TL

NATIONAL ENERGY TECHNOLOGY LABORATORY

QFmM+

Clay Minerals

8y ° Mixed
~ ? Mudstone
|
aﬂb & %
[+] F. \
RS RES N /' Calcareous
- § /s Mudstone
=] & i o
Siliceous ° / % 8
Mudstone / £
Calcite /
Dolomite

. 15 DEPARTMENT QOF

@) ENERGY

HFTS-1 Natural Joint Data and
Engineering Summary

28 January 2022

NATIOMAL

TECHNOLOGY
LABORATORY

Office of Fossil Energy

TL

DOE/NETL-2022/3724




Disclaimer

This project was funded by the Department of Energy, National Energy
Technology Laboratory an agency of the United States Government, through a
support contract. Neither the United States Government nor any agency thereof,
nor any of its employees, nor the support contractor, nor any of their employees,
makes any warranty, expressor implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise
does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or reflect those of
the United States Government or any agency thereof.

Cover lllustration: A ternary diagram for classification of rock samples from
HFTS-1 site.

Suggested Citation: Lindner, E. HFTS-1 Natural Joint Data and Engineering
Summary; DOE.NETL-2022.3724; NETL Technical Report Series; U.S.
Department of Energy, National Energy Technology Laboratory: Morgantown,
WV, 2022; p 120. DOI: 10.2172/1842829.

An electronic version of this report can be found at:
https://netl.doe.gov/energy-analysis/search

The data in this report can be accessed from NETL's Energy Data eXchange (EDX)
online system (https://edx.netl.doe.gov) using the following link:
https://edx.netl.doe.gov/group/hfts-1-phase-1-group



https://netl.doe.gov/energy-analysis
https://edx.netl.doe.gov/
https://edx.netl.doe.gov/group/hfts-1-phase-1-group

HFTS-1 Natural Joint Data and Engineering Summary

Ernest N. Lindner!?

1 U.S. Department of Energy, National Energy Technology Laboratory, 3610 Collins Ferry
Road, Morgantown, WV 26507

2NETL Support Contractor, 3610 Collins Ferry Road, Morgantown, WV 26507

DOE/NETL-2022/3724

28 January 2022



This page intentionally left blank.



HFTS-1 Natural Joint Data and Engineering Summary

Table of Contents

ABSTRACT ..o 1
1. BACKGROUND......ciiiiiii e n e 2
L1 PURPOSE ... ..o 2
1.2 TEST SITE oo 2
1.3 PRIOR LOG ANALYSIS ..o s 2
2. NATURAL FRACTURES - SLANT WELL ..ot 4
2.1  GENERAL —SLANT WELL FRACTURE DATA — WELL SUGG-A#171 6TW .....4
2.2 CORE #1—-SLANT WELL FRACTURE DATA —WELL SUGG-A #171 6TW ........ 4
2.3  CORE #1 - NATURAL FRACTURE ORIENTATION........cccoiiiiiiiiiiei 5
24  CORE #2 - SLANT WELL FRACTURE DATA — WELL SUGG-A #171 6TW ........ 6
2.5 CORE #2 - NATURAL FRACTURE ORIENTATION........cccoiiiiiiiiiiiiec 7
26  CORE #3—-SLANT WELL FRACTURE DATA — WELL SUGG-A #171 6TW ........ 8
2.7 CORE #3 —FRACTURE ORIENTATION ......cociiiiiiiiiic e 9
2.8 CORE #4 — SLANT WELL FRACTURE DATA — WELL SUGG-A #171 6TW ...... 10
29 CORE #4 — NATURAL FRACTURE ORIENTATION......cccoiiiiiiiiiiici, 11
2.10 CORES #5 AND #6 — SLANT WELL FRACTURE DATA — WELL SUGG-A #171
BTV s 12
2.11 CORES #5 AND #6 — NATURAL FRACTURE ORIENTATION.......cccoveiiiiirienn. 13
3. NATURAL FRACTURES - HORIZONTAL WELL-WELL SUGG-A #171 6SM.... 14
3.1 GENERAL ... s 14
3.2 NATURAL FRACTURE DATA —WELL SUGG-A#171 6SM .........cccoovvviiiiiinnns 14
4. NATURAL FRACTURES - VERTICAL PILOT WELL SUGG-A #171 7SU............. 17
41 GENERAL ..o 17
4.2 NATURAL FRACTURE ORIENTATION — VERTICAL PILOT WELL ................. 17
43  FRACTURE SPACING — VERTICAL PILOT WELL .....cccoiiiiiiiiiiiieee, 21
5. LABORATORY DATA - TRIAXIAL COMPRESSIVE TESTING - PILOT
WELL SUGG-A FLTL TSU ..o 23
5.1 GENERAL ... 23
9.2 STRENGTH DATA L s 23
5.3 MODULUS DAT A ettt ettt b e n e ns 23
6. MAGNETIC RESONANCE AND OTHER TESTING - PILOT WELL SUGG-
AFELTL TSU oot b et b et b e n e r e 26
6.1 POROSITY Lot 26
6.2 WATER SATURATION AND BULK DENSITY ...oooiiiiiiieiiiie e 26
7. OBSERVATIONS ... 31
7.1 NATURAL FRACTURES IN SLANT WELL — SUGG-A #171 6TW.....ccovovviiennne 31
7.2  VARIABILY AND FAULTING — SLANT WELL — SUGG-A #171 6TW ............... 31
7.3  FACIES CLASSIFICATION IN PILOT WELL SUGG-A#171 7SU ......ccccovvvernne. 32
7.4  ENGINEERING PROPERTIES FROM PILOT WELL SUGG-A #171 7SU............. 39
8. REFERENQGES ... .. o 42




HFTS-1 Natural Joint Data and Engineering Summary

APPENDIX A:
APPENDIX B:
APPENDIX C:
APPENDIX D:
APPENDIX E:
APPENDIX F:
APPENDIX G:
APPENDIX H:

Table of Contents (cont.)

SITE MAPS AND GEOLOGIC CONTEXT OF HFTS-1 ..o Al
RELATED LITERATURE DATA ..o Bl
PILOT WELL LOGS. ...t C1l

HORIZONTAL GR LOGS ... ..o D1
COLOR CODE LOG = SLANT WELL ..o, El
COLOR CODE LOG - VERTICAL PILOT WELL ..o F1
COLOR CODE LOG - HORIZONTAL WELLS..........ccooiiii, Gl
FRACTURE STATISTICS IN HORIZONTAL WELLS ... H1




HFTS-1 Natural Joint Data and Engineering Summary

List of Figures

Figure 1: Core #1 natural fracture count per foot in the Upper Wolfcamp Formation.................... 4
Figure 2: Dip direction of natural fracture joint Sets in Core #1.........ccoovvvvieiiienene i, 5
Figure 3: Core #2 natural fracture count per foot in the Upper Wolfcamp Formation.................... 6
Figure 4: Dip direction of natural fracture joint Sets in COre #2.........ccoovvvvieiiieienc i, 7
Figure 5: Core #3 natural fracture count per foot in the Upper Wolfcamp Formation.................... 8
Figure 6: Dip direction of natural fracture joint sets in COre #3...........ccocovvviiieininncisceees 9
Figure 7: Core #4 natural fracture count per foot in the Upper Wolfcamp Formation.................. 10
Figure 8: Dip direction of natural fracture joint sets in Core #4. ..o 11
Figure 9: Core #5 and #6 natural fracture count per foot in the Middle Wolfcamp

00 LA o] o OSSR 12
Figure 10: Dip direction of natural fracture joint sets in Core #5 and #6. ..........cccccevvvevvvieieennenn, 13
Figure 11: Fracture spacing in horizontal well in Middle Wolfcamp Formation, Well

SUGG-A HLTLBSM. .ottt ettt ene e 15
Figure 12: Strike rose diagram and pole diagram of natural (partial) fractures from

horizontal Well SUGG-A #171 6SM. ..ot 16
Figure 13: Strike rose diagram and pole diagram of resistive natural fractures from pilot

WEIL, SUGG-A HLTL TSU. oottt 18
Figure 14: Strike rose diagram and pole diagram of conductive natural fractures from

PIlOt Well, SUGG-A #HL7L TSU..oiiiieiiiseet et 19
Figure 15: Dip direction of natural fractures in vertical pilot well. ..., 20
Figure 16: Fracture spacing in vertical pilot well - Well SUGG-A #171 7SU.........ccccccvevveiveenenn, 22
Figure 17: Uniaxial test results from vertical pilot well SUGG-A #171 7SU. ........ccccovvvvvienenn, 24
Figure 18: Young’s modulus tests with depth in vertical pilot well SUGG-A #171 7SU............. 25
Figure 19: Porosity from manual testing in vertical pilot well SUGG-A #171 7SU........c.cccco..... 27
Figure 20: Porosity from MR testing in vertical pilot well SUGG-A #171 7SU. ........c..ccceuveneen. 28
Figure 21: Water saturation from MR testing in vertical pilot well SUGG-A #171 7SU. ............ 29
Figure 22: Bulk density from MR testing from well SUGG-A #171 7SU. ......ccccccevvevviivccreenen, 30
Figure 23: Lower-hemisphere stereograms of poles of natural fractures in slant core well.......... 33
Figure 24: Coloration changes with increased carbonate content shown in HFTS-1 slant

core well SUGG-A#171 6TW at 9,425 ftand 9,526 ft. .......cccoovviiiiiiiiiece 34
Figure 25: Faults in Core #4 at 9,675-9,681 ft in slant core well SUGG-A #171 6TW ............... 35

Figure 26: Natural fracture apertures from slant core well for the two joint Sets...........c.cceevenenen, 36




HFTS-1 Natural Joint Data and Engineering Summary

List of Figures (cont.)

Figure 27: Mineralogy testing and classification of pilot well SUGG-A #171 7SU core
SAMPIES. bbbt 38

Figure 28: Example of repeating calcite/dolomite layers in the Upper Wolfcamp
Formation at 7,630 to 7,760 ft in POt Well.........ccooiiiiii e 40

Figure 29: Bulk density versus static Young’s modulus for Wolfcamp Formation in
PHOTWEILL ..o 41

List of Tables

Table 1: Approximate Formation Tops and Thicknesses Shown in the Vertical Pilot Well




HFTS-1 Natural Joint Data and Engineering Summary

Acronyms, Abbreviations, and Symbols

Term

Description

Acronyms/Abbreviations

Ca0s Calcium oxide
col Compact Oil-Base Mud Microimager
cop ConocoPhillips
.CsV Comma-separated values file
CT Computed tomography
DOE U.S. Department of Energy
EDX NETL's Energy Data eXchange
GR Gamma ray reading
HFTS-1 Hydraulic Fracture Test Site #1
las Log ASCII standard file for well data
MR Magnetic resonance
NETL National Energy Technology Laboratory
QFM+ Quartz, feldspar, and mica content
RQD Rock quality designation
TOC Total organic carbon
XRF X-ray fluorescence
Units / Symbols
API American Petroleum Institute’s unit for gamma ray emissions
° degrees, orientation from north or horizontal
bpm barrels per minute
cv coefficient of variation
ft feet
g/cm?, g/cc grams per cubic centimeter
Ib/gal pounds per gallon
m meters
mm millimeters (103 m)
Mpsi Megapound per square inch (10° psi)
psi pounds per square inch




HFTS-1 Natural Joint Data and Engineering Summary

Acknowledgments

This work was completed as part of the Science-informed Machine learning to Accelerate Real
Time decision making for Oil & Gas (SMART-OG) Initiative (edx.netl.doe.gov/SMART).
Support for this initiative was provided by the U.S. Department of Energy’s (DOE) Office of
Fossil Energy’s Oil and Natural Gas program through the National Energy Technology
Laboratory (NETL). The authors wish to acknowledge Jared Ciferno (NETL, Acting Onshore
Oil and Gas Technology Manager), Sailendra Mahapatra (DOE Office of Fossil Energy, Program
Manager for Oil and Gas Upstream Research and Machine Learning/Deep Learning/Artificial
Intelligence Programs, and Elena Melchert (DOE Office of Fossil Energy, Director, Upstream
Oil & Gas Research Division) for programmatic guidance, direction and support.

Vi


file://///prod65-fs3/common/Common/SMART%20Initiative/edx.netl.doe.gov/SMART

HFTS-1 Natural Joint Data and Engineering Summary

ABSTRACT

This report provides an analysis of engineering and geologic data collected from the Hydraulic
Fracturing Test Site #1 (HTSF-1) project in the southern Midland Basin, Reagan County, Texas.
The site is being studied as part of the Science-informed Machine Learning for Accelerating
Real-Time Decisions in Subsurface Applications (SMART) Initiative at the National Energy
Technology Laboratory (NETL). The data collected is intended to provide a basis of
understanding of the site and to construct simulation models. This report provides a summary
analysis of the engineering and geologic data collected from the project to provide a basis of
understanding of the site and to construct simulation models.

The report examines various possible correlations in engineering properties based on natural
fracture data from the program, which consisted of 11 horizontal wells, one vertical well, and
one slant well. The horizontal wells are in two horizons: 1) Upper and 2) Middle Wolfcamp
formations. Program data include: fracture frequency and fracture orientation data from four core
runs in a slant well; fracture spacing and orientation from a vertical pilot well; laboratory triaxial
testing and mineralogical determinations; and porosity results from magnetic resonance analyses
from various wells, together with observations based on the data collection. In addition, available
references were reviewed on the site for additional insights. As the focus of the report is on the
natural system, hydraulic fracture data from the site were not examined in detail in this report.

Data variability is the chief observation in examination of the database. Fracture frequency in the
slant well can range from sections with values as high as five fractures per ft to sections up to
100+ ft in length with no natural observed fractures. Fracture spacing across is typically less than
10 ft, but can range up to hundreds of feet. Apparent fracturing shows the trends in two
predominate orientations, E-SW and WNW-ESE, but minor variations exist. The rock units vary
across the site from siliceous mudstones to calcareous mudstones, showing a general layering
with depth. The laboratory properties such as strength and modulus show no apparent trend with
depth, but appear to correlate with rock mineralogy with high strength and modulus values where
calcium content is high.

In addition, an attempt to examine variability and mineralogy on a larger scale was made using a
color-coded system based on gamma ray measurements. A staged colored approach was adopted,
presuming that lower gamma ray values indicate higher value of calcium content (blue scale) and
that higher gamma ray values indicate higher clay mineral content (orange scale). As provided in
report appendices, the system correlated well with visual examination of the slant core and the
petrofabric analyses of the vertical pilot well. The results showed large variability in mineral
content along the horizontal plane across the site. The change in mineral content was also rapid,
on a scale less than that of the average hydraulic fracture stage length of about 180 ft.

The data used in this report is available on NETL’s Energy Data eXchange (EDX) website:
https://edx.netl.doe.gov/group/hfts-1-phase-1-group
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1. BACKGROUND

11 PURPOSE

This report provides an analysis of engineering and geologic data from Hydraulic Fracturing Test
Site #1 (HFTS-1) as a basis for developing an understanding of the site and to construct
simulation modeling for machine learning. With effective simulation modeling, engineers will be
able to design and execute effective hydraulic fracture stages that significantly contribute to
production of petroleum in the United States.

This summary report was created from the database obtained during the Phase 1 work on
HFTS-1, a collaborative, field-based research project funded by the U.S. Department of Energy
(DOE) through the National Energy Technology Laboratory (NETL). The work was a public-
private partnership involving a number of exploration and production firms, together with
support from academia. The overall field work utilized a range of testing including micro
diagnostic formation injection tests, advanced petrographic imaging, tracer testing, microseismic
surveys, tilt-meter surveys, bottom-hole pressure data, side-wall coring, as well as multiple pre-
and post-treatment cross-well seismic surveys (Ciezobka et al., 2018).

This report is focused on the natural system component of HFTS-1, to examine and evaluate the
data on natural fractures at the site, to evaluate the related engineering properties to identify
possible parameter correlations, and to examine data aspects that could indicate the uniformity of
the rock mass. The effort reviewed available core logs and well surveys, examined reports on
approximately 595 ft of rock coring, evaluated laboratory testing on rock strength, modulus,
porosity, saturation, bulk density, and mineralogy, as well as examined basic results from gamma
radiation results across the site.

The database used in this report is maintained on the NETL’s Energy Data eXchange (EDX)
website: https://edx.netl.doe.gov/group/hfts-1-phase-1-group.

1.2 TESTSITE

As described by Ciezobka et al. (2020), the HFTS-1 site is in the southern Midland Basin,
located in the northern portion of Reagan County, Texas. The overall Phase 1 test program
consisted of 11 horizontal wells, one vertical well, and one slant well across the site. The
horizontal wells are in two horizons: 1) Upper Wolfcamp Formation and 2) Middle Wolfcamp
Formation. Horizontal well spacing in the same formation is approximately 660 ft.

To provide a context for this effort, a site location map and other relevant cross-sections are
provided in Appendix A. Additional data from the literature are included in Appendix B.
Appendix C provides plots of various logs from the vertical pilot well. Appendix D provides
gamma ray (GR) logs for the set of horizontal logs at the site.

1.3 PRIOR LOG ANALYSIS

Reports by Gale et al. (2017, 2018) describe coring operations at HFTS-1, including core
acquisition, handling, and preparation. These topics are not described further in this report. Of
importance, Gale et al. also reviewed core and core logs from the site, identifying both natural
and hydraulic fractures, and provided reports on their observations. As a general conclusion,
natural fractures were seen to be either sealed, partly sealed (original fracture porosity), or
parted. In the latter case, cement was observed on the fracture wall(s). For intact fractures in
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segment of cored borehole in the slant core, core apertures were typically less than 1-mm wide,
and the dominant filling mineral is calcite with some minor pyrite.
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2. NATURAL FRACTURES - SLANT WELL

2.1 GENERAL - SLANT WELL FRACTURE DATA - WELL SUGG-A #171 6TW
Data for slant core well fractures is taken from:

e File: Master fracture data sheet_All Cores.xls.

e Directory: First Round Data/beg-hfts-phase-1/BEG HFTS Phase 1/BEG fracture
descriptions.

e EDX:
https://edx.netl.doe.gov/workspace/resources/smart_task 6 development?folder id=de6f
2d43-7188-4079-8dbb-04d91983a9ce

e Each line of data is considered a fracture.

22 CORE#1-SLANT WELL FRACTURE DATA - WELL SUGG-A#171 6TW

Core #1 extends from 9,276 ft to 9,365 ft (inclusive) (approximately 90 ft) in the Upper
Wolfcamp Formation (Figure 1). The natural fractures in the core show variable spacing with
zones where no fractures were detected. It appears that the rock quality designation (RQD)
index! of the core is generally high except near 9,312 ft and 9,339 ft. Two faults are indicated at
depths of 9,278.7 ft and 9,332.0 ft, which correlate with more-intense fracturing of the core.

Core #1 —9,276-9,365 ft; 75 natural fractures;
57 natural fractures with orientation
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Figure 1: Core #1 natural fracture count per foot in the Upper Wolfcamp Formation.?

1 RQD is a rough measure of the degree of jointing or fracture in a rock mass, measured as a percentage of the
drill core in lengths of 10 cm or more (Wikipedia). RQD in this context is an only rough estimate.

2 The “number of natural fractures with orientation” excludes faults. The number of natural fractures reported,
however, includes both faults and joints.
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2.3 CORE#1-NATURAL FRACTURE ORIENTATION

Natural fractures were divided into two sets in logging. Plotting the dip direction of each set
separately, two groupings with depth for each set can be observed. For Core #1 fractures, set #1
has two trends, oriented approximately as 150°/330° (see Figure 2a) and set #2 shows two trends
at 40° and 220° (see Figure 2b); however, some outliers exist. The dip data of both fracture sets
are highly similar, ranging from 71° to 89°.
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Figure 2: Dip direction of natural fracture joint sets in Core #1.
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24  CORE #2 - SLANT WELL FRACTURE DATA - WELL SUGG-A #171 6TW

Core #2 extends from 9,366 ft to 9,481 ft (approximately 115 ft) in the Upper Wolfcamp
Formation (Figure 3). The natural fractures in the core show variable spacing with a large zone
where no fractures were detected at approximately 9,431 ft to 9,458 ft. It appears that the RQD
index of the core is generally high except near 9,397 ft. No faults are indicated for the drill
interval.

Core #2 — 9,366-9,481 ft - 72 natural fractures
with 52 natural fractures with orientation

Figure 3: Core #2 natural fracture count per foot in the Upper Wolfcamp Formation.

Note: Each line of data is considered a fracture.
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2.5 CORE#2-NATURAL FRACTURE ORIENTATION

Natural fractures were divided into two sets in logging for Core #2. Plotting the dip direction of
each set separately, two groupings with depth for each set can be observed. For Core #2
fractures, set #1 has two trends, oriented approximately as 130° and 310° (see Figure 4a) and set
#2 shows two trends at 35° and 215° (see Figure 4b); however, one outlier exists. The dip data of
both fracture sets are highly similar, ranging from 70° to 89°.
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Figure 4: Dip direction of natural fracture joint sets in Core #2.
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26  CORE#3-SLANT WELL FRACTURE DATA - WELL SUGG-A#171 6TW

Core #3 extends from 9,482 ft to 9,589 ft (approximately 108 ft) in the Upper Wolfcamp
Formation (Figure 5). The natural fractures in the core show sparse spacing with a large zone
where no fractures were detected at approximately 9,551 ft to 9,574 ft. It appears that the RQD
index of the entire core is very high. A set of three faults is indicated at a depth of 9,580 ft.

Core #3 —9,482-9,589 ft - 34 natural fractures
with 23 natural fractures with orientation

Figure 5: Core #3 natural fracture count per foot in the Upper Wolfcamp Formation.

Note: Each line of data is considered a fracture.
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2.7 CORE #3-FRACTURE ORIENTATION

Natural fractures were divided into two sets in logging for Core #3. Plotting the dip direction of
each set separately, two groupings with depth for each set can be observed. As for Core #1,
Core #3, set #1 fractures show two trends, oriented approximately as 135° and 315° (see Figure
6a) and set #2 shows two trends at 30° and 210° (see Figure 6b). The dip data of both fracture
sets are highly similar, ranging from 81° to 88°.
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Figure 6: Dip direction of natural fracture joint sets in Core #3.
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28 CORE #4 - SLANT WELL FRACTURE DATA - WELL SUGG-A #171 6TW

Core #4 extends from 9,590 ft to 9,717.5 ft (approximately 128 ft) in the Upper Wolfcamp
Formation (Figure 7). The natural fractures in the core show generally uniform spacing, with
higher fracturing at: 9,611; 9,667; 9,690; 9,698; and 9,706 ft. It appears that the RQD index of
the core is generally high but with zones of more fracturing. Faulting is indicated at depths of
approximately of 9,675, 9,678, and 9,680 ft (7 faults).

Core #4 — 9,590-9,718 ft - 99 natural fractures

5 with 63 natural fractures with orientation
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Figure 7: Core #4 natural fracture count per foot in the Upper Wolfcamp Formation.

Note: Each line of data is considered a fracture.
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29 CORE#4 -NATURAL FRACTURE ORIENTATION

Natural fractures were divided into more than two sets in logging, but only two sets report
orientation data (as in the prior runs). Plotting the dip direction of these two sets separately, two

groupings

with depth for each set can be observed. Similar to Core #1, set #1 fractures have two

trends, oriented approximately as 135° and 315° (see Figure 8a) and set #2 shows two trends at
30° and 210° (see Figure 8b). The trends do show some scatter® at three locations.* The dip data
of both fracture sets are highly similar, ranging from 77° to 89°.
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Figure 8: Dip direction of natural fracture joint sets in Core #4.

3 A better fit can be obtained if two groups were incorrectly identified, and some problems were noted in the data
report in this interval by Gale et al. (2017).

4 Gale et al. (2017) also describes some minor discrepancies in the original core logs provided by ConocoPhillips
(COP) in sections in slant well (9,628-9,634 ft and 9,655-9,667 ft).
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2.10 CORES#5 AND #6 - SLANT WELL FRACTURE DATA — WELL SUGG-A #171
6TW

Core #5 extends from 11,525 ft to 11,559.6 ft (approximately 35 ft) and Core #6 extends from
11,564 ft to 11,685 ft (approximately 120 ft) for a total of 155 ft (Figure 9) in the Middle
Wolfcamp Formation. The two cores were combined as little natural fracture data exists for Core
#5. The natural fractures in the cores show generally uniform spacing, with higher fracturing at
11,604 ft together with zones of no fractures at various intervals. It appears that the RQD index
of the core is generally high. No faulting is indicated in this interval.

Core #5 & #6 — 11,525-11,685 ft - 37 natural
fractures with 32 fractures with orientation
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Figure 9: Core #5 and #6 natural fracture count per foot in the Middle Wolfcamp
Formation.

Note: Each line of data is considered a fracture.
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2.11 CORES#5 AND #6 - NATURAL FRACTURE ORIENTATION

Natural fractures were divided into two sets in logging. Plotting the dip direction of these two
sets separately, two groupings with depth for each set can be observed. Similar to Core #1,
fractures in set #1 show two trends, oriented approximately as 135° and 315° (see Figure 10a),
and fractures in set #2 show two trends at 40° and 220° (see Figure 10b). The trends do show
scatter, however. The dip data of both fracture sets are highly similar, ranging from 75° to 90°.

Dip Direction Set #1 Dip Direction - Set #2
11525
11525
11535 9 S
11535
11545
11545
11555
11555
9
11565
o 11565
11575
o 11575
11585
S 11585
11595
b 11595
11605 Koo
g L 11605
< [
£ 1615 2
2 % 11615
11625
11625
11635
11635 ®
11645 o
11645
11655 o
11655
11665 ° © 14
> 11665
11675
® 3 11675
11685 < o <
11685
11695
00  60.0 120.0 180.0 240.0 300.0  360.0 11695

0.0 60.0 120.0 180.0  240.0  300.0  360.0
Dop Direct (degree)

Dip Direction (degree)

(a) 135° and 315° (b) 40° and 220°

Figure 10: Dip direction of natural fracture joint sets in Core #5 and #6.
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3. NATURAL FRACTURES — HORIZONTAL WELL-WELL SUGG-A #171 6SM

3.1 GENERAL
Data taken from:

e File: 8201-129725767 Laredo_Sugg A 171 6SM_COI_Fractures DIP_CSV.csv

e Directory: /hfts-1-phase-1-individual-well-files/SUGG A 171 6SM Horizontal
/2_Processed Image Log

e EDX: https://edx.netl.doe.gov/dataset/hfts-1-phase-1-individual-well-files

3.2 NATURAL FRACTURE DATA - WELL SUGG-A #171 6SM

The fracture record for horizontal well SUGG-A #171 6SM in the Middle Wolfcamp Formation
extends from 7,771 ft to 18,283.66 ft (reference distance) or approximately 10,512 ft in length
(Figure 11). The natural fractures in the record show variable spacing with most spacings less
than 10 ft, and some at distances up to 165 ft. Most of the fractures are labeled as “partial” with
five listed as “resistive.” A total of 1,013 fractures are recorded, for a frequency of about one
fracture every 10 ft.

The fractures show a strong trend to the NNW to NW with a smaller trend to the NNE, as shown
in Figure 12.
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Figure 11: Fracture spacing in horizontal well in Middle Wolfcamp Formation, Well
SUGG-A #171 6SM.
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Joint Rose Diagram - Strike

i N
n=1013 — —

NW

SNW ENE

SwW E
WS ESE
SSwW SSE

S

Pole Density Contour Diagram 0°
n=1013
315°

270. %l

180"

Figure 12: Strike rose diagram and pole diagram of natural (partial) fractures from
horizontal well SUGG-A #171 6SM.

Notes:

1. Data from file: 8201-129725767_Laredo_Sugg A 171_6SM_COI_Fractures_DIP_CSV.csv
2. Directory: hfts-1-phase-1-individual-well-files//SUGG A 171 6SM Horizontal.
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4. NATURAL FRACTURES — VERTICAL PILOT WELL SUGG-A #171 7SU

4.1 GENERAL
Data taken from:

e Files: Laredo SUGG_A 171 7SU_dip_frac_7850 8100 _Corrected.ascii,
Laredo_ SUGG_A_171 7SU_dip_frac.ascii

e Directory: /hfts-1-phase-1-individual-well-files/SUGG A 171 7SU Pilot
Hole/2_Processed Image Log

e EDX: https://edx.netl.doe.gov/dataset/hfts-1-phase-1-individual-well-files

4.2 NATURAL FRACTURE ORIENTATION — VERTICAL PILOT WELL

In the analyses by Laredo Petroleum (2016), natural fractures in the vertical pilot well are
divided into three groups: (1) resistive, (2) conductive, and (3) marginal. Resistive fractures are
healed, generally calcite-filled, and strongly strike along a trend of NNW (approximately
330-360°) with a minor trend at ENE (about 80°) (Figure 13). The conductive fractures primarily
strike NNE (approximately 10-30°), with smaller peaks at 75°, 105°, and 135° as shown in
Figure 14. The two marginal fractures trend ENE (at about 75°). The dip of these near-horizontal
fractures is 0-20°.

Looking at fracturing in each unit separately, the dip direction in the Dean Formation appears
more consistent, while the fractures in the Middle and Lower Wolfcamp formations are more
variable (see Figure 15). Natural fractures also appear to be somewhat clustered with depth into
several (weak) groupings. Some examples of this clustering are at depths:

e 7,2421t0 7,280 ft (Dean)

e 7,484107,542 ft (Upper Wolfcamp)

e 7,670to 7,674 ft (Upper Wolfcamp)
* 7,902 to 7,920 ft (Middle Wolfcamp)

« 8,073 to 8,088 ft (Middle Wolfcamp 2) (fracturing at 8,073 to 8,088 being the most
evident)

« 8,162 t0 8,168 ft (Middle Wolfcamp 2)
+ 8,346 to 8,349 ft (Lower Wolfcamp)
+ 8,422 1t0 8,425 ft (Lower Wolfcamp)
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Joint Rose Diagram - Strike N
n=79
NNW NNE

SNW ENE

ESE

Pole Density Contour Diagram 0
n=79

315°

Figure 13: Strike rose diagram and pole diagram of resistive natural fractures from pilot
well, SUGG-A #171 7SU.

Notes:

1. Data from file: 8201-129725767_Laredo_Sugg A 171_6SM_COI_Bedding_DIP_CSV.csv.
2. Directory: SUGG-A 171 7SU Pilot Hole/ 2_Processed Image Log. (2015).
3. Resistive fractures are sealed/filled fractures.
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Joint Rose Diagram - Strike
n=238 N
NNW NNE
NW NE
SNW ENE
SwW E
WS ESE
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Pole Density Contour Diagram 0
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180°

Figure 14: Strike rose diagram and pole diagram of conductive natural fractures from pilot
well, SUGG-A #171 7SU.

Notes:

1. Data from file: 8201-129725767 Laredo_Sugg A 171_6SM_COI_Bedding_DIP_CSV.csv.
2. Directory: SUGG-A 171 7SU Pilot Hole/ 2_Processed Image Log. (2015).
3. Resistive fractures are open/unfilled fractures.
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Figure 15: Dip direction of natural fractures in vertical pilot well.
Notes:

1. Data from files: Laredo_SUGG_A_171_7SU_dip_frac.ascii and
Laredo_SUGG_A_171_7SU_dip_frac_7850_8100_Corrected.ascii.
2. Directory: SUGG-A 171 7SU Pilot Hole/ 2_Processed Image Log. (2015-2016).
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43 FRACTURE SPACING - VERTICAL PILOT WELL

The fracture record for vertical pilot well SUGG-A #171 7SU extends from 6,939.67 ft to
8,464.59 ft (vertical depth) or approximately for a total of 1,525 ft (Figure 16). The natural
fractures in the core show variable spacing with most spacings less than 10 ft, but some spacings
are at distances up to 157 ft. The fractures are labeled as either “conductive” (38) or “resistive”
(79). A total of 117 fractures are recorded, for a frequency of approximately 0.08 fractures/ft
(eight fractures per 100 ft). A microfault was recorded at about 8,400 ft and two “marginal”
fractures at 7,897 ft, both of which were not included in the total number of fractures.®

5

A “significant feature” in the database was also excluded (a bedding plane) at approximately 7,293.3 ft.
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Figure 16: Fracture spacing in vertical pilot well - Well SUGG-A #171 7SU.

Notes:

1. Data from files: Laredo_SUGG_A_171_7SU_dip_frac.ascii and
Laredo_SUGG_A_171_7SU_dip_frac_7850_8100_Corrected.ascii.
2. See Directory: SUGG-A 171 7SU Pilot Hole/ 2_Processed Image Log. 2015-2016.
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5. LABORATORY DATA - TRIAXIAL COMPRESSIVE TESTING - PILOT
WELL SUGG-A #171 7SU

5.1 GENERAL
Data taken from

e Files:
o 150712 Multi-Stage Triaxial-Summary-LWC 1-28-16.xls
o 150712 Multi-Stage Triaxial-Summary-MWC 1-28-16.xls
o 150712 Multi-Stage Triaxial-Summary-Spraberry 1-28-16.xls
o 150712 Multi-Stage Triaxial-Summary-UWC 1-28-16.xls
e Directory: Final Inventory/Side-wall_Core_Data/7SU_Pilot/ 11_Triaxial Compressive
Tests
e EDX:
https://edx.netl.doe.gov/workspace/resources/smart_task_6_development?folder_id=705e
29a0-1686-425f-b324-ec035f357e4d

52 STRENGTH DATA

Uniaxial strength results (i.e., strength at a confining stress = 0) from the vertical pilot well
SUGG-A #171 7SU are shown in Figure 17. A general average of uniaxial strength is
approximately 6,000 psi. The results also show more variability and higher strengths below
7,800 ft in the Middle and Lower Wolfcamp formations.

5.3  MODULUS DATA

Young’s modulus data from various laboratory tests on sidewall core from the vertical pilot well
SUGG-A #171 7SU are shown in Figure 18. The data for each formation exhibits wide variation
(especially below 7,800 ft), and no definitive trend is apparent in the data. A weak trend of
increasing modulus can be suggested together with an increase in variability with depth, but this
is tentative.

The average modulus of all values is 4.23 Mpsi and range from 1.2 to 8.3 Mpsi. With a uniaxial
strength of about 6,000 psi, the rock can be considered to have an average to high modulus ratio
that is not typical of shales® (Deere and Miller, 1966).

6 Given the clay mineral content reported elsewhere, the Wolfcamp units are better classified (in most cases) as
mixed mudstone/siltstone units rather than a typical shale.
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Figure 17: Uniaxial test results from vertical pilot well SUGG-A #171 7SU.
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Figure 18: Young’s modulus tests with depth in vertical pilot well SUGG-A #171 7SU.

Note:

1. Values based on testing at highest confining pressure measured showing results, depending on test sequence.
2. Average Young’s modulus of Wolfcamp units is 4.32 Mpsi; average Young’s modulus of Spraberry is 3.68 Mpsi.
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6. MAGNETIC RESONANCE AND OTHER TESTING —PILOT WELL SUGG-
A#1717SU

6.1 POROSITY

Overall, porosity measurements of examined units are between 2% to 11.6% in the pilot well.
Porosity was measured on core samples manually as well as using magnetic resonance. The
manual samples (Figure 19) are variable, averaging approximately 6.5% and show no obvious
trend in the Wolfcamp formations, while the samples from the Spraberry are lower in value. The
porosity values from magnetic resonance average somewhat lower (averaging about 5.5%).
However, the Middle Wolfcamp values in this group appear higher than this trend, and as a
group average approximately 7.4% (Figure 20). The Spraberry measurements average about
5.5%.

6.2 WATER SATURATION AND BULK DENSITY

Water/oil saturation and bulk density were also measured on core from the pilot well

SUGG-A #171 7SU using magnetic resonance, and results are shown in Figure 21 and Figure 22.
Water saturation varies over a wide span from 3% to 79% with somewhat higher values in the
Spraberry Formation.

Bulk density results from magnetic resonance (MR) range from 2.4 to 2.8 g/cm? as shown in
Figure 22. The results show wide variability around an average of 2.59 g/cm?®with somewhat
more variability in the Middle Wolfcamp Formation.
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Figure 19: Porosity from manual testing in vertical pilot well SUGG-A #171 7SU.
Notes:

1. Data from file: Sugg_A_#171_7SU_Core_Vault_GRI_Jan_22_2016.xIsx.
2. Directory: SUGG A 171 7SU Pilot Hole/Corevault GRI.
3. Average porosity of Upper Wolfcamp = 6.5%; average of Middle Wolfcamp = 6.8%.

27



HFTS-1 Natural Joint Data and Engineering Summary

6,800
Porosity

7,000

7,200 A A Spraberry
® Upper Wolfcamp

Middle Wolfcamp

7,400

Depth (ft)

7,600 °

(]
7,800 ® ([

8,000

8,200

8,400
0 2 4 6 8 10 12 14

Porosity (%)

Figure 20: Porosity from MR testing in vertical pilot well SUGG-A #171 7SU.
Notes:

1. Data from file: 150712 MR Shale-Sats Report 11-3-15 (1).xIsx.
2. Directory: SUGG A 171 7SU Pilot Hole/Magnetic Resonance.
3. Average porosity of Upper Wolfcamp = 5.5%; average of Middle Wolfcamp = 7.4%.
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Figure 21: Water saturation from MR testing in vertical pilot well SUGG-A #171 7SU.
Notes:

1. Data from file: 150712 MR Shale-Sats Report 11-3-15 (1).xIsx.
2. Directory: SUGG A 171 7SU Pilot Hole/Magnetic Resonance.
3. Average porosity of Upper Wolfcamp = 5.5%; average of Middle Wolfcamp = 7.4%.
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Figure 22: Bulk density from MR testing from well SUGG-A #171 7SU.
Notes:

1. Data from file: 150712 MR Shale-Sats Report 11-3-15 (1).xIsx.
Directory: SUGG A 171 7SU Pilot Hole/Magnetic Resonance.
Average bulk density = 2.59 g/cm?.

Results similar to Smye et al. (2019).

H>own
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7. OBSERVATIONS

7.1 NATURAL FRACTURES IN SLANT WELL - SUGG-A #171 6TW

Core logging of natural fractures in the slant core well involved approximately 594 ft of 4-in.
core with Cores #1 to #4 involving about 441 ft and Cores #5 and #6 involving approximately
153 ft of core. From fracture frequency plots of the slant core well by COP, it is evident that the
core in runs #1 to #4 show moderate to few natural fractures per foot, averaging less than 1
fracture per foot, and with larger gaps in fracturing (approximately 25 ft) existing at two points.
Some locations of greater fracturing (showing five fractures per foot) exist, which could indicate
zones of lower RQD. Fracture logs for core runs #5 and #6 show only sporadic fracturing with
less than 0.5 fracture per foot together with larger zones of no-fracturing.

A total of 302 natural fractures’ and 15 faults are reported in the data, with 227 fractures having
orientation data (dip direction). Two defined sets® are designated in the frequency data and show
little variation in orientation, with a few exceptions (which may be an issue in grouping in the
appropriate fracture set). From the available data files, set #1 has 141 observed fractures, and
set #2 has 86 observed members. Set #1 is trending approximately 130°-310° (WNW-ESE) and
set #2 is about 35°-215° (NE-SW).

As observed by Gale et al. (2019), the aperture-size distribution for NE-SW fractures follow a
negative-exponential function, whereas WNW-ESE fractures follow a weak power-law (see
Figure 26). They also state that fracture cluster widths are 100-200 m, and cluster spacings range
from 350 to 600 m. Fractures in compact oil-base mud microimager (COI) image logs in two
other wells have lower cv (1.59 to 2.32).

The orientation of total observed natural fractures from the source data were compared to calcite-
filled-only natural fractures from Gale et al. (2017, 2018, 2020) for the two defined joint sets
(Figure 23) and show a similar trend in dip direction. Gale et al. (2019) also note that the
observed fracture apertures are all below a few millimeters, and most are below a 1 millimeter,
as shown in Figure 26.

7.2  VARIABILY AND FAULTING - SLANT WELL - SUGG-A #171 6TW

The parent rock of siliceous mudstone shows distinct layers of calcareous mudstone in the
Wolfcamp Formation and other formations. In examining core from the slant core well, the
carbonate content in instances corelates with lighter color core sections where rock mineralogy
approaches 40% calcium oxide (CaOs), as shown in Figure 24. Clay mineral content in these
zones also appear lower.

Some faulting is also apparent in the core, however the extent of these features appears minor,
and they can be termed microfaults in this context (Figure 25). The surfaces do show
slickensides, however. Gale et al. (2017) characterized two types of faults in slant well core:

(1) early, soft-sediment deformation faults and (2) moderately dipping structures with oblique
slip indicated by slickensides on the fault walls (Figure 25). In one case, the slickensides suggest
normal and dextral components of oblique slip. Some faults have a small amount of calcite

7 Each line on the data table is assumed to represent one fracture.

8 Some additional fracture sets are identified but with no dip direction data.
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cement. There are a total of 11 faults in the Upper Wolfcamp, with 7 of them in Core #4, but
none was observed in the Middle Wolfcamp.

7.3  FACIES CLASSIFICATION IN PILOT WELL SUGG-A #171 7SU

Mineralogical testing of samples from the Spraberry, Dean, and Wolfcamp formations were
conducted in the pilot well at various depths (see Table 1). Based on a ternary classification
approach, most observed results are either a siliceous mudstone or a calcareous mudstone;
however, one result is classified as an argillaceous mudstone from the Upper Spraberry
(Figure 27). This ternary evaluation is comparable to other measurements in the Wolfcamp
Formation of the Midland Basin (see Appendix B).

The ternary evaluation also suggest that the data are in two separate groups, one in the siliceous
mudstone and the other in the calcareous mudstone categories. Overall, it can also be inferred
that the clay mineral content of these formations is below 60%?°, and therefore, the units are not
typical shales. The petrographic log supports this assessment of lower clay mineral content.
These observations are consistent with mechanical testing discussed earlier, which indicate that
the results are outside the typical “shale” category, based on modulus ratio (Deere and Miller,
1966).

9 The upper bound is consistent with many formations designated as “oil shales”. A higher clay mineral content,
more than 60% can be seen as an impediment to hydraulic fracturing.

32



HFTS-1 Natural Joint Data and Engineering Summary

~ L _’_f
(@) Set#1 :

(b) Set#2

Figure 23: Lower-hemisphere stereograms of poles of natural fractures in slant core well.
Notes:

1.

Modified from Gale et al. (2017) and data from COP analysis. Set numbers are reversed in Gale et al. (2017).
2.

Orientation trends from present analyses of filled and unfilled natural fractures were added to figures.

33




HFTS-1 Natural Joint Data and Engineering Summary

] ’
] —_—
: -
-
-
—
——e
.
» —
-
- —
° —-
—_—
:
" —_
.
——
-
Lnd
. | S—
-
. —
2 —
-
-
»
' -
-
-
-
Al -
-
-
-
¢ -
® -
-
- —_—
. »
1
¢ —
. B
' —
‘ —_—
™ —_—
: —
. | ——
° —
) [ ———
i Jre—
1
»
.
-

Figure 24: Coloration changes with increased carbonate content shown in HFTS-1 slant core
well SUGG-A#171 6TW at 9,425 ft and 9,526 ft.

Note:

1. Modified from HFTS-1 data.

File: GTI Core 1-4 CT Scans-XRF-Frac - Scale 1-50.pdf.

Directory: Data - HFTS-1/Fracture_log (Slant Core well).

The zones at 9,425 ft and 9,526 ft correspond to minimum Spectral Gamma values.

Hwn
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Figure 25: Faults in Core #4 at 9,675-9,681 ft in slant core well SUGG-A #171 6 TW as noted
by Gale et al. (2017).
Notes:

1. From Gale et al. (2017).
2. From slant core logging, faults show only limited effects on core run.
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Figure 26: Natural fracture apertures from slant core well for the two joint sets.

1. From Gale et al. (2019). Set numbers are reversed in this report.
2. Fractures are described as filled.
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Table 1: Approximate Formation Tops and Thicknesses Shown in the Vertical Pilot Well

Log
Formation ‘ Depth to Top (ft) Thickness (ft)
Spraberry 6,917 376
Spraberry 2L 6,993
Spraberry 3L 7,133
Dean 7,293 146
Upper Wolfcamp (Wolfcamp A) 7,439 430
Upper Wolfcamp - 1 7,561
Upper Wolfcamp - 2 7,758
Middle Wolfcamp (Wolfcamp B) 7,869 426
Middle Wolfcamp - 2 8,058
Lower Wolfcamp (Wolfcamp C, D) 8,295

Notes:

1. From file: SUGG A 171 7SU PETROPHYSICS — GTL tif.
2. Directory: /SUGG A 171 7SU Pilot Hole/7_Petrophysics; 2016.
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Figure 27: Mineralogy testing and classification of pilot well SUGG-A #171 7SU core
samples.

Notes:

1. Based on data from Strasen (2016); however, this figure is replotted and rotated.

2. Quartz, feldspar, and mica content (QFM+) and other minerals, as plotted, includes pyrite and kerogen content as well.

3. Results are from the Spraberry, Dean, and Wolfcamp formations, but calcareous readings are from the Wolfcamp
Formation only.

4. The clay bound (i.e., at 60% clay mineral content) is based on various authors who have suggested that most “oil
shales” have less than 60% of clay mineral content, and therefore the units are not shales, and indicating that the rock
response is not dominated by clay mineral content.
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Further, the petrology log shows that the formations at the site have a general structure of
repeating layers of calcareous mudstone occurring periodically within the siliceous mudstone
background (see Figure 28). These calcareous units become more frequent with depth. This is
consistent with the identification of two differing mineralogical groups, one for the calcareous
layers and the other for the siliceous background. However, this classification does diverge (to
some degree) from reports by others for the region.°

7.4  ENGINEERING PROPERTIES FROM PILOT WELL SUGG-A #171 7SU

As reported in Sections 5 and 6, engineering test results from side wall core testing of
SUGG-#171 7SU vertical well core show variable results with no definitive trends in data.
However, some weak (possible) trends in the data exist. Strength data appear to be more variable
and trending higher in strength in the Middle and Lower Wolfcamp formations (below 7,800 ft).
The general trend in uniaxial strength is approximately 6,000 psi, but values tend to increase at
depth. Compressibility (i.e., Young’s modulus) appears to increase with depth across the entire
sampling sequence and with more variability in results at depth. General trends in Young’s
modulus data show an increase from 3.0 Mpsi to 6.0 Mpsi with depth. These compressibility
values are consistent with results by Patterson (2017).1

Looking at possible correlations, there appears to be a general relation of gross bulk density with
static Young’s modulus. As shown in Figure 29, bulk density results of less than 2.55 g/cm?
correlate with lower modulus results on the order of 2 to 4.5 Mpsi, while bulk modulus results
greater than 2.65 g/cm? correlate with higher modulus results on the order of 5.5 to 8.5 Mpsi.

As discussed earlier, porosity, water saturation, and bulk density data from MR tests on sidewall
core from SUGG-A #171 7SU also show large variability. The water saturation exhibit very
wide variability with depth ranging from 3% to 79% with no apparent trends, although the
Spraberry Formation results seem to be higher. The porosity results vary from 2% to 11%
(mostly in the range of 3% to 10%) and show a weak trend of porosity to increase with depth
below 7,800 ft in the Middle and Lower Wolfcamp formations.?

The average bulk density result appears roughly constant with depth, averaging about 2.59
g/cm?3, but varies widely from 2.4 to 2.8. The average is consistent with results reported by Syme
et al. (2019) of 2.56 g/cm?.

10 For example, Green and others indicate that the Wolfcamp A to C units are silicate-rich calcareous shales
(Green et al., 2020). Syme et al. (2019) report the Wolfcamp units in the Midland Basin as a “siliceous
mudrock, calcareous mudrock, muddy bioclast-lithoclast floatstone, skeletal wackestone/packstone.” Patterson
(2017) states that the formation includes “fossiliferous limestone, organic-rich limestone, silty mudstone,
calcareous silty mudstone, siliceous silty mudstone, cemented limestone, and dolomitic micrite.” Baumgardner
et al. (2014) identified four facies: “(1) siliceous mudrock, (2) calcareous mudrock, (3) carbonate-clast
conglomerate, and (4) skeletal wackestone/packstone.”

11 Modulus results from Patterson (2017) range from 2.5 to 3.5 Mpsi in Wolfcamp A, and 2.8 to 3.5 Mpsi in
Wolfcamp B.

12 The porosity results from Patterson (2017) range from 5.59-9.30 for Wolfcamp A and Wolfcamp B, with
Wolfcamp B having higher values.
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Figure 28: Example of repeating calcite/dolomite layers in the Upper Wolfcamp Formation
at 7,630 to 7,760 ft in pilot well.

Notes:

1.  From file: SUGG A 171 7SU PETROPHYSICS — GTLtif.
2. Directory: /SUGG A 171 7SU Pilot Hole/7_Petrophysics. 2016.
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Figure 29: Bulk density versus static Young’s modulus for Wolfcamp Formation in

pilot well.
Notes:
1. Data from files: 150712 Multi-Stage Triaxial-Summary-LWC 1-28-16.xls, 150712 Multi-Stage Triaxial-Summary-
MWC 1-28-16.xls, 150712 Multi-Stage Triaxial-Summary-UWC 1-28-16.xIs.
2. Directory: SUGG A 171 7SU Pilot Hole/11_Triaxial Compressive Tests.
3. Modulus results taken at highest confining stress for each triaxial test, at confining pressures of 1,510 to 2,670 psi.
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APPENDIX A: SITE MAPS AND GEOLOGIC CONTEXT OF HFTS-1

Al

LOCATION AND GEOLOGIC CONTEXT

Hydraulic Fracturing Test Site Number #1 (HFTS-1) is in the southern Midland Basin, in the
northern portion of Reagan County, Texas (Figure Al). The program consisted of 11 horizontal
wells, one vertical well, and one slant well. The horizontal wells are in two horizons: 1) Upper
and 2) Middle Wolfcamp formations (see Figure A2 to Figure A4).

Geologically, the program investigated five formations in the Lower Permian System
(Figure A5):

1.

2
3
4.
5

Spraberry

Dean

Upper Wolfcamp (Wolfcamp A)
Middle Wolfcamp (Wolfcamp B)
Lower Wolfcamp (Wolfcamp C)

The location of the site in Midland Basin is shown in Figure A6 with nearby stratigraphic
structures.
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Figure Al: General site location of HFTS-1 in Midland Basin, Reagan County, Texas.

Note: Modified from Perry (2018).
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Figure Al: Rotated section showing horizontal HFTS-1 wells and other nearby wells.

Note:

1. From file: GTI Presentation 12-04-2017.pptx. (Presentation by Wood, T. and Leonard, D. (Protechnics) Hydraulic

Fracturing Test Site: Tracer Update, 2017).
2. Wells in the immediate site area (not all in HFTS-1 program): 1HU, 2HM, 3SU, 4SM, 4SU, 5SM, 5SU, 6SM, 6SM,

7RM 7SU, 8SM, 8SU, 1SM, 1SU, and 6 TW (slant core well — center, unlabeled).
3. Well numbers are generally prefixed with “SUGG-A #171” for lease name.
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Figure A3: Slant core well 6TW location near other horizontal wells.

Note:

1. From file: smart_data-inventory.pptx. (Presentation by Kumar, A. Task6: Multi-Level Data Driven Fracture Network
Imaging for Rapid Decision Making. 2020).
2. Slant core well is inclined approximately 81°-82° and was drilled after horizontal wells.
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Figure A4: Plan view of HFTS-1 well program together with partial cross-section.

Note:

1. From Ciezobka et al. (2018).

2. Blue wells are in Upper Wolfcamp (UW) Formation; red wells are in Middle Wolfcamp (MW) Formation.

3. Well #7SM should be relabeled as #7RM.

4. Slant core well (dashed line) is SUGG-A #171 6TW.

5. Well numbers are generally prefixed with “SUGG-A #171” for lease name.

6. Distances are in feet.

7. The wells were drilled using a “zipper frac” completion sequence approach (with crew and number of stages in

parentheses) as follows:
e  Zipper Frac Completion 1 (frac crew 1): Wells 7SU (43 stages) and 8SU (37 stages)
e  Zipper Frac Completion 1 (frac crew 2): Wells 5SU (37 stages), 6SU (37), and 6SM (37 stages)
e  Zipper Frac Completion 2 (frac crew 1): Wells 7SM (49 stages) and 8SM (37 stages)
e  Zipper Frac Completion 2 (frac crew 2): Wells 3SU (37 stages) and 4SU (45 stages)
e  Zipper Frac Completion 3 (frac crew 2): Wells 4SM (37 stages) and 5SM (37 stages)

A-5



HFTS-1 Natural Joint Data and Engineering Summary

* Wolfcamp is late Pennsylviantan to eartly Permian in age P
* Midland Basin is composed of interbedded carbonate,
clastic turbidites and organic-rich shales
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Figure A5: Stratigraphic column for the region showing Spraberry, Dean, and Wolfcamp
formations.

Note:

1. From Pioneer Natural Resources (2014) (also, see: Waite, 2019).
2. Wolfcamp is also divided into upper, middle, and lower horizons:
e  Upper Wolfcamp = Wolfcamp A
e  Middle Wolfcamp = Wolfcamp B
e Lower Wolfcamp = Wolfcamp C and D.
3. Seealso Smye et al. (2019).
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Figure A6: Major structural and tectonic features near HFTS-1 site in the central Midland

Basin, Texas.

Note: Modified from EIA (2020).
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APPENDIX B: RELATED LITERATURE DATA

B.1 LITERATURE

Related literature on engineering aspects of and correlations with the Permian formations from
other sites are relatively sparse. Mineralogy results on the Wolfcamp Formation were the most
reported and are consistent with site data (see Figure B1 and B2). Dynamic modulus results
versus clay mineral content were reported by Schwartz (2018) (Figure B3) and an evaluation of
brittleness of the Wolfcamp is shown by Salahshoor et al. (2020) (see Figure B4). The
stratification of these formations is also recognized by various authors (e.g., Figure B5).
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Figure B1: Ternary mineral diagrams of Wolfcamp Formation from the literature.

Note:

1. Figure (a) is from Zoback and Kohli (2019); Figure (b) is from Sayers et al. (2019).

2. The figure from Sayers et al. also suggests a possible trend of increased kerogen content with increased quartz and
feldspar content (?).
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Mineralogy Based on XRD Data.
Facies from Core Description.

Clay minerals
0 A100

o Siliceous mudrock
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Quartz = 9-90%, feldspar 0-19%, pyrite 0-13%,apatite 0-9%.

Calcite = 0-85%, dolomite = 0-70%, ankerite = 0-20%, siderite = 0-18%.
Clays = illite 0-40%, mixed ill/smec = 0-12%, chlorite = 0-15%,

kaolinite = 0-5%.

Figure B2: Additional ternary mineral diagram of Wolfcamp Formation from Midland
Basin.

Note:

1. From Baumgardner et al. (2014).

2. Samples are from Lower Leonard and Upper Wolfcamp (operational Wolfcamp A and B) strata.

3. Authors indicate that: high gamma ray reading (GR) responses generally correlate with siliceous mudrocks and high
total organic carbon (TOC) content. They also indicate that rock strength (unconfined compressive strength) decreases
with silicon content because much silicon is in, or associated with, clay minerals and that rock strength increases with
carbonate content, like Haynesville shale.
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Figure B3: Elastic dynamic moduli with varying clay mineral and carbonate content
for the Wolfcamp Formation.

Note:

1. From Schwartz (2018).

2. Legend for figure: E = Young’s modulus, G = shear modulus; K = bulk modulus, wt % = percent weight,
GPa = gigapascal

3. Results are dynamic moduli based on sonic well logging.
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Figure B4: Correlation between clay mineral content and brittleness in Upper and Middle
Wolfcamp at HFTS.

Note:

1. From Salahshoor et al. (2020). See Campbell et al. (2018) for other brittleness correlations.

U = Upper Wolfcamp; M = Middle Wolfcamp.

Note that the maximum clay mineral content shown is less than 35%.

It is assumed that Brittleness is as defined by Rickman et al. (2008). The Rickman equations can have the combined
general form (Bai, 2016):

B, = Z(E - 28v + 10.2)

Bl

where B = Brittleness, E = Young’s Modulus and v = Poisson’s ratio; E is in units of Mpsi.
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Figure B5: 3D facies model of Upper Wolfcamp (Wolfcamp A) Formation.

Note: From Phan (2019).
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APPENDIX C: PILOT WELL LOGS
C.1 PILOT WELL COMPLETION LOGS

Resistivity, GR, and density data from the vertical pilot hole are shown in Figure C1. The
general trends in these data differ from “typical” regional results as reported by Waite (2019),
which are shown in Figure C2. Aside from the variability, there are only a few mild trends in the
HFTS-1 data. One trend is the upper half of Spraberry Formation shows a reduced variability in
comparison to other units. In addition, the resistivity in the Dean Formation appears on the
average, lower than the adjacent units, while the upper 200 ft of the Upper Wolfcamp shows an
increased resistivity. In contrast, there is a significant reduction in calcareous mudstone layering
in the Middle Wolfcamp at approximately 7,920 ft to 8,080 ft (based on the petrophysics log for
the pilot well), and the various logs in this interval reflect a decreased heterogeneity.

C-1



HFTS-1 Natural Joint Data and Engineering Summary

Resistivity (ohm-meter) Gamma (API) Density (g/cc)

1 10 100 1000 0 100 200 300 22 24
6880 6880 6880

6900 % 6900
‘SPRABERRY :

~
°

28 3.0

6900

6920 6920 6920
6940 6940 6940
6960 6960 6960
6980 6980 6980
7000 7000 7000
7020 7020 7020
7040 7040 7040
7060 7060 7060
7080 7080 7080
7100 7100 7100
7120 7120 7120
7140
7160
7180
7200
7220
7240
7260
7280
DEAN

7340

7360

7380

7400

7420

7440

7460

7480

7500

7520

7540

7560

7580

7580 7580

7600 7600 7600

=
7140 7140
7160 7160
7180 7180
7200 7200
7220 7220
7240 7240
7260 7260
7280 7280

=

7300 7300 7300

7320 7320 7320

7340 7340

7360 7360

7380 7380

7400 7400

7420 7420

UPPER WOLFCAMP'

7440 7440

7460 7460

7480 7480

7500 7500

7520 7520

7540 7540

7560 = 7560 §

Figure C1: Resistivity, gamma ray and density logs from SUGG-A #171 7SU pilot well
(1 of 3).
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Figure C1 (cont.): Resistivity, gamma ray, and density logs from SUGG-A #171 7SU pilot
well (2 of 3).
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Figure C1 (cont.): Resistivity, gamma, and density logs from SUGG-A #171 7SU pilot well

(3 of 3).

Data from file: LAREDO_PETROLEUM_SUGG_A_171_7SU_TRIPLE_COMBO_LAS.las
Directory: /hfts-1-phase-1-individual-well-files/SUGG A 171 7SU Pilot Hole/1_Field Logs/
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Figure C2: “Typical” Midland Basin stratigraphy and logs.
Notes: From Waite (2019).
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APPENDIX D: HORIZONTAL GAMMA RAY LOGS
D.1 GAMMA LOGS FROM HORIZONTAL WELLS

Gamma ray logs from horizontal wells in the Upper Wolfcamp are shown in Figure D1. The logs
are from wells SUGG-A #171-1SU, -3SU, -5SU, -6SU, and -8SU and SUGG-A #158-1SU.™® No
apparent pattern is evident across the horizon. Each log shows varying degrees of variability
across the Upper Wolfcamp. This implies that the horizontal plane is especially heterogenous
with varying amounts of calcite and silicate. This is contrary to the common assumption that the
horizontal plane in sedimentary formations is generally homogeneous for extended distances.

13 EDX Directory: /hfts-1-phase-1-individual-well-files.
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Figure D1: Gamma logs from horizontal wells in the Upper Wolfcamp, Wells SUGG-A #171-
1SU, -3SU, -5SU, -6SU, and -8SU and SUGG-A #158-1SU (1 of 2).
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Figure D1 (cont.): Gamma logs from horizontal wells in the Upper Wolfcamp, Wells
SUGG-A #171-1SU, -3SU, -5SU, -6SU, and -8SU and SUGG-A #158-1SU (2 of 2).

Notes:

1. X-axis scale adjusted to capture larger values and minimize white space.
2. The “depth” in the horizontal holes is a reference distance along well and is not a vertical depth.
3. The data are from files:
e Laredo_Sugg A 171 8SU_SS.las
e Laredo_Sugg Al171 #6SU_SS.las
e Laredo_Sugg Al171 #5SU_SS.las
e Laredo_Sugg Al171 _#4SU_SS.las
e Laredo_Sugg_Al71_#3SU_SS.las
e lLaredo_Sugg A 158 1SU_SS.las.
4. EDX Directory: /hfts-1-phase-1-individual-well-files/[[Well Name]]/Completions/Corelab Spectascan Log.
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APPENDIX E: COLOR CODE LOG — SLANT WELL

E.1 COLOR-CODED GAMMA LOGS FROM WELL SUGG-A #171 6TW, CORES #1
TO #4

To better understand the variability of the slant well lithology, a combination log was created
with photographs of the code exterior and the lithologic proxy log for the first four core runs
from the slant well (Figure E1). In addition, a color-based log was developed based on the GR
results to indicate areas of increased calcite and clay mineral content.

E.2 DATA

The GR data are taken from Core Laboratories Petroleum Services/Laredo Petroleum Inc. field
gamma logs'®. The proxy log and photographs are from Shell Oil Company®® for the slant well
taken at logged distances of 9,276.0 to 9,717.5 ft. The proxy log is an X-ray fluorescence (XRF)
log with lithographic proxies of SiO> (for silica content), CaO (for limestone content), and Al>O3
(for clay mineral content). The proxy log has the following code:

1. Grey = Al203 (aluminum oxide)
2. Yellow = SiO; (silicon dioxide)
3. Blue = CaO (calcium oxide)

The added color-coded log (‘6 Multi-Rule”) presumes that low GR results are indicative of
increased calcite content and large GR values are indicative clay mineral content, and the two
trends are exclusive, i.e., the two trends are independent. In essence, the code is similar to
Sadeghvishkaei (2017, Figure 4.7) used to provide a geomechanical profile, but with differing
bounds. The log was prepared with Microsoft Excel, using conditional formatting, and the
bounds are shown in Table E1.

The 6-level color-code is a simplification of current practice, however itis introduced here to
assist in identifying major lithographic conditions for hydraulic fracturing. As noted by several
authors (e.g., Petrowiki, 2017; AAPG Wiki, 2019), the gamma ray log character is one of the
primary methods used to correlate the stratigraphic section. However, the log response depends
on the radiation, tool characteristics, logging parameters, and other factors such as drilling mud
can influence results. As provided, the limits for the color code are subjectively correlated with
other logs and the comparison is shown in this appendix. For comparison, typical GR values for
varying lithologies are shown in Table E2.

14 From files 1) FieldGamma_C1_Laredo_Sugg_A 171 6TW.xIs,
2) FieldGamma_C2_Laredo_Sugg_A_171 6TW.xls, 3) FieldGamma_C3 Laredo_Sugg_A_171 6TW.xls
and 4) FieldGamma_C4 Laredo_Sugg_A_171 6TW.xls; EDX directory: ... / Slant_Well_Data/6 TW/.

15 From P. Desjardin, 2017, file: GTI Core 1-4 CT Scans-XRF-Frac - Scale 1-50.pdf; EDX directory: ... Data -
HFTS-1/Fracture_log_(Slant Core well)
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Table E1: Color-Code for Multi-Rule GR Log

Lithology Color GR Values (API units)
Larger Limestone/Dolomite Content Dark Blue <55
Significant Limestone/Dolomite Content Navy Blue 55to 70
Moderate Limestone/Dolomite Content Light Blue 70 to 104
Moderate Clay Mineral Content Yellow Orange 104 to 145
Significant Clay Mineral Content Orange 145 to 999
Larger Clay Mineral Content/Radioactive Red 5999

Tracers Present

Table E2: Typical GR Values for Differing Lithologies

Gamma Ray Values

Lithology (API units)
Sandstone (quartz) (ra:eSI;(:jcz)OO)
Limestone 10to 40
Dolomite 1510 40
(rarely to 200)
Shale 60 to 150
Organic-rich Shale 100 to 250
Anhydrite, Halite 8to 15
Sylvite 350 to 500
Coal 15 to 150

(any value possible)

Note: From AAPG Wiki (2019).
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Figure E1: Comparison of color-code log based on gamma results from slant well with log

photographs and lithological proxy log (1 of 5).
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Figure E1 (cont.): Comparison of color-code log based on gamma results from slant well
with log photographs and lithological proxy log (2 of 5).
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Figure E1 (cont.): Comparison of color-code log based on gamma results from slant well
with log photographs and lithological proxy log (3 of 5).
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Figure E1 (cont.): Comparison of color-code log based on gamma results from slant well
with log photographs and lithological proxy log (4 of 5).
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Figure E1 (cont.): Comparison of color-code log based on gamma results from slant well
with log photographs and lithological proxy log (5 of 5).
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APPENDIX F: COLOR CODE LOG —VERTICAL PILOT WELL
F.1 COLOR CODED GAMMA LOGS FROM SUGG-A #171 7SU PILOT WELL

To better understand the variability of the vertical lithology, two color-code log schemes were
developed based on the GR results to indicate areas of increased calcite and clay mineral content.
The results were compared to the combined petrophysics log for the well prepared for the
hydraulic fracture test site #1 (HFTS-1) project. The legend for the combined petrophysics log is
shown in Figure F1 and the comparison results are shown in Figure F2.

F.2 DATA

The GR data are from Laredo Petroleum Inc. field gamma logs®®. and the combined petrophysics
log is from the Probabilistic Integrated Petrophysical Evaluation by Laredo Petroleum Inc !’ for
the vertical pilot well taken at logged distances of 6,884.0 to 8,481.5 ft.

Two color-code logs were developed using GR data. They both presume that low GR results are
indicative of increased calcite content and large GR values are indicative clay mineral content,
and the two trends are exclusive, i.e., the two trends are independent.

The first log (“Tri-Zone”) was prepared with Microsoft Excel, using conditional formatting. It
uses a three zone, graded classification where high GR values are red, low GR values are blue,
and intermediate values are white, with varying color intensity within each group (see Table F1).

A second color log (“6 Multi-Rule”) also prepared with Excel uses a more-restrictive coloring
approach, with no graded shading and is divided into two parts, as described in Table F2.

16 From file: SUGG-A 171 7SU_GTl.las; EDX directory: /hfts-1-phase-1-individual-well-files/SUGG A 171
7SU Pilot Hole/1_Field Logs.

o From file: SUGG A 171 7SU PETROPHYSICS DFIT.tif; EDX directory: ... /hfts-1-phase-1-individual-well-
files/SUGG A 171 7SU Pilot Hole/7_Petrophysics.
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Table F1: Color-Code for Tri-Zone Log

GR Values
Lithology Color (API units)
Larger Clay Mineral Content Red >999
In-Between Values White
Limestone/Dolomite Content Dark Blue <55

Table F2: Color-Code for 6 Multi-Rule log (2-Column System)

GR Values
Lithology Color (API units)
Column # 1
Moderate Clay Mineral Content Yellow Orange 104 to 145
Significant Clay Mineral Content Orange 145 to 999
Larger Clay Mineral Content/Radioactive Red 5999
Tracers Present
Column # 2
Larger Limestone/Dolomite Content Dark Blue <55
Significant Limestone/Dolomite Content Navy Blue 55to 70
Moderate Limestone/Dolomite Content Light Blue 70 to 104
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Figure F1: Legend for the combined petrophysics log.
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(5 of 16).




HFTS-1 Natural Joint Data and Engineering Summary

R A

ane

(A R R R T e et ek A A e S A

ESUHE SHECCL O e R R S A Gl R G AT T Ul i S el R A s S R LR

= CHSaa N T L | SUMCEE TNy s 2L 20K A ININ 0V E.I307RPRII0e sWERILY

7484

(6 of 16).
F-9

Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(7 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(8 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(9 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(10 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(11 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(13 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well

(14 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(15 of 16).
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Figure F2 (cont.): Comparison of color-code logs with lithological log from pilot well
(16 of 16).
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APPENDIX G: COLOR CODE LOG -HORIZONTAL WELLS
G.1 COLOR-CODED GAMMA LOGS FROM HORIZONTAL WELLS

To better understand the variability of the horizontal lithology, a color-code log scheme was
developed based on the GR results to indicate areas of potential increased calcite and clay
mineral content. The color code was applied to the GR results of selected horizontal wells in the
Upper Wolfcamp Formation (i.e., labeled “SU”). No other logs (density, modulus, etc.) were
available for these wells.

The resulting diagram (Figure G1) shows no discernable pattern although adjacent borings can
show occasional similarities. The variation is to some degree cyclical and can be the result of
cyclical patterns of deposition on a periodic basis.

In well SUGG-A #171-4SU, at depths of roughly 500 ft!8 and greater, very large GR values
(greater than 1,000 API) are evident in the completion log, as indicated by large patches of red.
This also occurs in the raw data of SUGG-A #171-6SU (i.e., in the completion log). The cause of
these large values is undetermined, but in all likelihood, is due to the presence of radioactive
tracers. Log 6SU has apparently been corrected; corrected GR data for well 4SU appears in
graphic form but not in numerical data.®

G.2 DATA

The color-coded logs use a multi-color presentation (“6 Multi-Rule”) which presumes that low
GR results are indicative of increased calcite content and large GR values are indicative of clay
mineral content, and the two trends are exclusive, i.e., the two trends are independent. The log
was prepared with Microsoft Excel, using conditional formatting. The bounds used in the 6-level
conditional format are shown in Table G1.

The logs? are presented in 100 ft sections with the relative bottom depth of each section shown
on the bottom left. Only the first 1,000 ft of each horizontal well is shown in this appendix (with
10 sheets).

18 The “depth” in the horizontal holes is a reference distance along well and not a vertical depth.
19 A line of data, labeled as “GR OH” (open hole?) appears in file, Laredo_Sugg_A171_#4SU_SS.pdf, but is not
shown in the accompanying *.las file, Laredo_Sugg_A171 #4SU_SS.las.

20 The data for the logs are from files:

Laredo_Sugg_A 171 8SU_SS.las
LAREDO PETROLEUM_SUGG A #1716SU_2609 128306104 RUN 1_MAIN PASS_LAS.las
Laredo_Sugg_A171_#5SU_SS.las
Laredo_Sugg_A171_#4SU_SS.las
Laredo_Sugg_A171_#3SU_SS.las
Laredo_Sugg_A 158 1SU_SS.las.
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Table G1: Color-Code for 6 Multi-Rule GR Log

GR Values
Lithology Color (API units)
Larger Limestone/Dolomite Content Dark Blue <55
Significant Limestone/Dolomite Content Navy Blue 55to 70
Moderate Limestone/Dolomite Content Light Blue 70 to 104
Moderate Clay Mineral Content Yellow Orange 104 to 145
Significant Clay Mineral Content Orange 145 to 999
Large Clay Mineral Content/Radioactive Red 5999
Tracers Present
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Figure G1: Color-code of GR values for horizontal logs (1 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (2 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (3 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (4 of 10).
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500
Figure G1 (cont.): Color-code of GR values for horizontal logs (5 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (6 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (7 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (8 of 10).
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Figure G1 (cont.): Color-code of GR values for horizontal logs (9 of 10).
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1000
Figure G1 (cont.): Color-code of GR values for horizontal logs (10 of 10).
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APPENDIX H: FRACTURE STATISTICS IN HORIZONTAL WELLS
H.1 NATURAL FRACTURE STATISTICS FOR WELLS 6SU AND 6SM PER STAGE

To better understand the variability of the natural fractures in relation to hydraulic fracture stages
employed at the site, two horizontal wells at the center of the site, SUGG-A #171 6SU and
SUGG-A #171 6SM, were analyzed. These wells are the only two horizontal wells having the
natural fracture data to permit this analysis.

Fracture types were defined as provided in Table H1. Tables H2 and H3 show the analysis
results for 6SU and 6SM for the Upper and Middle Wolfcamp wells, respectively, for each
fracture stage?'. In review, the average number of natural fractures per stage is relatively low for
both wells, with a general average of approximately 18 fractures per stage in well 6SU, and 19
fractures per stage in well 6SU?2. These values result in average fracture spacings of 15.7 ft and
20.4 ft in 6SU and 6SM per stage, respectively. The overall range in the number of fractures per
stage differs somewhat between the two wells, with a range of 0 to 35 fractures per stage in well
6SU and 1 to 45 fractures per stage in well 6SM.

In both wells, the dip of natural fractures is mostly near-vertical (averaging about 82°), but with
other sets (with differing dips) appearing intermittently in the data. The general average azimuth
of all fractures again is similar for both wells at approximately 207° and 205°%, for a general
direction of SSW. Eight faults were noted in the tabulated data of well 6SU, but no faults were
included in the 6SM data.

H.2 DATAIN STAGES

The fracture data from the underlying source files were subdivided based on the stage distances
of each sequence. For well SUG, the data was extracted from the log ASCII standard file for well
data (*.las), while 6SM data were taken from a comma-separated values (*.csv) file.?* The
analysis includes all natural fractures and faults within the boundaries of each stage. Most
fractures are designated as “partial fractures.” The results shown in the table are simple averages
of the raw data and the data were not processed or subdivided into fracture sets. The pumping
data was provided by A. Kumar from his analysis of other data.

2L The stage length varies with each well. The length of stage is taken from the distance from the top perforations

to the bottom perforations.

22 Note that each stage is approximately 181 ft to 184 ft in length between perforations except for stage #37 in
well 6SU, with a length of 219 ft.

¥ Asimple average of the azimuths was computed, and they were not modified to a range of 0° to 180°.

Files: 2609-128306104 Laredo_Sugg_A-171-6SU_COI_Final_DipData.las and
8201-129725767 Laredo_Sugg A 171 6SM_COI_Fractures_DIP_CSV for import to IP.csv.

[N
=
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Table H1: Key for Numeric Types of Discontinuities shown in Tables H2 and H3

Discontinuity

1 Bedding

2 Conductive Fracture
3 Resistive Fracture

4 Partial Fracture

5 Conductive Fault

6 Resistive Fault

7 Partial Fault
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Well 65U

Top

Purforation

my

Table H2: Analysis of Natural Fracture Statistics in Well SUGG-A #171 6SU

Matural Fracture Description Pumping Data

Humber Proppant
Section o Matural Fracturs Average  Averags  Treatment Cencantrali

Fraciuras Fracture Types in Stage Irilarnaity Azimiuth Diig Prassura  Shary Raba @

in Binge [men Kay) {Fraclength) [y} " ipsl) (taprm] [igal]

#2 *3 Fasulis
1 17 G09E 50 1T EDD F10.50 2 o a z K ooooad 17EZ TOE HEFAA BE.BO 0.5%=0
2 ATA2TSD AT R090D 181,50 13 0 a 13 o 00716 2334 BAT BO00.5 &1.80 0.5548
3 1715850 A7 34000 181.50 11 0 0 1 [+ C.0E0g 2006 bag G2e2. T 3,30 0.7C38
4 1680880 1T 0100 181.80 13 ] a 13 o ellerpl 2828 Baa E81T4 103 07158
-] 16,620 50 16,802 00 181.50 1B o ] 1E L C.CE82 21Te 4.5 GEEZ3IT B0 A2 0.6E38
a 1835150 18,533 00 181,50 Bl n a B ] 01433 2011 R3 R A0ES 4 B3.57 01,7406
) 16068250 1626400 181.50 kLI 0 2 2 o 0L1873 1965 i1z LIHRER] 041 0.6730
L] 1581350 15968500 181.50 k3 o 1 HA | o CLTED 1PED [F BaeT 6 Ta.96 06580
a 15,534 50 1572600 181.50 ao o 2 1} ] 0553 1968 B4 5EEED T4.32 0.5885
10 15275580 15 L5700 181.50 L] o ] L] o LoE3d 2041 R4.1 5331A Tia2 0.5783
" 1500650 1518800 181,50 35 0 a EL 1 01928 20z e 628 78148 207 06952
12 1479750 1481800 181.50 18 o a 18 o Co10a? 1962 B21 58213 80,64 06M7
13 14 46850 14 68000 181.50 a 1 a T o Codst 2433 TRE 551 B1.50 06706
14 14,195.50 14 38100 181.50 a5 o 1 a3 1 0A3TT 2503 13 GETZA BO.ET 0.7053
15 1303050 411200 181,50 3 0 1 iz 1 01873 1985 BO.Z 581481 81,72 06340
165 1366150 1364300 181.50 24 0 1 23 [+ o1de2 2087 3 STEIA 0.7 0.6523
17 13,59280 1557400 181.80 1] ] a 1& 2 (il ) 168S T4 BEET & B214 .3852
18 1312380 13,305 00 181.50 4 o ] &8 L Coodd 1987 T G4EZ S B04n 0.70a7
13 12,854 50 1303600 181,50 18 n a 18 ] n.Cma? 186 9 1T SA08 5 81,18 01,7058
m 1258550 1276704 151.50 20 H a 0 +] 01102 148.0 68T 52401 TE.E2 0.6441
Fal 1231650 1248800 181.80 23 o a 23 o G267 162 5 TE 5658.5 B2 56 06710
2 12,047 50 12,225900 181.50 ar o a awr +] Co488 1840 88 53E3.1 2158 0.E=53
3 11,778 80 11,960 00 181.50 JE o ] B8 o 01433 2001 R4.Z UEREE B2.50 .67T36
&4 50950 1180100 181,50 35 0 a 5 o G928 1744 616 53434 81,82 0.7&8
x5 1124050 1142200 181.50 ] i a & o G0t 2608 B S1E8T.3 &1.00 06758
il 1097180 11,163.00 181.50 az o a 2z o o212 1972 rEd 52434 B2A2 0.7233
T 10,702 50 10,884 00 181.50 1 o 1 0 K 0.Os0E 2IEE B3E GE49.3 B312 L.EB40
= 1043350 1081500 15150 17 0 a 17 o Rk 1939 BT S30A A8 81,38 07385
] 1016450 1034600 181.50 7 0 0 -] 1 [HesTili} 211 A5 SdaT 2 8175 0.7108
k) 8858 80 10,077 00 181.80 Fr ] 1 18 2 fi212 18eF a4 54785 Taay .68kR
N B ERE.5D 5 B0R.00 181.50 1E o ] 1B C C.C=82 1978 7899 51ET .5 B2.81 0.7Z38
2 5,357 50 B530,00 181,50 16 n a 168 1] 0.C=R2 1887 RZE 54958 BI04 0,736
3 9.056.50 §.270.00 151.50 11 H a 1 +] 0.CE08 1863 B3 55808 342 06751
4 BR18.50 B001.00 181.80 12 o L] 12 o ey 2130 FR] 5150.5 B547 0.7368
a5 BESD.ED B T3200 181.50 5 o a ] o CLOETE 22EE TaTr L8738 217 o.Eez
a5 838150 B 483.00 181.50 o ] T o [.CZRE 20E8 RaT ROZTT B4 BR 0.7181
a7 B.012.50 B84.00 18150 0 0 0 Q o = = = 1814 526 0.7505
Averags = 18 C1005 207 a1 So&A.4 815 O&Td
Sawimum = e oo19ze 264 HeE [ R pas 0750
Alimemiam = L] 0oooad 14% T L07a6 Ta D.zxas
sam=| 1 [ w0 [ e &
Notes:
1. The data are from files: 2609-128306104 Laredo_Sugg_A-171-6SU_COI_Final_DipData.las and Sugg A
171 #6SU & #6SM Proppant Sequence. Stage 1 data excluded from orientation averages.
2. National Energy Technology Laboratory’s Energy Data eXchange (EDX) Directory: ... /hfts-1-phase-1-
individual-well-files/SUGG A 171 6SU Horizontal/2_Processed Image Log.
3. The length of stage is taken from the top perforation to the bottom perforation in data files.
4. Numeric key for fracture types (shown in Table H1) differ from source.
5. Bedding observations are not included in fracture data.
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Table H3: Analysis of Natural Fracture Statistics in Well SUGG-A #171 6SM

Well 65M

Hatural Fracture Description Pumping Data

H i b Prappant
Top Bottom Section  of Matural Fracture Average  Averags  Treabment Concentrat
Parfaratios  Parforatian Fraciuras Fragture Types in Slage Irsbianai iy Azimth 1] Prassure  Slurry Rata [
i L2} ¥ty In Stage (men Koy {Frac. e rgth) Tl M ] {bgam) {Inigaly

@2 #3 # Foults

1 1BDSSS0 1823900 18350 ] o [ g ] 0.0450 2607 BED E335.8 57.5185 05854
2 ATTR400  1TSETED 18350 2 o o 28 o 01626 2323 4.2 E146.8 502648 OET4E
3 ATE1ZE0 1TESGO0 18350 az o o 42 a 02283 230 HE2 42853 58,7162 03921
& ATZ4100  T428E0 18350 ar ] o a7 o 02016 22648 BLE EETH.1 734643 05212
5 HEESSS0 1715300 18350 13 o o 45 o 0.2452 1847 B BEZET TE2IET a.5642
6 1EE3B00 1688150 18350 a1 o o 3 a 01683 1926 821 52363 799627 05284
7 ME42650 1651000 18350 17 o o 13 o 0.0708 1240 BEE EOE0.4 79.3133 asuGR
8 1EAS500 1533850 18350 ] o o 8 a 0.0435 2514 4.2 E157.1 50,2603 0588
9 15B83S0 1608700 18350 1z ] o 12 o 0.0E54 177.4 RN E832.8 79.9630 o010
10 IEE1200 1S7SEED 18350 7 o o 7 o 0.0381 1402 7ER EB5T.F T8.7810 X731
11 1634050 1552400 18350 1% o o 15 a 0.0872 190.3 TeT E735.0 79.3113 05851
12 1E0E900  1S2E2E0 18350 2% o o 25 o 04262 1804 7EG E753.4 B0.55E 0561z
13 1479750 1438100 18350 a o o 3 a 0.0163 2182 TR0 BR45E 50.55984 0564z
14 1452500 1470950 18350 15 ] o 15 o 0.0817 2032 BLE ET30.4 50.8442 05087
15 1435450 1443000 18350 21 o & 23 a 0.1263 2018 o4 4308.9 530874 35548
165 1388300 1418650 18350 1 o o 1 a 0.0553 186.2 B4 B445.5 79,3088 o507
17 1371150 1383500 18350 kL o o 3 o 01683 2300 HZE £550.1 509670 07098
18 1344000 1352380 18350 28 o 1 27 a 01526 191.0 T B448.7 827768 Q55EE
19 1315850 1335200 18350 2z ] o 22 o 01153 181.0 2] ES1T6 79.7508 aFoTT
20 1283700 1308060 18350 1 o & 1 a 0.0084 156.2 877 BA36.2 69341 05238
21 12E2SS0 1280000 18350 ] o o 8 ] 0.0435 1777 8O £537.0 B2E180 QEUTE
27 4235400 1253780 18350 22 o 1 21 o 04193 233 B1E £233.0 B1.0011 asu4R
23 1208250 1228600 18350 az o o 1z a 04744 2028 o4 £500.0 521868 o810
24 1IB1100 1133850 18350 24 ] o 2 o 01308 028 B2 E249.3 508713 0594z
25 116350 1172300 18350 21 o & 21 a 04144 2083 TEE E351.8 792178 a5634
26 1125800 1145150 18350 ar o o 37 ] 02018 z00.0 B4.5 £107.9 514784 aFin
27 H089550 1118000 18350 1° o o 19 o 04035 1926 B4 E178.8 B4 5132 07284
28 072500 1030850 18350 ] o o 8 a 0.0435 2334 844 E195.8 820301 X1
29 1045350 1083700 18350 13 o o 13 o 0.0708 1906 ToE 5408.1 832637 o162
30 1048200 1038680 18350 o & 3 a 0.0272 2074 fen £230.8 806071 97008
3 981080 1003400 18350 4 o o 4 ] 0.0218 028 BO4 E386.7 5345380 a.708z
12 96800 BEIZED 18350 17 o o 13 o 0.0708 00 BA4E EIGE 852007 aTETe
33 B3ETE] BEE100 18350 20 o o 20 a 01050 2228 B4 4357.3 825673 a0
W A08E00 BITISD 18350 % o o 25 o 01362 262 21 45485 515604 0.8048
35 BA24E0 600800 18350 14 o & 1e a 0.0763 2214 g3 EO36.E 517788 a.734z
3 BEEIO0 BTISS0 183,50 ] o o 8 o 0.0435 176.3 BT E035.0 545823 a.TTIE
37T BIE1ED  BJAESO0 18350 4 o o 4 0 0.0218 156.9 g0 47228 54,8531 08434

Average= 18 04007 20332 82 B4TEE 50.0 o

Makmum= 45 02452 2607 e B335 380 575 oe

Wi = 1 0.00%4 140.2 TE 4722 800 59.7 o4

| sum= [ 2 | sz | o
Notes:

1. The data are from files: 8201-129725767_Laredo_Sugg A 171_6SM_COI_Fractures_DIP_CSV for import to
IP.csv and Sugg A 171 #6SU & #6SM Proppant Sequence.

EDX Directory: /hfts-1-phase-1-individual-well-filessfSUGG A 171 6SM Horizontal/2_Processed Image Log.
The length of stage is taken from the top perforation to the bottom perforation.

Numeric key for fracture types (shown in Table H1) differs from source.

Bedding observations are not included in fracture data.

arwn

H-4






g, U.S. DEPARTMENT OF

@ ENERGY

Brian Anderson

Director

National Energy Technology Laboratory
U.S. Department of Energy

Sean Plasynski

Deputy Director & Chief Technology
Officer

Technology Development Center
National Energy Technology Laboratory
U.S. Department of Energy

Maria Vargas

Associate Director

Natural Gas & QOil

Technology Development Center

MNATICHAL
TECHNOLOGY
TL LABORATORY

Bryan Morreale

Associate Laboratory Director for
Research & Innovation

National Energy Technology Laboratory
U.S. Department of Energy

Grant Bromhal

Technical Director, Smart Initiative
Geological and Environmental Systems
National Energy Technology Laboratory
U.S. Department of Energy

Jennifer Wilcox

Principal Deputy Assistant Secretary
Office of the Assistant Secretary

Fossil Energy and Carbon Management
U.S. Department of Energy

NETL Technical Report Series




