTH AMERICA REGION

Denver Chapter
(Denver Well Logging Society, DWLS)

General News

Join us for the monthly DWLS meetings, which are held
the third Tuesday each month, beginning in September and
running through May. Meetings take place in the Mercantile
Room at the Wynkoop Brewing Company in downtown Denver,
Colorado. The networking social begins around 11:20 a.m.,
lunch is served at 11:45 a.m., and the technical presentation
starts at 12:00 p.m. The cost for the DWLS luncheon is $25
for members and guests are welcome to attend. Visit the
DWLS website at www.dwls.spwla.org to make your luncheon
reservations, renew your membership, or join the society.

Upcoming Events

19 March 2019 — Margaret Lessenger (Rimrock Petrophysics
and Analytics, LLC) will present a talk titled “Facies-Based
Unconventional Petrophysical Modeling in the Delaware
Basin,” at the Wynkoop Brewery in downtown Denver.
She will present a rationale and workflow for developing
and applying log facies-based petrophysical models using
data from over 400 wells and core data from over 50 wells
in the Delaware Basin.
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Chapter News

22 October 2019 — DWLS will be cohosting a Fall Symposium
with RMAG in Lakewood, Colorado. The theme of the
symposium will be “Multiscale Imaging for Reservoir
Optimization.” The Call for Papers deadline is April
22, 2019. The technical program will focus on recent
multidisciplinary reservoir studies, new interpretations
of image analysis linked to production optimization and
understanding, and new play concepts and prospects
based on application of image analysis and petrophysics.
Submit your abstract today online at the RMAG website
or send to: kyared@sm-energy.com

SPWLA Student Chapter at Oklahoma University

DWLS March 2019 meeting. Margaret Lessenger (Rimrock Petrophysics and

Analytics, LLC) will be the speaker. General News

The chapter conducts one technical talk every month for

03 April 2019 —The DWLS Spring Workshop on “Data Analytics  the undergraduate and graduate students in the Mewbourne
in Reservoir Evaluation” will be held on at the American School of Petroleum and Geological Engineering (MPGE)
Mountaineering Center in Golden, Colorado. Ten speakers  department. The topics vary widely encompassing innovative
are confirmed, and will educate attendees on topics  downhole logging tools, integrated petrophysics workflows,
including data mining, predictive analytics, and different  case studies, etc. The chapter currently has 101 student
algorithms in artificial intelligence like machine learning, members.
neural networks, and genetic algorithms. The cost for
members is $135, nonmembers, $195, and students $35. Recent Events

You can register and view the agenda and speaker lineup 14 November 2018 —The chapter was proud to host Adam

at the DWLS website, www.dwls.spwla.org. Haecker (Continental) for our last technical talk of the Fall
semester. He gave an interesting talk on “Petrophysics
16 April 2019 — The April luncheon speaker will be Marcus Workflow and Core Analysis Pitfalls,” which was widely
Donaldson (Mount Sopris Instruments), who will present appreciated both by the faculty and students alike. Below

his lecture, “The Expansive Case for Magnetic Resonance is the flier for the talk.

Logging.” Recent developments in slimhole magnetic
resonance has opened up the applications for the
technology. His talk will demonstrate the broad range of
magnetic resonance logging applications and technical
considerations when interpreting data.

Petrophysics Workflow and Core
Analysis Pitfalls: Here Be Dragons

Petrophysics Supervisor November 14
6:00 to 8:00 PM
SEC 1410

DWLS April 2019 meeting. Marcus Donaldson (Mount Sopris Instruments) will
speak.

f facebook.com/ouspwla/
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Chapter News

We also conducted the SPWLA internal OU student paper
contest where we selected the nominations for International
SPWLA Student Paper Contest. OU faculty and Adam Haecker
from SPWLA were invited as judges.

Upcoming Events

12 February 2019 — Ouir first technical talk for the Spring 2019
semester hosted Avto Tkabladze (Schlumberger). He
presented his SPWLA distinguished Speaker presentation
on “ X-Ray Tool for Superior Density Logging.” Below
attached is the flier.

SCHLUMBERGER
X-Ray Tool for Superior Density Logging

SEC 1410
February 12th
6:00-8:00 pm

Advisor Tool Physicist

f facebook.com/ouspwla/

Permian Basin Chapter

General News

The Permian Basin chapter of the SPWLA generally holds
meeting on the last Tuesday of the month at Midland College,
attendance seems to be improving coming out of the industry
downturn, and we’re hoping to stay on the upswing! We’'re
currently looking for someone who would like to pick up the
role as Interim Vice President to help us finish out the year
strong.

New Chapter Officers
President Ron Kenny (EOG Resources)
Vice President Currently looking for candidates
Secretary Zach Mueller
(Apache Corporation)
Treasurer Amy Hall (Chemostrat)
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Recent Events

December 2019 — To close out 2018, the Permian Basin
chapter held a joint Holiday Party with the Permian Basin
Geophysical Society. The party was a great success due to
the significant amount of sponsors; we even had enough
left over to donate ~$1,100 to three local charities in
Midland!

Permian Basin Chapter December 2018 meeting. Things got intense for the first
annual PBGS-SPWLA White Elephant gift exchange with Amy Hall (Treasurer -
SPWLA) front and center!

Permian Basin Chapter December 2018 meeting. From left to right: Ron Kenny
(President - SPWLA), Olga Nedorub (President - PBGS), Karl Campbell (Apache),
Zach Mueller (Secretary - SPWLA)
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29 January 2019 — At our first meeting for 2019, Dan Martin
(Senior Geologist at Borehole Image Specialists) gave
us a tour of the Permian Basin using image logs from a
number of areas and formations, including the Sprayberry,
Wolfcamp, and Ellenburger. This was followed up by a
fantastic Q&A session where we discussed new image log
technologies.

26 February 2019 — The Permian Basin chapter held its first
social of 2019 at the Blue Door in Midland. Special thanks
to Core Labs and Canamera Coring, who generously
sponsored the event.

Student Chapter of SPWLA at The University of Texas at
Austin

Our student chapter has been very active in hosting
technical talks, meetings, and participating in volunteering
activities. We would like to invite y’all to check out our
activities on our newly created Linkedin page (https://www.
linkedin.com/company/student-chapter-of-spwla-at-ut-
austin/) or on our Facebook page (https://www.facebook.
com/SpwlaAustinChapter/) with over 1000 followers. You can
also find below a short summary of our recent and upcoming
activities.

Recent Events

22 January 2019 — The chapter had a meeting with Dr. Sami Al-
Nuam, the SPE 2019 President. We would like to express
our gratitude to Dr. Sami Al-Nuaim for sharing his time
and for valuable career advice. Additionally, we would
also like to thank Dr. Larry Lake for making this engaging
experience possible.

UTA Student Chapter January 2019 meeting. Chapter officers with Dr. Sami Al-
Nuam, 2019 SPE President. Pictured from left to right: Artur Posenato Garcia
(President), Andres Gonzalez (Webmaster), Sami Al-Nuam (2019 SPE President),
Mohamed Bennis (Vice-President), and Sebastian Ramiro (Treasurer).
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07 February 2019 — the chapter hosted a technical seminar
by Hani Elshahawi (Shell International Exploration and
Production Inc.) titled “Novel Smart Cement for Improved
Well Integrity Evaluation.” The talk was very well attended
and we would like to thank Shell International Exploration
and Production Inc. for supporting the event.

UTA Student Chapter January 2019 meeting. Chapter officers with speaker Hani
Elshahawi (Shell International Exploration and Production Inc.). Pictured from left
to right: Andres Gonzalez (Webmaster), Wen Pan (Webmaster), Mohamed Bennis
(Vice-President), Hani Elshahawi (Speaker), Tiangi Deng (Secretary), Sebastian
Ramiro (Treasurer), and Artur Posenato Garcia (President).

15 February 2019, the chapter hosted a technical seminar by
the SPWLA President-Elect Dr. Jesus Salazar (Marathon
Oil Corporation) titled “A Practical Petrophysical Model
for a Source Rock Play: The Mancos Shale.” The talk was
extremely well attended and we would like to thank
Marathon Qil Corporation for supporting the event.

UTA Student Chapter January 2019 meeting. Chapter officers with with Dr.
Jesus Salazar (Marathon Oil Corporation). Pictured from left to right: Tiangi
Deng (Secretary), Wen Pan (Webmaster), Mohamed Bennis (Vice-President),
Jesus Salazar (Speaker), Artur Posenato Garcia (President), Sebastian Ramiro
(Treasurer), and Andres Gonzalez (Webmaster).

March 2019
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Chapter News

23 February 2019 — The chapter partnered with the Petroleum
Graduate Student Association to participate in “Introduce
a Girl to Engineering Day” at The University of Texas
at Austin. Over 8,000 elementary and middle school
students were expected to participate in the event, which
gives students a chance to explore careers in science,
technology, engineering, and mathematics (STEM)
through hands-on activities and engaging demonstrations.

Upcoming Events

01 March 2019 — The chapter will host a technical seminar
by Paul Craddock (Schlumberger-Doll Research)
entitled “Integrating Measured Kerogen Properties
with Log Analysis for Petrophysics and Geomechanics in
Unconventional Resources.”

02 March 2019 — The chapter will again partner with the
Petroleum Graduate Student Association to participate
in “Explore UT” at The University of Texas at Austin. The
campus-wide event is described as the “Biggest Open
House in Texas,” which features engaging activities and
inspiring demonstrations designed for visitors of all ages.

15 March 2019 — The chapter will host a local student paper
contest to nominate members to participate in the
2019 SPWLA International Student Paper Contest in the
Woodlands. We are very excited for the event and hope
that this year’s local winners can continue the outstanding
success achieved at the past two contests held at the
annual symposiums in Oklahoma City and London, where
our nominees won 1% place in the Bachelor’s, and PhD
divisions.

12 April 2019 — The chapter will host a technical seminar
by Stefan Hertel (Shell International Exploration and
Production Inc.) entitled “Upscaling of Digital Porosities
by Correlation with Core CT Scan Histograms.”

NUCLEAR LOGGING SIG

2019 Workshop on Casedhole Formation Evaluation -
Sunday, June 16, 2019, 8 a.m.=5 p.m.

The SPWLA Technology Committee has arranged this
Workshop. It is being organized by Ahmed Badruzzaman
and Dale Fitz of the Nuclear Logging SIG. In addition to the
basics and practices of determining hydrocarbon location
and hydrocarbon volumes behind casing and distinguishing
borehole fluids from formation fluids, using typical pulsed-
neutron tools, the workshop will have a special section on the
emerging multiple-detector casedhole tools. The latter make
multiple measurements simultaneously and delineate gas
better than older pulsed neutron tools.
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2018 Nuclear Logging SIG Technical Meeting

The Minutes of the biennial technical meeting of the
SPWLA Nuclear Logging held at the Frank S. Millard Training
Center of the SPWLA on October 29, 2018, have been placed
in the Nuclear SIG Webpage: https://www.spwla.org/SPWLA/
Chapters_SIGs/SIGs/Nuclear_/Nuclear.aspx. The meeting was
organized by R.J. Radtke, the SIG’s VP of Technology. Briefly,
the meeting was attended by 60 nuclear logging experts and
Petrophysicists from across the industry (45 in-person and 15
online through a Webinar). The meeting had four sessions: (1)
Radioactive-Source Risk Mitigation, (2) Natural Gamma-Ray
Calibration, (3) Business Meeting, and (4) Recent Advances
and Challenges.

Release of US Department Energy (DOE) ‘Scoping Study on
Developing Alternatives to Radionuclide-Based Logging
Technologies’ (LLNL-TR-679101)

This study, completed in 2015, was released in 2018. It can
be found on the following link: https://e-reports-ext.linl.gov/
pdf/803033.pdf. A link to it has also been placed on nuclear
logging SIG Webpage. The study was sponsored by the
National Nuclear Security Administration (NNSA) of the DOE
and led by Ahmed Badruzzaman, Chair of SPWLA Nuclear SIG
and an SME Consultant to the USDOE. Several SIG members
gave input during the preparation of the report.
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John Minear
1937-2018

John Wesley Minear passed away on the morning of New
Year’s Day 2018. John was born in 1937 in Odessa, Texas, and
grew up in Brownwood, Texas, where he was valedictorian of
his high school class and an Eagle Scout.

He earned a BA in physics and a PhD (1964) in Geophysics
from Rice University. John was a post-doctoral research
associate in seismology and solid earth physics at the
Massachusetts Institute of Technology under Nafi Toksoz.
While at MIT, he studied the thermal regimes of the Earth’s
mantle and thermal implications of plate tectonics and the
mechanical behavior of the mantle.

John’s career in geoscience began as manager of the
Geosciences Department of the Environmental Studies
Center at the Research Triangle Institute in Raleigh-Durham,
North Carolina (1964-1974). Among his areas of study were
tectonic processes, the thermal history and geophysical
effects of descending crustal plates, and the thermal history
of the moon, as well as developing global thermal models for
terrestrial planets.

From 1974 to 1981, he worked for NASA at the Johnson
Space Center as planetary scientist and geophysical data
curator. From 1975 to 1976, he served as deputy program
scientist for the Jet Propulsion Laboratory’s lunar polar orbiter
planning project.

After NASA, John worked for Welex /Halliburton in the
Houston Technology Center (1981-2000), where | first met and
worked with him almost 40 years ago. As research associate
and group leader of Acoustics Research, initially under Dan
Arnold, he was primarily responsible for developing new

Issue 02

SPWLA TODAY

114

wireline and LWD acoustic logging tools and interpretation
techniques. John led the team that developed the first
successful LWD fullwave acoustics tool. He also served as
project leader for Halliburton’s joint project with Oak Ridge
National Laboratories to develop a permanently emplaced
downhole wellbore sensor and telemetry system (HSTINTS,
high temperature smart transducer interface and telemetry
system).

John retired from Halliburton Research in 2000, and
moved to Crested Butte, Colorado, where he designed and
built a beautiful home with a fantastic workshop, where he
continued his hobby of woodworking and furniture building/
design. However, the winters in Colorado got the best of
him, and so he and Mariann moved back to Houston in 2008,
where he started a consulting company, Cambrial, named for
his sailboat, Cambria. Sailing was John’s other avocation.

Sadly, the last couple of years before his passing, John
developed dementia/Alzheimer’s, but even then he was
always smiling when | and/or my Halliburton colleagues went
to visit him.

John, | and your other friends in the well-logging
community miss you very much.

Harry Smith
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Ward Schultz
1938-2018
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Ward Edward Schultz passed away on December 30, 2018
in Katy, Texas. He was born in 1938 in Evanston, lllinois, and
then moved to Estes Park, Colorado, where he graduated
from Estes Park High School. He then attended the University
of Colorado, where he earned a BS in Engineering Physics, an
MS in Mathematics, and a PhD in Physics (1968).

Following graduation in 1968, Ward joined Texaco
Research in Bellaire, Texas, and began working in the nuclear
well-logging section, which included Dan Arnold, Hugh Scott,
and Mike Smith. That is where | met Ward in 1969, when |
joined that same research group. Ward was an excellent
scientist, and we worked in the same office together from the
day | started until the day | left Texaco in 1978. Ward and |
were the first people in the oil industry to use the large Monte
Carlo modeling codes from Oak Ridge, and later Los Alamos, to
simulate downhole well-logging tools. One of the well-logging
tool concepts we began modeling in 1969 was the C/O pulsed-
neutron log, which we then developed, patented, published,
and were the first to successfully introduce into the oilfield.
After Ward and | both left Texaco in 1978, we continued to
work closely together for the next 20 years at the Welex
Division of Halliburton, later Halliburton Logging Services.

At Welex/Halliburton we continued designing additional
downhole nuclear logging tools, including the TMD pulsed-
neutron logging tool, the first pulsed-neutron-capture (PNC)
logging tool to isolate and measure both the formation and
borehole thermal-neutron-capture cross-sections, a radical
development in PNC logging. Ward continued working at
Halliburton on neutron, density, and other nuclear logs, both
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for wireline and LWD applications. When Halliburton merged
with Dresser Industries in 1998, and Halliburton Drilling
Systems was spun off as Pathfinder, Ward went with Pathfinder
to continue developing LWD nuclear logging tools. Ward
continued at Pathfinder as employee for several years until he
retired and began working as a part-time consultant. He also
was active in his community during retirement, volunteering
in several charitable/nonprofit organizations, including the
AARP Tax-Aid Program and the Fort Bend Seniors Meals-on-
Wheels.

Ward was a fine man and a fine scientist, and we (together
with Dan Arnold, Harold Peelman, Mike Smith, and others)
formed the core of a great team of nuclear well-log developers
at both Texaco and Halliburton. Ward had numerous SPWLA
and SPE publications, and was an inventor on approximately
30 US Patents.

He is survived by his wife of 51 years, Marilyn, his son
David and his wife Julissa, and three grandchildren.

On a personal note, it has been sad indeed to have three
of my closest friends and coworkers over the past 40 to 50
years (Ward, Dan Arnold, and John Minear) all pass away
in 2018. | worked with closely with all, all were outstanding
physicists, and all played a significant part in my being
awarded the SPWLA Gold Medal for Technical Achievement in
1997...certainly that award is in large part theirs as well.

Harry Smith

March 2019



Bill Prins
1933-2019

| feel honored to have been asked to write about Willem
Jan Prins. We all knew him as Bill, or Beel as per his email
signature, a tongue-in-the cheek joke about the French
accent, or Le Batave—check with google translate. His Dutch
name, Prins, is indeed appropriate. It means Prince in English
and in French. A google search on William (the English for
Willem) Prins would bring you straight into the British royal
family.

| wrote this eulogy on a personal basis, because Bill was
so personable. In front of him, anybody would feel that he
was your best friend. He was inquiring about your spouse,
your family and yourself. He was sharing with you his hard-
learnt wisdom and medical knowledge.

Bill was born on May 23, 1933. At age 11, while he was
playing in the family front yard he witnessed the landing of
the Allied paratroopers in his native city of Eindhoven. After
he graduated from Delft University, Bill's career started in
the early 1960s as field engineer in Ragusa, Sicily, Benghazi,
Libya, Abqaiq, Saudi Arabia and Gachsaran, Iran. He had also
assignments in Sale, Australia, and Lagos, Nigeria. He joined
SPWLA in 1972.

I met Bill for the first time in 1978. We were flying together
from the Far East to attend a seminar in Paris. Our employer
had decided that we, the wiggle experts, should learn about
the geological meaning of those curves for the good of the oil
companies. He had recently coauthored a fundamental paper
with Joe Goetz and Ed Logar on the impact of drilling on the
logging measurements, a paper that is still relevant today with
logging-while-drilling and more complex well configurations.
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But Bill's career developed mainly as the international
ambassador of Schlumberger in Jakarta, Singapore, Houston,
London, and The Hague. He used superb French and English
and | have no doubt that he did not lose any of his native
Dutch, which he used from time to time to test my (very poor)
Flemish. His sense of humor gained him immediate sympathy
with any person he met, even when this humor targeted
highly influential persons. He rescued his employer from
many difficult situations from a large Anglo-Dutch company,
whose name | have to withhold.

Bill's technical and business expertise was splendid, but
his qualities as husband and father were no less exceptional.
In the course of his career, he and his wife Mary made
themselves at home in many countries worldwide, creating
warm and lasting relationships wherever they were, and
raising their family of Kevin, Taco and Vanessa. In later years
they settled in Houston, Texas. The latter part of both their
lives was sadly shadowed by difficult health problems: Mary
suffered from Parkinson’s disease and he accompanied her in
this battle with exemplary care and love. One can but admire
Bill for his loving care of Mary during her long illness, after
which he courageously faced and fought his own health
challenges.

Perhaps the above photo typifies what most of us will
fondly remember about Bill: his “joie de vivre,” his gregarious
nature, his hospitality and his (sometimes mischievous) sense
of humor. It was always a pleasure to meet up with him, often
over a meal and a glass of wine, and effortlessly to resume the
friendship, even after an interval of several years.

Bill Diggons summarized it simply and accurately: “No
one | have ever met was as unique as Prins.”

Philippe Theys
Richard Piggin
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Welcome New Members—December 13, 2018—February 14, 2019

Alhitmi, Rugaya, Qatar Petroleum, Doha, Qatar

Allen, Justin, Cardinal River Energy, Norman, OK, United States
Andersson, Henrik, BHGE, Lund, Sweden

Batzer, Chris, Schlumberger, Houston, TX, United States
Bayraktar, Zikri, Schlumberger, Wilmington, MA, United States
Blades, Amanda, Schlumberger, Oklahoma City, OK, United
States

Bouasla, Faycal, Geolog, Doha, Qatar,

Chockley, Robert, Scientific Drilling, Cypress, TX, United States
Dhar Gupta, Kinjal, Schlumberger, Houston, TX, United States
Franzi, Vincent, GeoloG, Grenoble, France

Garza, Daniel, Sanchez Oil & Gas, Houston, TX, United States
Gonzalez, Elia, Halliburton, Spring, TX, United States

Granger, Troy, Santos Ltd, Hope Valley, SA, Australia

Guillory, Christina, Shell, New Orleans, LA, United States
Iwasiw, Alexis, Cordax Evaluation Technologies, Midland, TX,
United States

Johare, Dzulfadly, Petronas, Kuala Lumpur, Malaysia
Kesterson, Donald C, Parkersburg, WV, United States
Leguizamon, Angela, Baker Hughes-GE, Neuquen, Argentina
Lucic, John, CNOOC International, Calgary, AB, Canada

Marin Pimentel, Sidney, Schlumberger, Houston, TX, United
States

Marino, Sonia, Schlumberger, Houston, TX, United States
McNabb, Austin, Crestwood Exploration, Edmond, OK, United
States

Mehra, Alisha, Total, Esbjerg, Denmark

Miiller, Steven, Luxoft, Houston, TX, United States

Murphy, Brian, Continental Resources Inc., Oklahoma City, OK,
United States

Nkie-Ndion, Audrey Aymar, TOTAL E&P CONGO, Nanterre,
France

Nunez, Enrique, Allied Horizontal Wireline Services, Houston,
TX, United States

Olsen, Grant, VSO Petroleum Consultants, Montgomery, TX,
United States

Price, Jimmy, Halliburton, Houston, TX, United States

Rice, Rodney, Hawkwood Energy, Denver, CO, United States
Rigden, Matthew, Schlumberger, Perth, WA, Australia

Saha, Aloke, Shell, Bangalore, Karnataka, India

Satianpanich, Jitkasam, PTTEP, BKK, Thailand

Shahbazian, Shahriar, Repsol, Madrid, Spain

Sitaresmi, Ratnayu, Trisakti University, Jakarta, Indonesia
Sudiro, Paolo, Baker Hughes, Vigonza, PD, Italy

Sutter, Kathryn, IHS Markit, Houston, TX, United States

Tiwari, Kunal, Weatherford International, Katy, TX, United States
Woehling, Valentin, Baker Hughes /Georg-August-University
Goettingen, Kuala Lumpur, Malaysia

Yelisetti, Subbarao, Texas A&M University-Kingsville, Kingsville,
TX, United States

Estepp, John, Wimberley, TX, United States

Issue 02

SPWLA TODAY

Salazar, Julian, Oxy, Bogota, Colombia

Wang, Zhenlin, CNPC, Grand Forks, ND, United States

Adi, Bonifasius Aristomo, Jakarta, Selatan, Indonesia

Ali Mohammadi, Hamzeh, University of Calgary, Calgary, AB,
Canada

Altaf, Ifti, University of Queensland, Morningside, QLD, Australia
Ayuningtyas, Deviana, Trisakti, Bekasi, Jawa Barat, Indonesia
Castro Ponce De Leon, Marcel, IEU Instituto De Estudios
Universitarios, Puebla, Mexico

Chairul Putra, Raffi, West Jakarta, Indonesia

Diara, Dhafinda, Universitas Pertamina, Jakarta, Indonesia
Diara, Dinda, Jakarta, Indonesia

Eghbali, Ali, UT Austin, Austin, TX, United States
Fadhlurachman, Naufal, Trisakti University, Bekasi, West Java,
Indonesia

Faraji, Mohammadali, The University of Newcastle (UoN),
Newcastle, NSW, Australia

Farhan, Ruhul, Jakarta, Indonesia

Gonzalez Lopez, Ruben, University of Texas at Austin, Austin, TX,
United States

Harib, Ahmed, Louisiana State University, Baton Rouge, LA,
United States

Havord, Peter, Curtin University, Bentley, WA, Australia
Hernandez Riveros, Laura, University of Texas at Austin, Austin,
TX, United States

Husin, Muhammad, Surabaya, East Java, Indonesia

Isa, Muhamad, Jakarta Pusat, Indonesia

Jiang, Richard, The University of Texas at Austin, Austin, TX,
United States

Jin, Miao, China University of Petroleum-Beijing, Beijing,
Changping, China

Kalbekov, Arkhat, Colorado School of Mines, Golden, CO, United
States

Kanyan, Lawrence, The University of Texas at Austin, Austin, TX,
United States

Khabipianov, Lenar, Innopolis, Kazan, Russia,

Liu, Lin, China University of Petroleum-Beijing,
Changping, China

Martin, John, London Southbank University, London, United
Kingdom

Mulali, Maoken, University of Alberta, Edmonton, AB, Canada
Nisa, Sultana, Bogor, West Java, Indonesia

Octaverina, Vinka, Tangerang, Indonesia

Ogundipe, Christian, Texas A&M University-Kingsville, Kingsville,
TX, United States

Oktori Hutabarat, Hanny, Jakarta Barat, Indonesia

Oyetunji, Oyedoyin, University of Houston, Richmond, TX,
United States

Pandapotan, Yosua, Jakarta, Grogol, Indonesia

Prasetyo, Pradana, Universitas Pertamina, Pringsewu, Lampung,
Indonesia

Beijing,
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Welcome New Members—December 13, 2018—February 14, 2019

Rahayu, Rani, Jakarta Timur, Indonesia

Rizqullah, Mohammad, Jakarta, Indonesia

Sakai, Hiroaki, Waseda University, Tokyo, Japan

Sayin, Mert, University of Leeds, Leeds, Yorkshire, England
Sudjana, Teddy, Jember, East Java, Indonesia

Syaefuddin, Muhammad, Tangerang Selatan, Banten, Indonesia
Wardana, Raka, Jakarta, Indonesia

Wibowo, Ignatius Wahyu, Surakarta, Central Java, Indonesia
Wijaya, Darmawangsa, Depok, West Java, Indonesia

Wu, Bohan, China University of Petroleum Beijing, China
Yee, Feng, Curtin University, Kuala Lumpur, Malaysia
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