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LEA COUNTY, NEW MEXICO CASE NOS. 24018-24020, 24025

SELF-AFFIRMED STATEMENT OF ROBERT F. LINDSAY — REBUTTAL

I, Robert F. Lindsay make the following self-affirmed statement:

1. I am over the age of 18, and have the capacity to execute this affirmation, which is
based on my personal knowledge.

2. I submit this statement on behalf of Empire New Mexico LLC in connection with
the above-referenced matters, in accordance with paragraph 7 of the Pre-Hearing Order issued in
these matters on December 5, 2024.

3. I have not previously testified before the New Mexico Oil Conservation Division
as an expert witness. My curriculum vitae is attached to my self-affirmed statement filed as Exhibit

B on August 26, 2024, in these matters.

EXHIBIT J



Received by OCD: 2/10/2025 5:02:27 PM

4. I have reviewed the testimony of Mr. Preston McGuire filed on August 26, 2024

on behalf of Goodnight Midstream Permian, LLC (“Goodnight”). I make this statement in rebuttal

to some of the conclusions drawn by his testimony, particularly the items described below.

5. On page 3 of Preston McGuire’s testimony he indicates “Substantial data on the

sustained and geographically extensive pressure differentials between the Grayburg and San

Andres aquifer confirm (1) the presence of an effective geologic barrier between the two

formations, and (2) that the Grayburg reservoir and San Andres aquifer are distinct geologic zones

that are functionally severed and do not act, and cannot be considered, as a single reservoir.” These

are not true statements for the following reasons:

Released to Imaging: 2/11/2025 8:28:4

From a well log perspective it would appear that there is a barrier between the
overlying Grayburg Formation and underlying San Andres Formation.
However, cores from both EMSU-679 and RR Bell #4 show that there are
fractures through both Grayburg and San Andres formations.

Both EMSU Grayburg reservoir and San Andres residual oil zone (ROZ) were
dolomitized during the Permian. Dolomitization of carbonate rock forms a more
brittle rock that can be easily fractured.

When the EMSU asymmetric anticline formed during the Laramide orogeny in
the Cretaceous into the Early Tertiary, Grayburg and San Andres dolostones
were fractured. Fracture sets form what are termed fracture halos.
Undersaturated fluids later solution-widened many of the fractures. No one
individual solution-widened fracture will look like it is connected to other
fractures. However, the only way to solution-widen a fracture is to have

undersaturated water traverse through connected fractures.

N
e
-
~
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6.

Grayburg and San Andres formations are in fluid communication. Historically,
this has been proven by ascending plumes of water, where San Andres water
ascended vertically upsection into the Grayburg. San Andres water is <10,000
ppm and contains sulfate (SO4). This water is easy to identify via water analysis.
Grayburg reservoir connate water is 120,000 ppm and contains Barium (Ba).
Grayburg edge water, sourced from the Goat Seep aquifer, is <10,000 ppm and
contains no sulfate (SO4). Plumes of water were mapped in AGU prior to
unitization. EMSUB-887 is another example of where a plume of water
ascended vertically around the wellbore through fractures. EMSUB-887 core
was found to be highly fractured and a fracture study was performed on that

well.

On page 15 of Mr. McGuire’s testimony, he states “There has never been any

evidence that San Andres disposal operations have interfered with the Grayburg producing zone

in the 60 plus years since San Andres disposal began at the EMSU.” This is not true for the

following reasons:

As stated in my PhD dissertation and on page 45 of Mr. McGuire’s testimony, “There
have been places found in EMSU, EMSUB, and AGU where faults/fractures have
allowed Upper San Andres Formation fluids to move up section into Grayburg
Formation strata, which form vertically-oriented plumes of Upper San Andres
Formation water within the Grayburg Formation.” Injected water that is not managed
by proper water injection monitoring can cause nonuniform sweep in the reservoir and

bypass reserves.

Released to Imaging: 2/11/2025 8:28:44 AM
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e Chevron in their September 1989 Technical Committee Report on the Proposed
Arrowhead Grayburg Unit (Exhibit J-1) specifically states, “Although siliciclastics
between each zone generally prevent vertical communication, in some localized areas
of the field they do not act as permeability barriers. When the barriers break down in
the lower Grayburg members, the prolific San Andres aquifer can influx into the oil
production horizons resulting in large volumes of water production.” This additional
water production increases handling costs and prevents uniform sweep in the reservoir.

e There have been vertically oriented water plumes that have risen up section from the
San Andres ROZ into the Grayburg Reservoir through natural fractures, thus impacting
Grayburg oil production.

e Disposal operations since 1986 could have impacted production much worse than it has
if not for the large volumes of water produced from the San Andres water supply wells.
Now that water withdrawals have slowed and water disposal increased, the impact upon
Grayburg oil production will be much worse.

7. On page 21 of Mr. McGuire’s testimony he states, “The upper San Andres is capped
by tight dolomite and anhydrite, which serves as the upper geologic seal to prevent migration to
the formations above, most importantly the producing Grayburg formation. This is not correct for
the following reasons:

e Goodnight’s selection of the top of the San Andres is inaccurate and in most cases is

150’ to 200’ too low. This would put their top of the San Andres reservoir at
approximately the Lovington sandstone, which is not a complete barrier to fluid flow.

e There is also no bedded anhydrite within EMSU in the San Andres based on core

studies. Nonporous dolomite is fractured.

Released to Imaging: 2/11/2025 8:28:44 AM
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e Non-porous dolomite is not laterally continuous as a layer, with much of the upper San
Andres composed of sinkholes that are not laterally extensive but tend to form rounded
to elongate solution-widened vertically oriented features filled with collapse breccia.

8. On page 35 of Mr. McGuire’s testimony he states, “It appears Empire is seeking to

create a conflict with Goodnight’s disposal operations by calling a potential Grayburg ROZ (the
zone below the Grayburg oil-water contact at -325 feet subsea) the San Andres. It is not the San
Andres.” This is not true for the following reasons:

e Goodnight’s pick of the top of San Andres is low and therefore excludes a large portion
of the San Andres ROZ from their estimates of oil-in-place. The structure is highest
northeast of the Goodnight SWD wells, with R.R. Bell No. 4 (30-025-27504) reaching
a subsea elevation of -319° subsea, well above the Grayburg oil-water contact. This
results in a large San Andres ROZ in this area of the field. Even if we use Goodnight
witness William Knight’s testimony that there is a ROZ from -350’ to -500’ subsea,
this would indicate that there is 181° of ROZ at the R.R. Bell No. 4 location inside
EMSU.

e The Grayburg oil-water contact is not at -325’ subsea as stated by Goodnight. The
producible oil-water contact is at -540° subsea. Historically, water free oil was
produced from -100’ to -350” subsea. From -350’ to -540’ subsea a mixture of oil and
water was produced. Beneath -540’ subsea only water is produced from vertical wells.

e Oil saturations continue down section past -540’ subsea in core (EMSU-329) to the
base of the cored interval. A Grayburg ROZ in EMSU extends below -540 based on

this core information.

Released to Imaging: 2/11/2025 8:28:44 AM
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0. On page 34 of Mr. McGuire’s testimony he indicates “It appeared that the previous
operators of the EMSU were not focused on picking an accurate or precise San Andres top in the
EMSU. This is likely due to the fact that the San Andres aquifer is well below the oil-water contact
at the EMSU, was never prospective for hydrocarbons, and not included in the EMSU waterflood
operations.” These statements are not correct for the following reasons:

e You never, [ repeat never, correlate and try to pick the top of the San Andres formation

using engineering data.

e The San Andres formation top has been regionally correlated throughout the Permian
Basin by geologists that understand Permian Basin stratigraphy.

e The San Andres formation has been extensively studied in the Guadalupe Mountains
and the top of San Andres has been correlated into the subsurface via well logs and
cores.

e The San Andres top is a regional unconformity. Core tied back to well logs is the surest
way to identify the top of the San Andres.

e Using core and well logs is how Empire has identified the top of the San Andres.

e Since the San Andres and Grayburg are each composed of carbonate strata deposited
during lowstand, transgressive, and highstand cycles of deposition, the San Andres top
is not always easy to reconcile on the logs. It often takes core data to confirm the actual
top. When sea level rose, muddy deposits were laid down and when seal level fell,
porous carbonate material was deposited. It was important for Chevron and XTO to
know where the top of San Andres is so that they could drill their open hole completions

only through the Grayburg interval and avoid exposing the San Andres ROZ interval.

Released to Imaging: 2/11/2025 8:28:44 AM
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e Goodnight fails to honor the unitization type log top for the field on the Meyer B-4
Well No. 23 (now EMSU SWD #1) which has the top of San Andres at 3942’ (-347’
subsea) which puts it right at the top of their Grayburg ROZ from -350’ to -500’ subsea.
They have the San Andres picked at 4150’ (-555” subsea) which is 208’ too low.

e The R.R. Bell #4 where core data is available shows the top of San Andres at 3882’ (-
331’ subsea). This well has a large ROZ in the San Andres as shown by core data.

e EMSU-679 core data shows the top of the San Andres at 4144° (-548’ subsea). Even
with this well being in a downdip position, it cored oil down to -762” subsea and
therefore has at least a 214’ ROZ.

10. On page 45 of Preston McGuire’s testimony he states that “Dr. Lindsay’s
statements alleging the presence of localized pathways are not supported by any data and no
sources are cited to corroborate this statement. There is no discussion as to which Grayburg well
or wells he contends produced San Andres aquifer water or how he was able to diagnose the
purported plumes as water from the San Andres.” I have the following comments on this:

e A fracture study on EMSU-679 (Exhibit J-2) core was performed by me while
working for Chevron in 1991. This study has been provided to Goodnight.

e That fracture study focused on lower Grayburg Formation strata in zones 4, 5, and
6, as EMSU was under waterflood (secondary recovery) since unitization in the
1980’s.

e This study pointed out that there were 313 vertical fractures and 4 intervals of
collapse breccia within the 120 of oriented core, with northwesterly and poorly

developed northeasterly trend of fractures.
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e The lowermost part of the EMSU-679 oriented core extended 36’ down section into
the upper San Andres (Exhibit J-3) residual oil zone strata. Top of upper San
Andres was intersected at 4144’ (-548’ subsea), with oriented core extending down
section to 4180 (-584’ subsea).

e The remainder of the EMSU-679 cored interval, cores 3-5 from 4180’ to 4258’
(178’ total) were not oriented and were not included in the fracture study.

e As shown by Exhibit J-4, the upper San Andres had 129 total vertical fractures.
These fractures have a major trend northeast to southwest, with a lesser trend
northwest to southeast, and a minor trend north northeast to south southwest.

e As shown by Exhibit J-5, a total of 18 large vertical fractures were identified in the
San Andres, with lengths between 1-3 feet. These large vertical fractures have a
major trend to the east northeast to west southwest, with a lesser trend northwest to
southeast.

e As shown by Exhibit J-6, a total of 109 small vertical fractures were identified that
have lengths of a few inches. A major trend is northeast to southwest, with two
intermediate trends west to east and northwest to southeast trend. Even with these
fractures being small, they can contribute to communication between layers of
strata and into higher permeability intervals.

e Asshown by Exhibit J-7, a total of 82 fractures in collapse breccia were measured.
Fractures associated with collapse breccia trend northeast to southwest and west

northwest to south southwest.

N
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e As shown by Exhibit J-8, only a small number of pyritized fractures (4 in total)
were identified. Pyritized fractures trend northeast to southwest and east northeast
to west southwest.

e Fractures in the upper San Andres were found to be en echelon with many solution-
widened. En echelon fractures are indicative of a small fault zone surrounded by a
fracture halo containing swarms of fractures.

e On the scale of a 4-inch core width it is hard to envision the swarm of fractures that
surround the cored interval. However, these vertical en echelon fractures are
connected with each other, which allowed the late stage undersaturated fluid during
the late Eocene to Early Miocene, to dissolve and solution-widen individual
fractures in dolostone strata.

¢ Origin of fractures was when the Eunice Monument double-humped asymmetric
anticline formed during the Laramide orogeny. Folding of San Andres strata,
composed of brittle dolostone, created a series of intersecting fractures. Not only
did fractures form, but they formed as en echelon swarms of fractures with many
solution-widened by ascending late stage undersaturated fluids. Late stage
undersaturated fluids were provided in the Late Eocene to Early Miocene as
meteoric water recharged into the subsurface of the Permian Basin (Lindsay, 1998;
2024).

e Though a small fracture study in the EMSU 679 oriented core of only the uppermost
36’ of upper San Andres, this study has identified that the San Andres is extensively
fractured. The reason for so many fractures being present in such a short interval

of strata is due to the San Andres strata having been dolomitized. Dolomitization

N
e
-
~

Released to Imaging: 2/11/2025 8:28:4



Received by OCD: 2/10/2025 5:02:27 PM Page 16 of 284

creates a rock that is much more brittle when compared to the limestone, and much
easier to fracture.

e In addition to the EMSU-679 oriented fracture study, I had previously performed
fracture studies on the EMSUB #887, AGU-225, and AGU-600 oriented cores in
the Grayburg interval. This study is included with this rebuttal (Appendix 1).

e EMSUB #887 experienced abnormal water production which field personnel
classified as a “plume” of San Andres water. After performing the oriented core
study, it was determined that large vertical fractures were the reason why water
ascended up-section out of the San Andres into Grayburg strata.

e AGU (Arrowhead Grayburg Unit) also experienced high water production in a
number of wells and was mapped to show plumes of San Andres water entering up-
section into the Grayburg. Oriented core studies on AGU-225 and AGU-600
showed two major fracture trends, north northeast to south southwest in the
southwest part of AGU and north northwest to south southeast in the northwest part
of AGU. Siliciclastics separating Grayburg zones 1, 2, 3, 4, 5, and 6 act as partial
barriers to fluid flow but when fractured, the barriers break down and
communication of fluids can occur. As Chevron pointed out on Exhibit J-1, “when
the barriers break down in the lower Grayburg members, the prolific San Andres
aquifer can influx into the oil productive horizons resulting in large volumes of
water production.” This indicates that fracturing in the Grayburg can impact fluid
flow from the San Andres and that there is no continuous barrier between the two

horizons.
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[ affirm under penalty of perjury under the laws of the State of New Mexico that this

statement is true and correct.

/L@:%é_;@ 2/tefzots”

Robert F. Lindsay DATE

11
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Proposed Arrowhead Grayburg Unit
Lea County, New Mexico
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A portion of the water production is probably attributable
to communication of Zones 4 and 5 with the Lower Grayburg
and San Andres aqguifers. Although siliciclastics between
each zone generally prevent vertical communication, in some
localized areas of the field they do not act as permeability
barriers. When the barriers break down in the lower
Grayburg members, the prolific San Andres aquifer can influx
into the o0il productive horizons resulting in large volumes
of water production.

Other water production may be attributable to completions in
the Penrose (Lower Queen) which has been found to be
influenced by a water drive in the EMSU. Additional
portions of the water production can be attributed to casing
leaks, which have been identified in 36 wells.

Localized areas of high water production consist of less

than five proration units. In most cases, wells adjacent to
high water production areas have produced significantly
less water. The change in water production appears to be

independent of completion depth, both subsea and
stratigraphically, and no clear water production trend is
identifiable.

Chevron indicates one source
of water production is from the
San Andres as barriers break
down in the Lower Grayburg.

When they break down, the
prolific San Andres aquifer can
influx into the oil productive
horizons resulting in large
volumes of water production.

They indicate that solution gas
drive is primary recovery
mechanism with water influx
having only a minor effect on
recovery.

Based on the lack of uniform water production and the
relationship of pressure depletion to recovery, solution gas
drive is thought to be the predominant primary recovery
mechanism with water influx having only a minor effect on
recovery. The Arrowhead Grayburg Pool is therefore a good
candidate for waterflooding with respect to primary recovery
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Logs of EMSU-649 and
EMSU-679 showing
Grayburg and San Andres
cored intervals (left)

Log of EMSU-679 showing
cored interval in the San
Andres (right)
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EMSU-679
San Andres
Total Fractures

Upper San Andres had
129 vertical fractures in
top 36’ of oriented core.
These fractures have a
major trend northeast to
southwest, with a lesser
trend northwest to
southeast, and a minor
trend north northeast to
south southwest

(129)
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EMSU-679
San Andres

Large Fractures
(18)
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A total of 18 large vertical
fractures were identified
in the San Andres, with
lengths between 1-3 feet.
These large vertical
fractures have a major
trend to the east
northeast to west
southwest, with a lesser
trend northwest to
southeast.
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EMSU-679
San Andres
Small Fractures

(109)
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A total of 109 small

| vertical fractures were
| identified that have

lengths of a few inches.
A major trend is
northeast to
southwest, with two
intermediate trends
west to east and
northwest to southeast
trend.

Even with these
fractures being small,
they can contribute to
communication
between layers and into
the higher permeability
intervals.
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EMSU-679
San Andres
Collapse Breccia

Fractures
(82)

A total of 82 fractures
were measured.
Fractures associated
with collapse breccia
trend northeast to
southwest, west
northwest to south
southwest, northwest to
southeast, and north
northeast to south
southwest.
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Only a small number of
fractures (4 in total) were
found to be pyritized.
Pyritized fractures trend
northeast to southwest
and east northeast to
west southwest.
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San Andres en echelon
solution-widened
fractures from 4233-34’
(-637 to -638’ subsea) in
EMSU-679 core.

Left photo =dry
Right photo = wet

Small fractures are in
fluid communication.
Otherwise, they would
not have been solution-
widened and saturated
with mobile oil. This is
typical of a fracture
halo, where individual
fractures appearto be
isolated, when in reality
they are connected to
each other.
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CORE LABORATORIES
CHEVRON U.S.A., INC. Field : EUNICE MONUMENT SOUTH File No.: 57181-16203
E.M.5.U. NO. 679 Formation : GRAYBURG Date : 10-16-90
CORE ANALYSTIS RESULTS
Core analysis
PERMEABILITY SATURATION
SAMPLE DEPTH PERWEABILITY| POROSITY GRAIN DESCRIPTION report for EMSU-
NUMBER (WERTICAL) | (HELIUM) | (PORE VODLUME} | DENSITY 6 .
KA HAX 90 DEG H/S E/M Kair OIL  MATER
e md md nd md md X X ¥ gwce 79 with fracture
f’f el 4141,0- 42,0 /ET0L NIZE 25.0 27.0 6.60 11.5 134 42.7 2.85 Dol slifanhy f vug styl orientation
| S 4142.0- 43,00 Flapprote o 294. 308. 5.30 11.8 13.1  44.8 2.85 Dol slifanhy vug
! 80 4143.0- 44, 0N M FPL NI ag g 0.13 0.11 7.9 12.6 64.4 2.82 Dal vf vug informati
: Pt 41440~ 45.0 MY E(2 ) 4SE'E 9,20 894, 606, 3.9 59 585 2.86 Dol slifanhy vf f wug styl : ation added
"‘"‘:}‘ 82 4145.0- 46.0413574, NITWHER) .56 0,35 n 33 a a 1.6 65.3 2.84 Dol vug styl
CFigh 4 W, A1 Fe 2.2, 41,97  2.86 Dol slifanhy F vuf wvu
r 83 AL4B.0- 4704 3w, N3] s 440 o 288, . = - 2 : = 5
84 4147.0- 48, ﬂ/!-'}{"#-’ M 'J ,;wi«, MS? ls'r’y‘f‘.?ff ;qa‘;.w]:(ii} ﬁ'u c}/‘ifsa-f W'B,-\law)ﬁ Pl 2 82 Dol vf T vug
; .,85 AL4B.0- 49,0 i, 7 coeken NEH, M’fs‘n@' ﬂi“‘ i 10.0 231 33.0 2.85 Dol vf f slifvug styl
i £ waicwe
g - 8645 4 4149.0- 50 - rad 97.0 114. 91:5. 12.8 20,3 33.8 2.84 Dol vf T p.p.
vat f . i i F
5 87 150, 0- 51, D47 1000 , /sl #7420 MY §6.0 126, 6.5 0.0 55.8 2.89 Dol cht s1i/pyr vf f vug
! 88 4151.0- 52.04/F'F W?‘EW TS TN ,os4o., /5056, 6.4 0.0 68.0 2.87 Dol slifcht s1ifpyr vf F wug
i —89 A152,0- 53,0039 E yrte, {_'LJ_(V 7 )&, ¢ %, ;w,r.r‘*‘ NZ‘M M’?;;U Mcmf 24,8 41.4 2.85 Dol slifcht s1i/pyr vf wug
RS Lo 1 4153,0- 54, nﬁﬁ“’% v i ﬂff?’f? Wi e, W?ﬂf‘“ *fl‘hv AsieEfA1.8 168 40.7 2.86 Dol s1i/anhy slifcht vf vug
ST g 4154,0- 55.0.0 7,52 ), A‘Sf N Fﬂf.“z)wff’f—‘- 8370/ 75.0 11.1 g A 2.86 Dol cht sli/anhy vf vug
o 4155.0- 56.QDEEN 14 i .;-'fm'y-ﬁac ]iﬁ-w pu.;w BDE 114 145 35.4 2.80 Dol cht vf vug
93 4156,0- 57,0/ Se% &) d{.'?j‘,i'_,ﬁﬂ'F j,. 5“&‘ M-M‘,‘ £y o, 953 e 14,6 21,2 324 2.85 Dol cht slifanhy vf vug
94 4157.0- 58, yw"f)ﬂ??w et N, WA R 6.60 8.0 210 42.1 2.83 Dol cht vf vug
95 4158.0- 59.0 z;fﬁffﬂ’ﬂc;owm«*qpms‘f;mu 4.90 6.0 25.0 3.4 2.86 Dol sli/anhy slifeht vf f s)i/vug
—_— 96 4159.0- 60.0 éy.:F'z e Néo"é ML T0 0.15 0.07 4.3 1.9 94,5 2.86 Dol sli/anhy s1i/shy vf T atyl
{97 4160.0- 61. uqu:u';f&u-f <01 0.04 0.07 4.1 1.3 91.6 2.86 Dol slifanhy F sty
./"’:'-__, 98 4161.0- B2.0 wister, NEGHE l,ﬁﬂ-f“.{ P0irn- 5B, cere 0.9 8.5 84,9 2.85 Dol slifanhy slifpyr F styl
BT e 4162.0- 53,0 V6Z°E,NEVE = 20,0 47.0 19.0 10,6 29.8  29.8 2.83 Dol sli/sdy p.p.
* 100 4163,0- 64.0 — __B4LD 138. 11.7 14,0  45.6 2.81 Dol alifsdy vf p.p. styl
101 4164.0- 65.0 Néﬂ'f@ﬂ»‘) 36.0 25.0 43.0 9.0 25.7 31.9 2.83 Dol vf p.p.
102 4165.0- B6.0M70% A1 L 711. 281, 61.0 9.6 27.9 1.9 2.85 Dol slifanhy vf p.p. foss
103 4166.0- B7. Nr::_'}..; Wz o'W 20.0 20.0 0,66 11.2 26.0 a1.z 2.83 Dol vf p.p. 3tyl
104 4167.0- 68.0 ] 1.70 1.80 1.70 1.0 22.8 32.5 2.83 Dol anhy p.p.
105 4168.0- 69,0 M5! % 4,50 5.00 3.50 10.7 20.8  36B.3 2.87 Dol anhy slifsdy wf p.p.
106 4159.0- 700NN poEi Tl 3. 10 3.80 3.10 10.7 231.5 31.8 2.85 Dol slifsdy slifanhy p.p.
| 1 -4
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CORE LABORATORIES
CHEVRON U.S.A., INC. Field : EUNICE MONUMENT SOUTH File No.: 57181-16203
E.M.S5.U. NO. 679 Formation : GRAYBURG Date : 10-16-90
C ORE ANALYSIS RESULTS
PERMEABILITY SATURATION
SAHPLE DEPTH PERMEABILITY| POROSITY : GRAIN DESCRIPTION
NUMBER (VERTICAL) | (HELIUM) | (PORE VOLUME) | DENSITY
KA MAX 90 DEG N/S E/M Kair oIL WATER
Tt md wd md md md X X X gn/ce

107 4170.0- Jl.@&yﬂz a3 52.0 z1.0 13.0 10.7 23.9 34.1 2.85 Dol slifady slifanhy F p.p.
108 1710~ T2.0 VERoL),ATEE, NHE 00 0.86 0.76 0.52 8.6 23.3 33.3 2.84 Dol F bnd p.p.
109 4172.0- 73.0 7.80 12,0 1.10 8.8 33,1 25,3 2.84 Dol sli/sdy p.p.
110 4173.0- 74.0 M52 0.25 0.48 0.18 7.2 170 26.4 2.82 Dol slifsdy F vf p.p.
111 4174.0- 75.0 - ol 21.0 1.30 0.16 6.7 321 334 2.84 Dol slifsdy F p.p.
12 4175.0- 76,0 MEYE (FEeE) 5.20 4.90 16.0 12,5 24,2 36.3 2.82 Dol s1i/sdy p.p.
113 4176.0- 77.0 M7 226. 159. 58.0 16.1  25.7 7.0 2.84 Dol sli/sdy p.p. styl
114 4177.0- 78.0 - 23z, 197. 165. 15.9  22.7  46.5 2.82 Dol slifsdy p.p.

Aoyt 115 AL78.0- 79.0 30, M7 E  MTE Ao oo, VO L) 0.89 6.6 33.4  52.4 2.84 Dol slifcht F styl

#0675 116 £179.0- 80,0 A ¥ 9w, A28 0 NG 70 X 77000 3.30 1.90 5 I S 5 2.84 Dol cht F sty

CORE NO, 3 4180-4240 CUT BO' REC 60°
117 4180.0- 81.0 5.50 4.80 3.20 10.5 25.2 319 2.86 Dal slifsdy slifanhy vf f p.p.
118 4181.0- 82.0 61.0 61.0 12.0 14,7 237 38.% .83 Dol sdy vf
119 4182.0- 83.0 12.0 11.0 24.0 12,7 249 37.4 2.82 Dol slifsdy vf p.p.
120 4183.0- 84.0 5.10 4.00 2,60 9.5 353  3l.1 2.83 Dol sli/sdy vf p.p. ool
121 4184.0- 85.0 5.70 5.10 4.30 6.3 26.5  60.7 2.80 Dol slifsdy vf
122 4185.0- 86.0 0.95 0.35 1.00 4.9 28.5 52.2 .85 Dol slifanhy vf f s1i/vug vol
123 4186.0- 87.0 12.0 1.10 2.40 6.8 4.2 152 z.84 Dol vf f ool
124 4187.0- B8,0 0.12 0.03 0.10 3.1 6.6  85.6 2.82 Dal vf f styl
125 4188.0- 89.0 0.90 0.24 0.14 3.2 2.1 813 2.84 Dol vf f styl
126 4189.0- 90.0 3.40 0.43 0.90 2.4 0.8 947 2.83 Dol vf f foss
127 4190,0- 91.0 0.04 0.02 0.40 5.3 3.9 85.4 2.84 Dal sli/pyr vf f p.p, foss
128 4191.0- 92.0 0.21 0.13 0,16 3.8 4 923 2.84 Dol vf f styl
129 4192.0- 93.0 0.98 D.91 0.24 5.9 4.0 79.4 2.83 Dol vf f vug
130 4193.0- 94.0 0.37 0.03 0.10 8.9 2.3 B1.5 2.82 Dol vf f sli/vug
131 4194.0- 95.0 11.0 1.90 1.50 2.1 1L.5  80.6 2.82 Dol sli/sdy vf f
132 41950~ 96.0 1.0 15.0 7.30 10.0 7.8 65.9 2.81 Dol vf p.p.
’ X & 8
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Eunice Monument South Unit Expansion Area B (EMSUB)
Eunice Monument South Unit (EMSU) and
Arrowhead Grayburg Unit (AGU)

Fracture Study

Robert F. Lindsay PhD
Lindsay Consulting LLC
Affiliate Professor Brigham Young University
Adjunct Professor University of Texas Permian Basin

A multi-field fracture study was conducted on Eunice Monument South Unit Expansion Area B
(EMSUB), Eunice Monument South Unit (EMSU), and Arrowhead Grayburg Unit (AGU) (Figure 1).
Four oriented core fracture studies were performed on Grayburg core, with one oriented core in
EMSUB and EMSU and two oriented cores in AGU. Oriented cored wells used in this fracture study
are: 1) EMSUB-887; 2) EMSU-679; and 3) AGU-225 and AGU-600.

These three unitized oil fields are along the northwest corner of the Central Basin Platform (Figure
2). EMSUB and EMSU are adjacent to each other. EMSU and AGU are separated by a structural
embayement (structural low).

The large structure at Eunice Monument is referred to as the Eunice High. The Eunice High is a
large structural pop-up block. Initial structural movement was during uplift of the Central Basin
Uplift (Platform) during the Marathon orogeny in the Late Mississippian through the
Pennsylvanian. This was followed by later structural development of the Eunice Monument
asymmetric anticline structural trap during the Laramide orogeny in the Cretaceous to the Early
Tertiary (Figure 3). The Eunice High is not a single large structural block. Instead, it is composed
of a series of smaller fault bounded, basement-cored blocks (Figure 4). These smaller fault blocks,
with variable throw, folded strata to form the double-humped Eunice Monument asymmetric
anticline.

During tectonism fault movement created a fracture halo, with fractures surrounding the fault
(Figure 5). Late-stage fluid flow in the Late Eocene to Early Miocene solution-widened many but
not all fractures. The shape and orientation of basement-cored structural blocks created variable
fracture trends in EMSUB, EMSU, and AGU.

Fracture diagrams are shown on two scales: 1) a large scale showing the northeast end of the
Delaware Basin and northwest part of the Central Basin Platform (CBP); and 2) a close-up map,
showing the three unitized oil fields (EMSUB, EMSU, and AGU). The close-up map shows the top
of Grayburg Formation structure map and unitized fields. These two illustrations help perceive
large and small scale tectonic modifications along the northwest corner of the CBP. These also

1
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help relate the position of each unit (field) with respect to the position of the Goat Seep and
Capitan aquifers further down-dip to the west. The Goat Seep aquifer is in fluid communication
with EMSU. The Capitan aquifer is too far down-dip and is stratigraphically younger (Queen, Seven
Rivers, and Yates age) and is not in fluid communication with EMSU.

Fault Trend

Only two vertical faults, approximately 6 ft in length, were identified in core (Figures 6 and 7).
One fault is in EMSUB and trends north northeast to south southwest. The second fault is in AGU
and also trends north northeast to south southwest. To be able to identify a fault in a 4 inch wide
core is difficult. In these two cases some luck was involved.

Fault movement, however large or small, creates fracture halos around the fault. Fracture halos
contain swarms of fractures, with some solution-widened (Figure 5).

Total Fractures

A plot of total vertical fractures show two major trends (Figures 8 and 9). In EMSU there is a major
trend northwest to southeast and a lesser trend northeast to southwest. In AGU there is a stong
trend north northeast to south southwest, with minor trends northwest to southeast and
northeast to southwest. A structural embayment (structural low) separates EMSU and AGU. The
structural embayment appears to have created the divergence in fracture orientations.

Large Fractures

Large vertical fractures, with lengths of 1 to 3 ft, are shown along the northwest corner of the
CBP (Figures 10 and 11). In EMSUB large vertical fractures have major trends to the northeast to
southwest, north northeast to south southeast, and north northwest to south southeast. In EMSU
there is only one major trend northwest to southeast, with a minor trend from northeast to
southwest. In the northwest part of AGU the major trend is north northwest to south southeast
and a minor trends east northeast to west southwest and northwest to southeast. In the
southwest part of AGU the is a major fracture trend north northeast to south southwest, with a
minor trend east northeast to west southwest.

This striking difference between some of the fracture trends is due to a structural embayment
(structural low) separating EMSU and AGU. The difference between EMSUB and AGU is due to
the structural grain shifting from northwest to north as one traverses north from EMSU to EMSUB.

Intermediate Fractures

Intermediate vertical fractures, with lengths of 4 inches to 1 ft, are shown along the northwest
corner of the CBP (Figures 12 and 13). In EMSUB there are three major trends northeast to
southwest, east northeast to west southwest, and northwest to southeast. In the northwest part
of AGU a major trend is to the north northeast to south southwest and northwest to southeast,
with a lesser trend northeast to southwest. In the southwest part of AGU there is a strong fracture
trend north northeast to south southwest and a lesser trend northeast to southwest.
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In EMSU, where the first fracture study was carried out, no intermediate vertical fractures were
originally broken out. Instead those fractures were labled as either large, greater than 1 ft, or
small, less than 1 ft. In EMSU what constituted large, intermediate, and small vertical fractures
was not completely understood. However, by the time EMSUB and AGU were studied the fracture
lengths, large, intermediate, and small, had been identified and utilized.

Small Fractures

Small vertical fractures, less than 4 inches, are shown along the northwest corner of the CBP
(Figures 14 and 15). In EMSUB there is one major trend north northeast to south southwest, with
minor trends to the northeast to southwest and northwest to southeast. In EMSU fracture trends
are northwest to southeast, north northwest to south southeast, west to east, and east northeast
to west southwest. In the northwest part of AGU there is one major fracture trend that is north
northwest to south southeast and northeast to southwest, with a minor trend east northeast to
west southwest. In the southwest part of AGU there is a major fracture trend north to south and
north northeast to south southwest, with lesser trends northeast to southwest and northwest to
southeast.

Solution-widened Fractures

At first solution-widened vertical fracctures were not considerd a stand alone separate group of
fractures until work commenced on EMSUB oriented core (Figures 16 and 17). Earlier studies on
EMSU had recognized that many fractures were solution-widened, but a separate category was
not decided on until working on EMSUB oriented core. In EMSUB solution-widened fractures have
a major trend north northeast to south southwest, with minor trends extending both northeast
to southwest and northwest to southeast. In the northwest part of AGU solution-widened
fractures have a strong trend north to south and lesser trend northeast to southwest. Solution-
widened fractures were observed in EMSU but were not mapped.

Pyritized Fractures

Pyritized vertical fractures are shown along the northwest corner of the CBP (Figures 18 and 19).
Only a few pyritized fractures were identified in EMSUB that trend northeast to southwest.
Whereas in EMSU pyritized fractures are common, with a major trend northwest to southeast
with two lesser trends northeast to southwest and east northeast to west southwest. In the
northwest part of AGU pyritized fractures are less common and trend north northwest to south
southeast and northeast to southwest.

Collapse Breccias and Solution Pipes

Vertical fractures bounding collapse breccias and solution pipes are difficult to identify in a 4 inch
core. However, in EMSU a few were identified that trend northeast to southwest and east
northeast to west southwest (Figures 20 and 21). No vertical fractures bounding collapse breccias
and solution pipes were identified in EMSUB and AGU.
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Stylolitic Tension Gashes

As core studies in EMSUB, EMSU, and AGU progressed, small stylolitic tension gashes were
identified (Figures 22 and 23). Surprisingly, as more and more cores were described the more
important and more common these small stylolitic tension gashes became. To the point that
these small stylolitic tension gashes may represent upward of 90% of all fractures in EMSUB,
EMSU, and AGU.

In the northwest part of AGU stylolitic tension gashes were mapped, with a strong fracture trend
north northeast to south southwest, lesser trends northwest to southeast, northeast to
southwest, with minor trends west northwest to south southeast and east northeast to west
southwest (Figures 22 and 23).

When the EMSU assymetric anticline formed during the Laramide orogeny. As strata folded,
stylolitized intervals were slightly fractured to create stylolitic tension gashes. Late-stage fluid flow
during the Late Eocene to Early Miocene solution-widened some of the stylolitic tension gashes.
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Figure 1. Index map of the Permian Basin and the position of Eunice Monument South Unit
(EMSU) in the northwest corner of the Central Basin Platform (CBP). The darkened area
representing EMSU also includes Eunice Monument South Unit Expansion Area B (EMSUB) and
Arrowhead Grayburg Unit (AGU).
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Figure 2. Index map of the northern end of the Delaware Basin and northwest corner of the
Central Basin Platform (CBP). The position of EMSUB, EMSU, and AGU are shown along the
northwest corner of the CBP. Down-dip limits of both the Capitan and Goat Seep aquifers are also
shown. The Goat Seep aquifer is in fluid communication with EMSU. However, the Capitan aquifer
is too far down-dip, is stratigraphically younger (Queen, Seven Rivers, and Yates), and is not in
fluid communication with EMSU.
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Figure 3. West to east structural cross section through EMSU. The Eunice Monument asymmetric
anticline is not a simple anticline but a double-humped asymmetric anticline. Differential
movement of basement-cored fault blocks formed the double-humped shape of the asymmetric
anticline. Additional bending of the Eunice Monument asymmetric anticline placed additional
stress on brittle dolostone strata to form numerous fractures, with many but not all fractures

solution-widened.
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Figure 4. An interpretation of basement-cored fault blocks beneath Eunice Monument South Unit
(EMSU). These structural blocks moved into this present configuration during the Laramide
orogeny (Cretaceous-Early Tertiary) to create the odd looking double-humped Eunice Monument

asymmetric anticline seen in Figure 3.



Fault

Fractures

Figure 5. Fracture halo surrounding a fault. No lateral dimensions are intended. Fracture halos
form swarms of en echelon fractures. Though not being able to be seen in a 4-inch core, fracture
halos are connected. Late-stage fluid flow in the Late Eocene to Early Miocene solution-widened
many but not all fractures within the halo.
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Figure 6. Index map of the northwest corner of the Central Basin Platform, showing EMSUB,
EMSU, and AGU. This map shows two fault trends that were identified in core. Fault trends are
north to south in EMSUB and north northeast to south southwest in AGU. Faults are difficult to
identify in a 4-inch core.
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Figure 7. Close-up view of the northwest corner of the Central Basin Platform (CBP), showing
EMSUB, EMSU, and AGU. The map shows two fault trends that were identified in core. Fault
trends are north to south in EMSUB and north northeast to south southwest in AGU.

This close-up view is overlain on top of the Grayburg Formation structure throughout the greater
Eunice Monument area. The large structure at Eunice Monument is referred to as the Eunice High,
a large structural pop-up block. However, the Eunice High is composed of a series of smaller fault
bounded, basement-cored fault blocks.
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