IN REPLY REFER TO:
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UNITED STATES X% .

DEPARTMENT OF Tl:lE INTERIOR
GEOCLOGICAL SU_RVEY ‘
WASHINGTON 2513 c.

lengon-Hoat in-Grear Brillisg Gurporstien i
221 Potrolows Center Building
Parmington, Mew Mexico 37401

Attmitioat M. Alber: R. Jraer JUN 2 5 1970

Qe loweni " ,

n 0 ‘?{’ *
Your spplicstion of June 18, 1170, Filed with tie 6;1 caé Gas Gugerviner
Eoswell, New Mexico, Tequests pueliminary apyprowal of the proposed secoud
enpansion of the Censds Giltos wn 't syes. Rie Arr g Cowct, YNew Hexico.

ihe Cansda Ojitos smit agrweme: . o, 14-08-0001-252:, wns approved
effoctive Jume 19, 1923, The inii vee fommed for the purpose of con-
ducting explowntory dvilling operccions ‘n @n snprove:n sres. The unit
sren presently sonteins 35,827 .12 scres, meme o lews. and upen approva’l
of Lie pending sewventh vevisioo of e Hichewre-Greeshor: pertic.pating
arsn. 15 025,52 scyes witihila tie uiit will hewe been desermined as capabile
m‘: pm;iaeiq wnit ined mm‘.‘%‘& N paying quaniities or :mceuar? for
mzm The propused secosd expemgion will sdd 5 437,53 ecres
sn che aait gywe coniscing of 4 0i8.74 scves (73.17 perce= f) of Pederal
laod acd 1,348.79 sexes (A 51 gx%mf’at) of fae land. Approval of guch
expangion subnguent to fixsl aspproval of the prepossd first expansion
will incresse the Cammda Qiitop unit avea fwom 30.B41.92 acres to
2,279.43 scres, none ©r luse. Althoug: the landa to e oided by e
proposed expeuBion ase a0t precoutly productive, sva:laile geelogic daca
indicates the: such Iasds sre usderials sy a 3am cap aseetisted with tie
wil productive Mobsere-Sregeior: istepwal ender tle present Canada 0 :tos
wnitr. axes. Accowlingly. tiwe inclusion of such lands :n the eaiz area s
seconsery Lo issurs proper coutrol amd use of the satural regervoir
eaprgy in onder to eble vwxissm oil vecowsry. The application advises
that Jenson MmtineGregr Drilling Cerporatien will drill asd complete 8
ces: well in the sgwe to be alflod by the sssend expeusion with:in oae
yenr aftexr the effsecivg dote i the ewpsasfon. It is furtier agreed
if much well doos oot eStaklis. tie premence of tie 288 cap wuler tie
expanded gres, siat the ualt srca will be contracied to alinizate all
lands sdiled by the second oxpaneiom whic: s¥e unococessar: for wnir
sperations.

fo objectien will de offernd to <. ¢ proposed seco:d expmusion of tie
Cacmia Djites uait aves if it is aecomplished 1o sccondance wit: tie

ILLEGIBLE




appicahle provis.ons ef Beviion I of ve #ndt sjyemsen wiciin &
asgoehle peried of time. A& oo me of five copoes of the applicst oo
ipr fioml spprosal scemmpnnie’ L tle approprisie uomsders should be
Friod with the 011 axd Seae Supcrvisor, Ropwell. isvw lexice &ftex sae
apnl cBlion e Gen approved - o approprisce oific als of it
ino af Hew Nexico.

Tin fommet of the avigionl #2. 2 artscied to o n Wkl Agreameal
@il ot fellowsd slemel: in ¢ 2 preperstisn o oviesd E’Si;;nf‘.}ii,_q a
2t B, D gximting temog 8 ould oon e fecumbessd.

8 cverely jouvs
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Becsoa-Meat ia-Gveer Brill ag Corporation
22: Petroleum Centexr Building
Paruiington, New Mexices 37401

Atrountiont Ny. Alber:t R. Srem: JUN 2 5 1970

Sent lemen

Your applicstion of June 16. L7700 filed Witk the Gil snd Jas Supervsor
foswell, Sew Memice, requests preliudiapyi spprowsl of the proposed firsc
expaasion of the Coasmds 0 itos wzii avem, Rio Arxibs County . New Mexice.

The Cansdg Ofjitos wai: agsemwent. io. 14-08-0001-3124. wse approved
effoctive Jene 19, 19:3. The uni: wes formed for tiw purpose of con-
due:ing swploratory drilling operstions in an uaprowes ares. Ihe eait
ates presently contaimp 35,82°.12 acres, move or less, and opon approval
of tie pending sewpat! yewisis: =l the Bisbrazs~Oresmiers psrticipstiag
sren. 15,08:.62 acwes witiin the unit will have Been determioed as capsble
of prodweing wnitined swbstaucos in peylng qusstilies of necessary for
wiit opesetious. The prepescd [irst sxpeusion will sdd 15.01 .30 acres
to tis emit ares eomsistiag of 10.74 .2% meres (71.%F pexceat) of Federsl
lad . 558.39 euven (3.73 perce:t) of State of Hew Mexico land. snd
3,711.12 scxew (234.71 povesnut) of fes lmwd. Upon sppioval of swci ex-
paasion, the Cansds Ojites uwo:: gves will bde imcresesd from 35.825.12
scres to 50.041.92 scyes, more or lese. Althowgh t e lands to be added
by the propased supansics Sxe Dot presexwtly pEedwetive o the Niobrara-
Jreenkere intevwal, the proposed sxpanpion will permit the oxderls
development of the scveage isweiwed. In sddition such expangios etould
iscrease the witimete #il vecovery Izem tie Hiodrsra-Oresohorn 38e

N EECIN Pressure maiatensnce pro et néw Meleg cooducted withia tie
pregent wait sves #9 the lauds o be sdded te Uw unii axe iadicated o
wonilable geelogie informetion a3 potentisily sprodact.ve from the sewe
interyel. The spplicatisns alv ses thet lemsou-Hentin-Oreer Dyilling
Cospevstisn will drill asd complete & miuismm of two wells in tie ex-
panded syes to test the Hiobhravs-Oreenhoss interwsl within 18 meaths
sfter the sffestive dete of 14 expassios. It i» furcier agresd if suel:
wells are decarmingd as soc being capable of produciag enitized sub~
stances in peyisg gwsntitlies thet Cie unit ares w'll e coniracted te
elisinste oll laods edded by this expansion wiiich sre not suplified for
inelugios in 8 partie patiny svea sadey the texam of the woit sgresmest .
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s oo potion will be offored o [ e proposed first expsnsion of the
Gocada 0ites ani: ares if .7 .5 sccomplisoed 1D seedrdacce with the
g.-;;?},.ﬂahie p!ﬂi‘iw of Booting 2 af e it mli #withia 8
Tengn: 4‘;1@ period of ciwme. A uliows of five coples ® of the applicstien
iny “inal epprovel Eseompanicd b L'e sppropriste olsders stould be

2 ipd with the 0Gil and Jev Su;mmsm toswell, dew Mexico, afrer sueh
&;j\pa Laation has been approved h Lie appropriste offigisis of the State
ai esy Hewxicd,

forat of the origlaal exi 1 s sttached to (e €5lt agreement

ghould e followed slamely ia i praparstion of vewiged Exhibits A and
1 ihe smistiag itreefs shoull -2l be renumbered.
Shawsrely ypurs.
. a. [pats
- - M
Acting divecior
20

811, Santa Pe

gorzm. of Pub. Lande, W o
4,5,3.0.C. ., Santa Pe

Ronwell {2)
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BENSON-MONTIN-GREER DRILLING CORP.

B 221 PETROLEUM CENTER BUILDING

FARMINGTON, NEW MEXICO 87401
PHONE 325-8874

GENERAL OFFICE:
1390 FIRST NATIONAL BLDG.
OKLAHOMA CITY, OKLAHOMA 73102 -
PHONE 235-0546 -

"8 Mar

March 7, 1968

New Mexico 0il Conservation Commission

P.0O. Box 2088
Santa Fe, New Mexico

Re: CANADA OJITOS UNIT
RTIO ARRIBA COUNTY

Gentlemen:

We are sending you herewith copy of letter
dated March 4, 1968, from the Department of the Interior,
Geological Survey, evidencing the Department's approval
of the requested fifth expansion of the Niobrara-Greenhorn

Participating Area, Canada Ojitos Unit.

Yours very truly,

BENSON-MONTIN-GREER DRILLING CORP.

- i)
sre  Clbext € Gaeo
Albert R. Greer, Presidewt

cc: New Mexico 0il Conservation Commission
Aztec, New Mexico

ney



UNITED STATES
DEPARTMENT OF THE INTERIOR
" GEOLOGICAL SURVEY
WASHINGTON, D.C. 20242

Benson-Hontiu-Greer Drilling Coxy. MAR 4 1958
y LY = -

221 Petroleuwa Ceunter

Farninglou, lew ilewico 87401

Gentlenen:

Your application of QOctoler 208, 1267, for the fiftu revision
(4,637.64 acres), of the Wicbrara-Creenhcra participating area,
(new total 8,637.84 acres), under the Canada Ojitos unit
agreement, Rio Arriba County, Mdew Mexice, Xo. 14-08-0001-852¢,
was approved Tebruary 27, 1863, by Arthur A. Baker, Acting
Director of the Geological Survey, effective as of lay 1, 19&7.

Enclosed is one copy of tv”'approved anplication for vour records.
s <

e ro jues that you furuisii all intere bLCu principals with
appropriate evidence of this approval.

Sincerely yours,

Sae,
e

1 /,f/ -7l1.;f7 g

g .o
~ 'l'/' e o

Chief, Couscrvaiion Livision

rnclosure

e ey e rpn e
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BOLACK - GREER, INC.

158 PETROLEUM CENTER BUILDING
FARMINGTON, NEW MEXICO

March 4, 1966

To: OWNERS OF INTEREST o /////

CANADA OJITOS UNIT

'
L/N%w MEXICO OIL CONSERVATION COMMISSION
SANTA FE, NEW MEXICO

NEW MEXICO STATE LAND OFFICE
SANTA FE, NEW MEXICO

This 1is to advise you that the Third and Fourth Revisions
of the Niobrara-Greenhorn Particlpating Area in the Canada
0jitos Unit, Rio Arriba County, New Mexico, have been
approved by the Acting Director, United States Geological
Survey, effective as of November 1, 1964 and April 1, 1965
respectively.

The third revision added the followlng lands:

Township 25 North, Range 1 West

Section 10: E/2
Section 15: NE/4

The fourth revision added the following lands:

Township 25 North, Range 1 West

Section 23: NW/4, s/2
Section 24: Sw/4

Retroactive adjustments in payments for production are now
being calculated. These figures, and figures for investment

adjustment, will be supplied the affected parties in the
near future.

BOLACK-GREER, INC.

MAILING LIST ATTACHED




CANADA OJITOS UNIT

MATILING LIST

ATLAS CORPORATION
NATIONAL BANK OF TULSA BUILDING
TULSA, OKLAHOMA

MRS. M. A. BARTON
BOX 2154
SANTA FE, NEW MEXICO

R. L. BAYLESS
BOX 1541
FARMINGTON, NEW MEXICO

TOM BOLACK
1010 NORTH DUSTIN
FAEMINGTON, NEW MEXICO

ALICE BOLACK
1010 NORTH DUSTIN
FARMINGTON, NEW MEXICO

BENSON-MONTIN-GREER DRILLING CORP,

221 PETROLEUM CENTER BUILDING
FARMINGTON, NEW MEXICO

BURK ROYALTY COMPANY
800 OIL AND GAS BUILDING
WICHITA FALLS, TEXAS

F. H. CARPENTER
BOX 608, SOUR LAKE, TEXAS

LOUISE G. CARPENTER
BOX 608, SOUR LAKE, TEXAS

THOMAS D, CHACE
BOX 2072
SANTA FE, NEW MEXICO

FRANK O, ELLIOTT
BOX 703
ROSWELL, NEW MEXICO

J. V. FRITTS
ROSWELL, NEW MEXICO

GENERAL AMERICAN OIL CO., OF TEXAS
MEADOWS BUILDING
DALLAS, TEXAS

ALBERT R. GREER
721 PETROLEUM CENTER BUILDING
t#ARMINGTON, NEW MEXICO

F & S DRILLING COMPANY
TRI STATE INSURANCE BUILDING
TULSA, OKLAHOMA

LESTER C, HOTCHKISS
4949 NORTH VAN NESS BOULEVARD
FRESNO, CALIFORNIA

WALTER HOWARD
LINDRITH, NEW MEXICO

GAYLE HUDGENS
BOX 1898
HOBBS, NEW MEXICO

JACK LONDON, JR.
1390 FIRST NATIONAL BUILDING
OKLAHOMA CITY, OKLAHOMA

ESTATE OF T. H., McELVAIN

‘c/o FORREST MILLER

220 SHELBY, SANTA FE, NEW MEXICO

ADELINA MAEBTES
LLAVES, NEW MEXICO

MONTIN-HARBERT PIPELINE CONSTRUCTION

cO., INC.
1390 FIRST NATIONAL BUILDING
OKLAHOMA CITY, OKLAHOMA

MOUNTAIN STATES NATURAL GAS CORP
BOX 1362
TULSA, OKLAHOMA

SKELLY OIL COMPANY
BOX 4115, STATION A
ALBUQUERQUE, NEW MEXICO

JOE E. SMITH
8285 WHITE ROAD
BEAUMONT, TEXAS

STANLEY J., STANLEY
1702 CHACO
FARMINGTON, NEW MEXICO

VIRGIL L., STOABS
1320 EAST COOPER
FARMINGTON, NEW MEXICO

SUNRAY DX OIL COMPANY
BOX 1416 -
ROSWELL, NEW MEXICO

TEXOTA OIL COMPANY
110 - 16th STREET
DENVER, COLORADO
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BOLACK - GREER, INC.
158 PETROLEUM CENTER BUILDING
FARMINGTON, NEW MEXICO -~ -

June 7, 1965

New Mexico 0il Conservation Commission
P.0. Box 2088
Santa Fe, New Mexico

Attention: Mr. J. E. Kapteina

Gentlemen:

With refererce to your letter of April 22nd,
we are sending you herewith an executed counterpart of
the Canada Ojitos Unit Agreement.

If you need any additicnal information,
please advise.

Yours very truly,

BOLACK-GREER, INC.

BY:

Albert R. Greer
Vice-President

ARG:nej



- “i‘_‘ v". G ;’34;
£5 ) Drawer 1857
ek gy 5. Roswell, New Mexice 58201
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August 13, 1964

Bolask-Creer, Imc.
158 Petwelaum Center Duiliing
Farxington, New Maxico

Attention: Mr. Albert R, Creer
Ceuntleman:

Your lettsr of August 3 advises that Belack-Greer, lInc., as unmit
opsrater of the Canads Ojitos unit area, Rie Arvriba County, Hew
Mexico, has datermined wmit well No. 2-18 to be imcapable of
producing wnitised substances in peying quantities from the
Niobrara-Gresnbora formstion.

Unit well Wo. 2-18, ia ths NWKNE: sec, 18, T. 23 M., R. 1 E,,
was completed November 30, 1963, for s pmping potential of

15 barrels of efl per day from the Nisbrara-Gresnhorn formation
5,278 to 5,848 fast.

This office concurs with your determimation that unit well No.
2-18 is incapable of producing unitised substances in paying
quaatitiss wadar sxisting conditions.

Sincarely yours,

{Orig.Sgd.) CARL C. TRAYWICK

CARL C. TRAYWICK

Acting 011 and Gas Supervisor

cc:
washingten (w/cy 1tr.)
Fammingtoa (w/cy ltr.)

—— NMOCC~Santa Fe (ltr. only)

Accounts




GOVERNOR
JACK M. CAMPBELL
CHAIRMAN

State of Hetw Mexico
®il Tonserpation Conmission

LAND COMMISBIONER STATE GEDLOGIST

£ B JOHNNY WALKER 5 A L PORTER, R
MEMBER SCORETARY - DIRCCTOR
. 0. BOX 871

SANTA FE

August 9, 1963

Res Case No. 23721

Mr. William J. Cooley

Verity, Burx, Cooley & Jones Order No. _p.2sdd
Attorneys at Law Applicant:

152 Petroleum Center Building

Farmington, New Mexico ~BOLACK-GRRER. INC.
Dear 8irx:

Enclosed herewith are two copies of the above-refesrenced
Commigsion order recently entered in the subject case.

Very truly yours,

Al s, () .

A. L. PORTER, Jr.
Secrestary-Director

ix/
Carbon copy of order also sent to:

Bobbs OCC %
Artesia OCC

Astec OCC x
_ ,




BENSON-MONTIN-GREER DRILLING CORP.

ENGINEERING AND GEOLOGICAL REPORT
INCLUDED IN APPLICATICN FOR
PRELIMINARY APFROVAL Or
THIRD EXPANSICH OF THE
CANADA QJITOS UNIT
JANDARY 22, 1981




SECTION A:

SECTION B:

SECTION C:

SECTION D:

INDEX TO
ENGINEERING AND GEOLOGICAL REPORT
INCLUDED IN APPLICATION DATED
JANUARY 22, 1981
FOR PRELIMINARY APPROVAL OF THIRD EXPANSION OF THE

CANADA QJITOS UNIT

DISCUSSION

EXCERPT FROM FOUR CORNERS GEOLOGICAL SOCIETY
1978 "OIL AND GAS FIELDS OF THE FOUR CORNERS AREA"
PAPER ON PUERTO CHIQUITO MANCOS WEST

PAPER FROM AAPG BULLETIN, VOL. 63, NO. 4, APRIL,
1979: "FRACTURES IN CRETACEOUS ROCKS FROM SELECTED

AREAS CF SAN JUAN BASIN, NEW MEXICO, EXPLORATION
IMPLICATIONS" (PAGES 603-606).

STRUCTURAL CONTOUR MAP

A Al o e o e e



ENGINEERING AND GEOLOGICAL REPORT
ACCOMPANYING APPLICATION FOR PRELIMINARY APPROVAL OF
’ 'THE' THIRD EXPANSION OF THE
CANADA OJITOS UNIT

JANUARY 22, 1981 A

The third expansion of the Canada Ojitos Unit is proposed
to test the possibility that the presently producing reservoir
underlying the Canada Ojitos Unit extends westward beyond its present
boundary and is capable of supporting wells which can produce in
"paying quantities".

The initial Canada Ojitos Unit has previously been
expanded (first and second expansions) and undergone one contraction.
The first and second expansions and the one contraction were for lands
along the south and‘ east sides. The area along , and adjacent to, the
west side remains untested.

General description of the Canada Ojitos Unit and the West
Puerto Chiquito Pool, within which it lies, is given in papers of the
Four Corners Geological Society and in AAPG bulletins. Copies of two
of these papers are included herein for reference as to these general
featu;es (Sections B and C herein). Detailed engineering and
geological data are in the files of the U.S5.G.S., the Oil Conservation
Division and the State Land Office. Additional data have been
presented in conjunction with applications for formation, and
expansion, of the Niobrara-Greenhorn participating area within the
Canada Ojitos Unit. |

The possibility of the Canada Ojitos Unit reservoir
extending beyond its west boundary can be seen from the colored
contour map enclosed (Section D herein). The best fracturing and

locations of the better wells appear to coincide with areas showing

a change (flexure) of dip:



(Blue color) - from the initial dip of the outcrop to
east side of blue color of about
3000°/mile in blue color area;

(Green color) ~ change from blue area to dip of about
4007 /mile;

(Brown area) - change from green area to dip of about
200%/mile;

(Gray area) - change from brown area to about
100/mile.

It is apparent that another flex could occur in the
general area of the west side of the gray shaded area; and that if
so, the productive area could extend west beyond the Canada Oijitos
Unit west boundary.

We would _ngt_: anticipate high capacity wells here: bju;\at
the present price of oil, low capacity wells might'st'ﬂl be profitable
to operate; and the farther west the downdip row of wells can be
extended, the more efficient can be the recovez;y of oil from the
reservoir.

This possibility existed - and was recognized - when the
westernmost wells were drilled some 10 or 12 years ago; but economics
at that time of anticipated prod}uctivities léft no room for wells of
lower capacity than had theretofore been encountered to be
commercial. Since that time drilling costs have increased about
threefold; but oil prices have increased about tenfold, so it now
makes economic "sense" to explore what appears to be a marginal area,
in an effort to locate additional recovery wells farther downdip angd

thereby be able to more efficiently produce the reservoir.

ENGINEERING AND GEOLOGICAL REPORT
PAGE 2




The exploration plan is to drill wells in this expansion

area and to expand the existing participating area as a result of this

drilling to include any additional lands capable of "production in

paying quantities”™; and to exclude from the expanded unit area (by
later contraction) lands not proven to be capable of production in
paying quantities.

It is impossible to fofecast accurately which lands will
be commercially productive and which will not: however, a reasonable
choice of expansion area can be supported by selecting boundaries of
the third expansion area as follows:

North:

By the boundary of the Jicarilla Reservation (same as

Canada Ojitos Unit). It should be noted also that the

main producing interval (Zone "C") in the south part of

Canada Ojitos Unit apparently is missing north of this

line.

East:

By the Canada Ojitos Unit boundary.

South:

By westward extension of the Canada Ojitos Unit boundary

in this area (apparent south limit of production).

This bov.indary is chosen at 1 to 2 miles from location of

the last probable synclinal "flex" of the formation (west

edge of gray-shaded area on colored contour map).

ENGINEERING AND GEOLOGICAL REPORT
PAGE 3




468 PUERTO CHIQUITO MANCOS, WEST

PUERTO CHIQUITO

MANCOS, WEST

(0ih
T.25-27N.,R. 1E,,R. 1 W, NMPM
Rio Arriba County, New Mexico

GEOLOGY

Regional Setting: Eastern flank, San Juan Basin

Surface Formations: Cretaceous, Lewis Shale and Tertiary,
Ojo Alamo Sandstone

Exploration Method Leading to Discovery: Surface and sub-
surface geology

Type of Trap: Stratigraphic, fractured shale

Producing Formation: Cretaceous, Niobrara interval of
Mancos Shale

Gross Thickness and Lithology of Reservoir Rocks: Approx-
imately 150 feet total of three separate zones within an
overall section of approximately 250 feet of fractured
shale

Geometry of Reservoir Rock: Apparently (from interference
tests) a jigsaw pattern of tight, low permeability, blocks
interconnected by a high capacity fracture system. Tight
blocks are measurea in terms of tens of acres of reservoir
volume

Other Significant Shows: Cretaceous, Dakota Sandstone gas
and distillaze (low volume)

Oldest Stratigraphic Horizon Penetrated: Jurassic, Morrison
Formation

DISCOVERY WELL

Name: Bolack-Greer No. 2 Bolack (present operator:
Benson-Montin-Greer Drilling Corp.)

Location: NE SW (1785’ FSL and 2120' FWL) sec. 13, T. 25
N., R. 1 W., NMPM

Elevation (KB): 7,090 feet

Daite of Completion: Julyv 23, 1963

Total Depth: 6,022 feet

Production Casing: 5'2” at 5,976 feet with 150 sacks of
cement

Perforations: Ncone (open hole)

Stimulation: 100 gallons acid and sand-oil fractured with
85,620 gallons ¢il and 111.0060 Jbs sand

Initial Potential: 93 BOD (pump)

Bottom Hole Pressure: 1,620 psig at datum of + 1,195 feet

DRILLING AND COMPLETION PRACTICES

Surface Casing: 400 feet of 10% " cemented to surface

Intermediate Casing: 7 5/8” set within 500 feet of pay
zones with enough cement to cover Mesaverde Group

Production Casing {Liner): 52" cemented back up into
intermediate casing, hole below intermediate drilled with gas
if available, or air, or air and nitrogen

Stimulation: Sand-oil fracture with 200,000 to 500,000 lbs
of sand, 200,000 to 500,000 gallons of lease crude, injection
rates of 50 to 100 barrels per minute

B

By: Albert R, Greer
Benson-Montin-Greer Drilling Corporation

NOTE: Above approximates conditions for majority of
wells drilled in sixties and early seventies

RESERYOIR DATA

Productive Area: )
Proved (as determined geologically): Approximately
50,000 acres within participating area of unit
Unproved: Several thousand acres within pool boundaries
outside of unit
Approved Spacing: 320 acres
No. of Producing Wells: 11 (4 injection, 7 observation or
temporarily suspended)
No. of Abandoned Wells: None
No. of Dry Holes: None following discovery well, 2 prior
to discovery well
Average Net Pay: Indefinite, probably less than 50 feet

Porosity: Indefinite, fracture porosity probably on order of 1
percent

Permeability: Unknown (transmissibility, from interference
tests, ranges up to 6 darcy-feet)

Water Saturation: Unknown, probably quite low

Initial Field Pressure: 1,620 psig at + 1,195 feet datum

Type of Drive: First 15 vears, primarily gravity drainage,
with some liquid expansion initially; pressure maintained
essentially constant by gas injection from fifth to fifteenth
vear (1968 to 1978); final stages of depletion will inciude
solutiop gas drive and gas “‘cycling”’ by gas injecuon

Gas Characteristics and Analysis: Sweet, primarily solurion
gas with some gas cap gas; CO. and N: 0.3 percent;
methane through hexanes 26 percent; heptanes + 46 per-
cent

Oil Characteristics and Analysis: Sweet, 39° to 40° API
gravity, vellow-green

Associated Water Characteristics and Analysis: No produced
water

Original Gas, Oil, and Water Contact Datums: Gas-oil, ap-
proximately + 1,600, no bottom water

Estimated Primary Recovery: See ‘‘Field Commeniary’’

Type of Secondary Recovery: See *‘Fieid Commentary”’

Estimated Ultimate Recovery: See “‘Field Commentary™

Present Daily Average Production: 750 BOD (December,
1977)

Market Qutlets: Oil: pipeline to Shell’s system for most part,
some trucked to Bloomtield; gas: all but small volume is
gathered and injected in reservoir. None sold.

FIELD COMMENTARY

The Puerto Chiquito Mancos, West field is located about
fifteen miles north of Regina, New Mexico. It underlies lands
of the Santa Fe National Forest, the Jicarilla Indian Tribe,

{Four Corners Geological Society



PUERTO CHIQUITO MANCOS, WEST 469

and fee and state ownership. Geologically it is [ocated on the
eastern flank of the San Juan Basin.

Production is from Niobrara age rocks of the Mancos
Shale. The structure is essentially a monocline, dipping west
into the basin. Areas of highest capacity wells occur along
synclinal flexes in the otherwise uniform dip. The dip of the
beds decreases progressively from the outcrop (one to five
miles east of the pool boundary) to the western limits of
established production. The magnitude of the dip changes
from approximately 3,000 feet per mile at the outcrop to ap-
proximately 100 feet per mile at the western edge.

The reservoir consists of fracture porosity in the more brit-
tle zones within the Niobrara interval. Lithology of these
zones has been investigated and reported on by London
(1972); the reservoir rock being primarily shale with varying
amounts of dolomite and calcite. Three such zones have been
identified which persist throughout the area of the field. Pro-
duction in the south part of the field for the first fifteen vears
has been primarily from the lower zone; whereas production
from the north part of the field for the first fifteen vears has
been primarily from the upper two zones. For purposes of
local identification the zones have been labeled A, B and C;
with the upper two sometimes called **Alto’’ and “‘Bajo.”’

Because of the common pool boundary and similar log
characteristics, both the Puerto Chiquito Mancos, East and
West pools and type log are shown on the same, accompany-
ing, plate.

Some 98 percent of the field’s first fifteen years of produc-
tion (approximately 6 million barrels) is from the Canada
Ojitos Unit lying wholly within the Puerto Chiguito Mancos,
West pool. This part of the reservoir has been under a
pressure maintenance program from the fifth through the fif-
teenth year of production (1968 to 1978). General reservoir
characteristics have been described by Gorham and others
(1977); and in more detail, particularly as to the gravity
drainage aspect by Greer (1969).

No estimate is made for uitimate recovery. There are a
nurnber of factors which bear on ultimate-recovery. The chief
one is the time of operation of the pressure maintenance proj-
ect which is a ‘‘cost-sensitive’’ operation. The chief cost items
are those attendant to gathering, handling, and compressing
of produced gas, and the purchase of ‘‘make-up” gas. For the
initial phase of the depletion process (gravity drainage of the
high capacity fracture system) per-well oil production rates
have been high with low gas-oil ratios. Pressure maintenance
by gas injection has been quite successful, both physically
from the standpoint of oil recovery, and economically. For
the first eight years of pressure maintenance the prices of gas
were low and the costs of the pressure maintenance project
likewise small compared to value of produced oil.

" However, for the second phase of the depletion cycle (grav-
ity drainage of the ‘‘tight’’ blocks with gas cycling to move the
oil to the wellbores) the economics will be less attractive; per-
well oil production rates will be comparatively low, gas-oil
ratios high, and the handling of large volumes of produced
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gas and purchases of make-up gas will be more expensive.
Even so, if the economics of this phase of the depletion pro-
cess can be profitable, the author anticipates a long future
life—albeit at low production rates compared to the past—
with a significant future ultimate recovery. Under considera-
tion for this phase of the depletion cycle is a gasoline plant to
process the ‘‘cycled’’ gas; this could have a bearing on the eco-
nomics and extension of producing life {and ultimate recov-
ery) of the reservoir.

Although the pressure maintenance project has been suc-
cessful—evident, for example, from several million barrels of
production at solution gas-oil ratios—it makes difficult the
forecasting of future and ultimate production. For in addition
to the complicating factor of.the economics of the second
phase of depletion as described above, is the fact that down-
dip oil recovery wells continue to produce at high rates until
the gas-oil contact—as it migrates downdip—reaches them.
Then, in a matter of months, the oil production rate for a well
will decrease from several hundred barrels a dav to a few tens
of barrels a day, so analysis of production decline rates 1s of
little help in forecasting reserves. By the same token, reservoir
pressure data is of little help, for if it is maintained constant,
it has no relation to production.

The final stage of depletion will be the “‘blow-down’’ when
produced gas is marketed and the last vestiges of oil are
claimed. (The depletion process is a combination of solution
gas drive with free gas ‘‘sweeping’’ the fractures.) This free
gas which has been maintaining pressure and increasing oil
recoveries will have played a quadruple role: In phase one it
maintained pressure and allowed the gravity drainage deple-
tion process of the high capacity fracture svstem to function
effectively. In phase two {(cycling) it will have swept the oil,
which drained primarily by gravity from the tight blocks,
along the high capacity system to the wellbores. In phase three
(blow-down) it will sweep the fractures of oil produced from
the tight blocks by solution gas drive along the fracture system
to the wellbores, and ultimately it wili come out of *‘storage””
and be marketed.
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Fractures in Cretaceous Rocks from Selected Areas of San Juan
Basin, New Mexico—Exploration Implications’

FRANK D. GORHAM, JR.,2 LEE A. WOODWARD,3 J. F. CALLENDER,? and ALBERT R. GREER*

Abstract Fracture reservoirs are present in the
Verde, Boulder, West Puerto Chiquito, and East Puerto
Chiquito oil fields of the San Juan basin. New Mexico.
Brittle, competent siltstone and carbonate-rich in-
terbeds within Cretaceous shale intervais are fractured
in areas of maximum curvature along the Hogback mo-
nocline.

Surtace observations indicate that there are usually
three sets of fractures along limbs of fcids. Open frac-
tures trend paratlel with fold axes and occur on convex
sides of folds. Dip fractures and oblique fractures are
commonly tight.

Exploration for traps with fracture reservoirs should
focus on areas of maximum curvature ot folds where
brittle interbeds can be expected in the subsurface.
Monoclines are common along the margins of many
basins in the Rocky Mountain region and provide manv
exploration targets, as they probabiy formed at rela-
tively low confining pressures, thus fachitating fracture
of brittie rocks in the Cretaceous System.

INTRODUCTION

A single fracture s in. (1 mm) wide crossing a
well bore in an oil reservoir can provide perme-
ability sufficient to produce between 7,000 and
10,000 bbl of oil per day, depending on pressure
and oil viscosity (Daniel. 1954). Also. the height
of the fracture as it is intersected by the well bore
is an important factor. Kostura and Ravenscroft
(1977) noted that the role of fracturing in creating
and enhancing reservoirs is one of the more elu-
sive and challenging problems facing petroleum
geologists; they anticipate considerable attention
on this subject because of the significant reserves
remaining to be found in fractured reservoirs.

Oil production from Cretaceous rocks is pri-
marily, if not entirely, from fracture permeability
and porosity in the Verde, Boulder, West Puerto
Chiquito, and East Puerto Chiquito fields (Fig. 1)
along the margins of the San Juan basin (Arnold.
1974). In many other producing areas in the San
Juan basin reservoir permeability is aided by
fractures.

The principal factors involved in development
of fracture permeability and porosity are the ra-
dius of curvature during flexure folding. rock
type. temperature. confining pressure, and rate of
strain. Open fractures tend to develop where ten-
sional joints form at places of maximum curva-
ture of beds (i.e.. where there is greatest rate of
change of dip, not necessarily where the dips are
steepest). The following sequence is generally in
order of increasing ductility and therefore de-

creasing brittle behavior: quartzite, dolomite,
sandstone, limestone. and shale (Stearns and
Frieuman. 1972). Bedding thickness influences
competence; Harris et al (1960) suggested that
density of joints is greater in thin beds.

Murray (1968) has shown in a quantitative
fracture study that fracture porosity and fracture
permeability can be related mathematically to
bed thickness and structural curvature. Also. he
found that fracture porosity varies directly as the
product of bed thickness times curvature and that
fracture permeability varies as the third power of
this product.

Among the critical questions concerning frac-
ture reservoirs are the following. When and how
did the fractures originate? Are they of regional
extent or confined to local structures? Are the
original fracture trends in older rocks propagated
upward into younger strata? When did hydrocar-
bons migrate into the fractures? How might frac-
tures in the subsurface be predicted in explora-
tion?

Although we do not have all the answers, we
hope to stimulate interest through a discussion of
our observations and interpretations of subsur-
face data from the Verde and East and West
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FIG. I—Index map showing outline of San Juan basin
(Hogback monocline and dashed line) and localities
noted in text.

Puerto Chiquito fields and surface work on the
eastern edge of the San Juan basin. Work on the
Verde field is by Gorham. on the Puerto Chiquito
fields by Greer, and on the surface by Woodward
and Callender.

Speer (1957) discussed the Verde field during
the early stage of development and recognized it
as a fracture reservoir. Mallory (1977, p. 7) re-
ported that fractured shale reservoirs in north-
western New Mexico yielded 17.4 million bbl of
oil since discovery of the Verde field.

VERDE OIL FIELD

The Verde discovery well was drilled in the SE
Vs, Sec. 14, TIIN, R13W. NMPM. und was com-
pleted in September 1955, The initial well was a
wildcat guided by surface antichinal nosing along
the Hogback meonocline. During early devel-
opment of the field the productive zone was con-
sidered to be the Gallup Sandstone. but subse-
quent work has shown the producing zone to be
in the Niobrara Member of the Mancos Shale.
Although only siltstone and indurated btack shale
were encountered in the so-called Gallup section,
pipe was set as a result of shows and lost circula-
tion and the well was completed pumping 180
bbl/day of 42° APl gravity oil. During the fol-
lowing 3 years. 100 wells were drilled and com-

pleted in the pmduun«' interval by various opera-
tors with spacing of 40 to 80 acres (16 to 32 ha.)
per well.

Stratigraphy

" The stratigraphy of Upper Cretaceous rocks of

the San Juan basin has been summarized by Mol-
enaar (1977): therefore. only a brief summary of
the stratigraphic sequence (Fig. 2) other than that
of the producing interval is given here. Rocks ex-
posed in the field area are Upper Cretaceous for-
mations. which consist of the Cliff House Sand-
stone (uppermost unit of the Mesaverde Group)
in the northwest part of the field and a normal
sequence of younger Cretaceous beds culminat-
ing with the Fruitland Formation in the south-
east.

In the Verde field. the Niobrara producing in-
terval is a fractured reservoir having very little or
no known effective porosity or permeabxlm ex-
cept that associated with fractures. in the entire
Niobrara-Carlile section. The producing zone is
not exposed at the surface in the field area. The
Niobrara interval consists of black. hard. indurat-
ed. fissile, calcareous marine shale and thin. hard.
quartzitic siltstone beds: the siltstone beds are
primarily at the base of the Niobrara. although
they occur randomly throughout the interval
Subsurface samples and electric-log correlations
from the Horseshoe Canvon area indicate that
the primarv zone of interest in the Verde area
includes the basal Niobrara. the Niobrara-Carlile
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FIG. 2—Diagrammatic cross section showing subsur-
face relations of Cretaceous rocks 1n vicinity of Verde
field, northern San Juan basin.
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unconformity, and the thin upper Carlile shale
and siltstone interval above the Juana Lopez (Sa-
nostee). A study of electric logs from thoughout
the Verde area indicates that the primary produc-
ing interval is generally lithologically consistent
throughout. No association is apparent between
variations in siltstone content. calcite content, or
other observable stratigraphic phenomena and
quality of wells or oil reserves. The Niobrara tn-
terval of the lower Mancos Shale was subdivided
by most operators into the A, B, and C zones.
with the C zone being the basal zone of produc-
tion (Fig. 2). The overall A-B-C zone approaches
1,200 ft (366 m) in thickness. The top of the C
zone was where most operators set pipe and then
drilled open hole for 200 to 300 ft (61 to 91 m).
With only a few exceptions, most of the oil pro-
duction was obtained from fractures in the C
zone, which also has most of the siltstone in-
terbeds. It is stressed that the C-zone lithology is
generally consistent over the entire field area.

Frank D. Gorham, Jr., et al

which includes the peripheral drv holes. There-
fore, the siltstone in the C zone. although impor-
tant. cannot be the only factor controlling com-
mercial oil production.

Structure

The Verde field is located on the Hogback mo-
nocline on the northwest flank of the San Juan
basin in T30. 3IN, Ri4, 15W. NMPM. San Juan
County, New Mexico. Surface dips are essentially
south and southeast, ranging from 4 or 5° in the
Cliff House Sandstone in the northwest part of
the field to 23 and 25° in the southeast part of the
field where the Pictured Cliffs Sandstone is ex-
posed as a hogback. The monocline is sinuous
there. as it is folded to form a south-plunging an-
ticlinal nose (Fig. 3).

Evidence that the field is a fractured reservoir
is simple, complete, and conclusive. The produc-
ing interval in one of Pubco’s wells was cored.
The well selected was in the area of maximum
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FIG. 3—~Generalized structure contour map of Verde field, modified from Hayes and Zapp (1955). Structure
contours on top of Point Lookout Sandstone of Mesaverde Group. C.I. = 200 ft (60 m).
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flexure. After production casing was set on top of
the C zone and cemented in place. the well was
drifled with oil 15 ft (4.6 m) below the casing shoe
and the core barrel was put on: 42 ft (12.4 m) of
core was cut and recovered: it consisted of hard.
indurated, fissile black shale with intercalated
hard, quartzitic siltstone beds that ranged from 1
in. to several feet in thickness. Analysis of the
siltstone in the shale matrix showed porosities
and permeabilities far below those required to
produce gas, much less oil.

“Concrete” evidence of the fractured reservoir
was recovered. There were no problems interpret-
ing fractures in the core. The enlire core was
laced in a dendritic pattern of fracture “casts™
consisting of oil-well cement and lost-circulation
material which had filled the natural fractures.
Because coring had not begun until after drilling
15 ft (4.6 m) below the casing shoe, we could con-
clude that in this zone one would not expect to
obtain cement-filled fractures unless (1) produc-
tion casing was set too low or in the fracture sys-

-tem and the cement dropped into the zone cored.

or (2) although not as likely, but still possible. the
cement and lost-circulation material came from
the adjacent lease operated by a company that
drilled through the producing zone, set casing, ce-
mented, and perforated. Incidentally, their weils,
as a result of their completion practice, usually
had initial potentials and ultimare production
substantially lower than wells completed by other
operators who made open-hole completions. The
fractures in the core, as represented by oil-well
cement, measured in thickness from 134 in. (4.3
cm) wide to hairline cracks. The large fractures
were either almost vertical or within 20° of veru-
cal; smaller fractures branched out from them in

-a festoon or dendritic patiern. One large fracture

was represented by a cement slab 7'2 ft (2.3 m)
long, 1% in. (3.8 cm) thick. and equally thick
from one side of the core to the other. Also sur-
prising was the fact that almost the entire core
was intact. being broken only at approximately &
to 10-ft (2.4 to 3.0 m) intervals when 1t was re-
moved from the core barrel.

Although poor to average production related to
fracture permeability was determined in wells as
far southwest as the southwestern corner of
T3IN, RI5W, commercial production from frac-
tures scems to disappear on the east edge of the
field in T3IN, R14W, perhaps owing to ioss of
brittle interbeds. In our opinion the commercial
oil-filled fractures are confined in large degree to
areas of (1) maximum convex curvature, (2}
abrupt change in strike direction along the mono-
cline from generally northeast to due east and
back to the northeast on the eastern edge of the

producing area. and (3) thin, brittle, siliceous silt-
stone in an indurated Niobrara shale matnx. Of
particular interest is the fact that the eastern edge
of the field terminates on the crest of the plunging
nose of the Barker Creek anticline, where most
geologists would suspect strong fracturning. Fieid
evidence from other areas (Harns et al. 1960;
Stearns and Friedman. 1972) indicates that the
strongest fracturing is located on the flanks of the
folds where maximum curvature occurs and not
necessarily on the crests of the anticlines or the
troughs of the svnchnes.

The best wells (over 100 BOPD) in the Verde
field are located mostly in the syncline crossing
the hogback or at the major change in the strike
of the hogback. Using the cross section of Haves
and Zapp (1955) shown in Figure 4. it can also be
demonstrated that most production came from
wells drilled near the Lewis Shale-Cliff House
surface contact northwest of the steepest part of
the monocline: upon reaching the C zone of the
Niobrara, however. the best wells intersected the
pay zone at the point of maximum curvature, or
about halfway through the arc formed by the mo-
nocline at that level, assuming paraliel folding.
This structural position on the monocline appears
to be the most important empirical relation for
the best production or fracture abundance. How-
ever, the angle of incidence between the borehole
and the fracture system reaches a maximum at
the greatest dip, and thus more fractures will be
encountered with the same depth of penetration.
Next in importance is an abrupt change in strike
of the producing zone. and third is the presence
of brittle. thin beds of siliceous or quartzitic silt-
stone. Although the presence of these brittle rocks
is mandatory for fracturing. they are present in
varying degrees at the base of the Niobrara and
are capped by overlying ductile soft shales
throughout the Rocky Mountains. Most of the
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FIG. 4—Northwest-southeast structure section illustrat-
ing locations of most productive wells with respect to
curvature across Hogback monochine at Verde field
(modified from Hayes and Zapp. 1933). Elevations are
in. feet.
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fractured shale reservoirs known are located li-
thologically near the contact or in the area of
change of deposition from nearshore shale and
siliceous or quartzitic siltstone stringers to seu-
ward limestone-dolomite stringer facies. These
zones of favorable. brittle facies usually are not
parallel with the trends of the folds. and thus onlv
those segments of folds with brittle interbeds will
develop ‘fracture reservoirs.

Reported initial potenuals of the individual
wells indicate a tabular high-potential area about
4 mi (6.4 km) long (east-west) and 1.5 mi (2.4 km)
wide (north-south) centered in the southwestern
part of T3IN, R14W. This shape at first glance
might indicate a possible direct association with
siltstone or “reservoir” content. Although so asso-
ciated in part, the high-potential of the area is
also directly associated with its structural position
and, to a large degree. with well completion prac-
tices. Completion practices appear-to have been
particularly important in the south-central part of
T3IN, R15W. where low potentials are reported
but where the better wells are located in the prop-
er structural position.

Completion Practices

Operators in the field followed these methods:
-(1) pipe was set on top of the fractured zone and

drilling was with cable tools or with oil as drilling
fluid and was completed in open hole with tubing
run to the base of the production string or near
total depth in the open hole: (2) pipe was set
above the fractured zones as in 1. but a liner was
set in the open hole with tubing set to total depth:
or (3) production casing was set in the fractured
zone, cemented, then perforated.

Of the three methods described or variations
thereof, method | was by far the most satisfac-
tory. Of particular interest was the observation
that while drilling with cable tools through the
oil-reservoir fracture zone and to total depth. lit-
tle or no oil or fluid entry was noted on several of
the interior locations. Following a modest or high
oil fracture treatment (without sand). all of these
wells had almost unlimited oil entry at casing
swab rates exceeding several thousand barrels of
oil per day. Because the initual bottom-hole pres-
sure permitted the oil. with little or no associated
gas. to rise in the casing only to about 400 ft (122
m) from the surface, all wells were completed by
pumping with units designed to exceed slightly
the allowable production. which was below 70 bbl
per well per day. At least two hypotheses were
advanced at the time as to why these wells had no
fluid entry while drilhing with cable tools in open
hole, but had high fluid entrv rates on being
slightly treated. The first and perhaps the more
plausible explanation was that. as demonstrated

Frank D. Gorham, Jr., et al

in one well. cement dropped below the guide shoe
into the fracture system. Because its weight far
exceeded bottom-hole pressure. it thus tempo-
rarily plugged the fractures unul the time of arufi-
cial fracturing. Another explanation is that cable
tool drilling or rotarv drilling with o1l created a
thin. 1mpermeable plaster composed of dnlling
fluid and cuttings that had 10 be broken hvdraul-
callv. Completion pracuce 1 usually resulted mn
production rates and recovery 100% greater than
that achieved by practice 3. Method 2. a variation
of 1. was considered by some operators to be an
improvement as subsequent caving. which could
cause tubing to get stuck or might limit fluid en-
try. was prevented.

In this particular reservoir, no open-hole clean-
out problems occurred during the life of the wells.
as long as the wells had initially been cleaned out
properly. We were not aware of any particular
benefits in expense savings or increased produc-
tion as a resuit of setting a liner in the open hole.
Completion practice 3, conventionally used in
sandstone and carbonate reservoirs. had no appli-
cation to this reservoir. In addition to large
amounts of mud and lost-circulation material
being plastered into the fractures while driliing, at
completion the cementing process, in most wells,
effectively sealed the fractures so that even after
heavy or large fracturing only modest wells or dry
holes resulted. These poor results may have been
due in part to uncertainty as to the selection of
perforated intervals, although the best fractures
appeared to be associated with increases in resis-
tvity amplitude or zones of greater siltstone con-
tent.

Reservoir Performance

The Verde field produced 7.474.136 bbl of 39°
API sweet, paraffin-based crude oil prior to de-
pletion. Pubco’s two sections, located in the cen-
ter of the field and 1n the high potential area. pro-
duced 932.533 bbl prior to depletion. or 744 bbl
per acre. The reservoir behavior during produc-
tion was a classic example of gravity drainage
with only modest help from solution gas. As the
field was produced. the structurally higher wells
were depleted first and then the next line of wells,
until the bottom tier was reached. Bottom-hole
pressures through the life of the field confirmed
gravity drainage as the producing mechanism,
with a steady pressure drop directly related to de-
pletion. Although no interference tests were con-
ducted. 1t was observed that almost the entire
field depleted as a unit: the structurally higher
wells were depleted first. followed tier by tier
downdip until total-field depletion had occurred.
Excellent overall fracture connection was thus
proved. which had 1n fact been easily observed
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during initial development. Although the opera-
tors attempted to obtain 80-acre (32 ha.) spacing.
their request was not granted by the New Mexico
Oil Conservation Commission and the field in
part was developed on a 40-acre (16 ha.) spacing
pattern. In tetrospect. had the field been devel-
oped along the structurally lower ters of welis
only. with the wells perhaps spaced 0.25 mi (0.4
km) apart. the overall economics of the field
would have been substantially better. and total oil
recovery based on the reservoir behavior de-
scribed would probably have been identical.

EAST AND WEST PUERTO CHIQUITO FIELDS

In the course of the drilling of wells in the East
and West Puerto Chiquito fields (Fig. 5). Rio Ar-
riba County, New Mexico. Benson-Montin-Greer
Drilling Corp. (B-M-G) obtained information
and conducted tests which revealed some interest-
ing reservoir characteristics. These fields produce
from fractured rocks in the Niobrara Member of
the Mancos Shale. Brief summaries of the tests
and conclusions are set out in the following. with
interpretations and hypotheses.

Commercial oil production resulted from wells
drilled on a structural nose in the shallow (2.000
to 4,000 ft; 610 to 1.220 m) East Puerto Chiquito
pool and along strike of the monocline with
“synclinal flexing” in the deeper (5.000 to 7.000
ft; 1,524 to 2,134 m) West Puerto Chiquito pool.
Both reservoirs are in areas of folds: our postulate
is that folding caused the fracturing which result-
ed in reservoirs being sufficient for commercial
production. London (1972) investigated the Ii-
thology of the producing interval in West Puerto
Chiquito with particular emphasis on content of
calcite and dolomite in the reservoir rock. Lon-
don concluded that the percentage of dolomite,

‘which is more brittle than calcite. can have signif-

icant effects on whether the rocks fracture. One
might then draw the conclusion that a relatively
high dolomite content is just as essential as flex-
ure, or whatever other deformauon might be part-
ly responsible for the reservoir's existence.

General Reservoir Characteristics

Interpretation of test data. together with infor-
mation from cores and logs. shows that the indi-
vidual reservoirs are relatively thin: from the
standpoint of oil production. the porosity is all
fracture porosity: and each reservoir comprises
individual fracture “blocks™ of low permeability
(lower order of fracture development). but joined
and interconnected to a high-capacity fracture
system. :

The greater part of the volume of the reservoir
is probably formed by these fracture blocks and a
relatively small part by the high-capacity con-

necting fracture svstem. Accordinghy . in dridhing a
well. one may expect w penetrate not the fracture
svetem but rather one of the fracture blocks, This
is apparently what has happened in West Puerto
Chiquito. Only some wells encounter nawral pro-
duction. and these natural-production rates have
never been high enough o indicate direct com-
munication with the high-capacity fracture svs-
tem. Onlv after sand-fracture treatments connect-
ed the well bores to the fracture svstems were
wells developed capable of producing at high
rates.

The reservoirs (“tight”™ blocks and high-capaci-
ty fracture system) are confined to relatively thin
zones which are identifiable on electric logs as
more resistant than surrounding beds. Although
vertical fractures have been found in cores
through these zones. thev apparently do not con-
tinue far into the more plastic shales above or
below. In the Verde field. in contrast. fractures
extending for considerable vertical distances have
been found. In the Puerto Chiquito fields. com-
munication has been measurcd over long dis-
tances horizontally (miles}. whereas vertical com-
munication has not been found in beds as close as
100 ft (30 m) apart. In fact. an absence of com-
munication between zones in a single well bore
has been determined. With minor exceptions.
commercial production has been limited to zones
which are not only electrically resistant. but
which extend over long distances and can be cor-
related between wells.

Some other isolated zones have produced some
oil, without artifical fracturing, at initial rates as
high as 20 BOPD: but generally these zones de-
plete rapidly and apparently are not connected
with commercial reservoirs. The presence or ab-
sence of these isolated zones does not have a rela-
tion to commercial productivity of the main iden-
tifiable commercial zones.

Three characteristic zones of the Niobrara
from which most of the production originates are
present over the greater part of both East and
West Puerto Chiquito fields. These zones are sim-
ilar to those described for the Verde field. The
main contributing zones in East Puerto Chiquito
are the upper two (A and Bj: whereas in West
Puerto Chiquito. most of the production in the
south part of the pool is from the lower zone ().
with production in the north part from A and B.

Well Spacing

Under a New Mexico Oil Conservation Com-
mission order. in East Puerto Chiquito the spac-
ing is 160 acres (64 ha.) per well. and in West
Puerto Chiquito it 1s 320 acres (128 ha.) per well.
However, in view of the extensive communication
found 1in West Puerto Chiquito. the wells in the
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Canada Ojitos unit there (from which most of the
production in West Puerto Chiquito originates)
are more widelv spaced. Pressure maintenance by
gas injection has been continuously carried on
since August 1968. Gas injection wells are located
on the updip side of the reservoir and oil recovery

wells on the downdip side: the resultant spacing

of the oil recovery wells is approximately one well
per four sections (10.4 sq km). The wells appear
to be efficiently draining these large areas: single
well recoveries have exceeded 10 times the aver-
age recovery of wells in the nearby Boulder-Man-
cos pool, which was drilled on 80-acre (32 ha.)
spacing and which had much better reservoir
characteristics and potential for production.

Qil-Producing Mechanism

B-M-G has attempted to take full advantage of
the efficient gravity-drainage mechanism in pro-
ducing its wells in both the East and West Puerto
Chiquito pools. Because of the higher formation
volume factor and consequent shrinkage, with its
attendant adverse effects on recovery, pressure
maintenance by gas injection was instituted for
the West Puerto Chiquito oil. The main purpose
of the gas injection was to maintain pressure so
that the gravity-drainage mechanism could oper-
ate under optimum conditions. It was not intend-
ed to “sweep” the reservoir with gas.

To avoid channeling and to assure gravity
drainage, the producing rates of the recovery
wells were restricted considerably below their
producing abilities. The “‘gravity-drainage poten-
tial” of the reservoir was estimated from interfer-
ence tests and production rates were set accord-
ingly. B-M-G considers the pressure maintenance
operation to have been successful.

Pressure Buildup, Drawdown, and Interference Tests

A high degree of communication was found in
wells in both the East and West Puerto Chiquito
pools. On interference tests in West Puerto Chi-
quito, measurable pressure changes occurred in
observation wells within 24 hours of commence-
ment of production of wells as far as 1.5 mi (2.4
km) away. In East Puerto Chiquito. reservoir
pressure increase caused by fracture treatment of
a well was observed in an observation well 1 mi
(1.6 km) from the well being treated.

In West Puerto Chiquito overall reservoir
transmissibilities were measured by interference
tests to be in the range from 2 to 10 darcy-feet.
Individual well transmissibilities were found to be
much lower, however. Reasonable interpretation
of the data permits only one conclusion as to
general reservoir geometry: there 1s a series of
individual “fracture blocks™ with transmissibili-

ties ranging from 0.02 10 0.4 darcy-feet which are
connected as in a Jlgsaw puzzle lhrough a high-
capacity network. Areal sizes of the individual
fracture blocks were calculated to be on the order
of 30 to 70 acres (12 to 28 ha.).

Drainage of Tight Fracture Blocks

Because of the apparent geometry of the reser-
voir and the fact that a substantial amount of oil
might be contained in the low-permeability frac-
ture blocks. a question arises whether an effort
should be made to deplete these fracture blocks
as well as the high-capacity fracture system
through gravity drainage. The answer depends on
the rate at which oil can drain from these tight
blocks and the economics of continuing gas injec-
tion. Because this determination cannot be made
until the oil has first been produced from the
high-capacity system. it cannot be made early in
the life of the reservorr.

To answer this question, B-M-G continued to
produce a suitable well after the high-capacity
system was essentially swept (i.e.. the gas to oil
ratio increased from an initial 300 to about
10,000). After reaching the 10,000 to 1 GOR, this
well has produced approximately 130 BOPD for 3
years with no further increase in GOR. This sug-
gests that if all of the fracture blocks in the reser-
voir are of this quality. it should be feasible to
continue gas injection for some time after the
main fracture system has been depleted (other
wells have been shut in when their GOR reached
about 2 Mcf/bbl).

Reservoir Volume

Per-acre reservoir volume of fractured reser-
voirs is a difficult physical characteristic to mea-
sure. The only suitable means found by B-M-G
was through analysis of interference tests. Two
reliable interference tests were conducted. which,
in conjunction with other data, placed a value of
1,500 to 2.000 bbl of oil in place per acre for the
part of the reservoir influencing the tests (about
5,000 to 10.000 acres: 2.000 to 4.000 ha.).

The first test was conducted at a time when the
pressure was above the bubble point (oil was un-
dersaturated). and for this test the accuracy of the

calculation was hmited by the indefinite velamie XA

of the compressibility of the fractured shale reser-
voir rock. From this test a range of 1.000 to 2.500
bbl of stock-tank o1l per acre was estimated. At
the time of the second interference test the pres-
sure was below the bubble point. ehiminating the
error due to the indefinite vaiue of the compressi-
bility of the fractured shale. for the compressibili-
ty of the oil was now much higher: this test
showed 1,600 bbl per acre for approximately
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2.000 to 3.000 acres of test area. This figure was
estimated to be within 207, of the true value,
which v considered close agreement for the two
widelyv different conditions under which parts of
the same reservoir were tested.

Undoubtedls. a large part of the reservoir has a
much lower volume of pore space per acre. as
indicated by lower capacity wells. Data for these
other areas are not available: we have been able
to hvpothesize only about their physical charac-
teristics.

Recovery of the oil in place will depend on how
much of the reservoir is susceptible to graviwy
drainage and whether proper advantage is taken
of it. Recovery estimates range from 6% of oil in
place for those parts of each reservoir produced
through the solution-gas mechanism to 10 times
as much for the parts depleted by gravity drain-
age.

SURFACE OBSERVATIONS

Under ideal conditions with isotropic rocks
three sets of joints may develop. with two closed
or tight sets forming conjugate shears intersecting
at an angle of about 60° that is bisected by the
greatest principal stress direction and with the
third set parallel with the greatest stress and per-
pendicular to the smallest stress (de Sitter. 1936,
p. 123-125). The latter set of joints may be open.
Field studies of joints by Harris et al (1960) and
Stearns and Friedman (1972) have shown that the
density and orientation of joints in folded beds
are directly related to where they occur on the
folds: however, neither of these studies fully ex-
plained the origin of the joints. Thus. an empirical
relation exists that is useful in petroleum explora-
tion, even though the mechanics are not fully un-
derstood.

Our observations of joints in surface exposures
along the eastern side of the San Juan basin in-
dicate that joint trends in older rocks are not nec-
essarily reflected in overlving strata and that re-
gional joints are probably related to deforrmation-
al events such as the Laramide orogenv and
development of the late Cenozoic Rio Grande
rift. Also. we do not find a consistent orientation
of the joints with respect to bedding atutude. as
suggested by Stearns and Friedman (19721,

We measured the orientations and density of
joints in the Dakota Formation on a south-plung-
ing anticline-svacline pair in the San Ysidro
quadrangle. This area was chosen because expo-
sures are much better than in the Niobrara inter-
val. Our findings were as follows:

1. At any one place there are usually three sets
of joints, and they are perpendicular o bedding.

2. Open joints trend paraliel with the axis of the

fold and occur in thick competent beds on the
convex side of the fold. Areas of manimum curva-
ture are where open fractures develop. The imph-
cattons of this fact are far reaching and ment fur-
ther discussion. Crests of anticlines are not
necessarily favorable places for open fractures to
develop: the corollary is that svnchines are not
necessarily unfavorable places for open fractures
to form if the convex side of the fold 1s consid-
ered.

3. Dip joints or oblique joints are more com-
monly tight than are strike joints.

4. Density of joints is greatest in thin beds.

REGIONAL FRACTURE TRENDS

Joint trends in the San Juan basin have not
been quantitatively characierized in the literature.
Kelley and Clinton (1960, p. 19-22) provided a
regional perspective for fracture patterns of the
Colorado Plateau. They concluded that the joints
of the central San Juan basin are heterogeneous,
although northeast (N10 to 60°E) and northwest
(N15 to 75°W) trends are most common. as they
are in much of North America (Thomas. 1976).
The predominant trend appears to be northeast.
between N45°E and N60°E (Kellev and Clinton.
1960). Pervasive fracture trends of similar orien-
tation have been described elsewhere in the Colo-
rado Plateau by Kelley and Clinton (1960). Wise
(1969), Shoemaker et al (1974). and Goetz et al
(1973).

In a study of regional jointing in the Comb
Ridge-Navajo Mountain area west of the San
Juan basin, Hodgson (1961) concluded that the
joints there are not genetically related to folding.
but form by a fatigue mechanism resulting from
earth tides. Hodgson further suggested that joints
form early in the history of the “sediment and are
produced in each layer of overlving rock as soon
as it is strong enough to fracture: thus, the older
joint trends control development of joints in
younger strata.

The major unsolved problems of many regional
fracture analvses are the age of fracturing and the
orientation of stress fields that produce fractur-
ing, These questions remain unanswered for the
San Juan basin and are in large part bevond the
scope of this paper. However, work by several in-
vestigators suggests that the following observa-
tions are important:

. Precambrian foliation trends and age-prov-
ince  boundaries  are  predominantly  north-
castward beneath the San Juan basin (Kelley.
1955 L. T. Stlver. personal commun., 1977).

2. Northeast-trending fault zones with major
displacements of Precambrian age have influ-
enced later Phanerozoie fracture trends (Shoe-
muaker et al. 1974): in a similar wav. fracture sets
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of Precambrian age have been reactivated and ex-
tended into overlying sediments (J. M. Potter,
written commun., 1977).

3. Laramide compression and right-shift of the
Colorado Plateau (Woodward and Callender,
1977) probably generated both northeast-north-
west conjugate joint sets and northeast-trending
extensional fractures.

4. Neogene extension of the western United
States (Atwater, 1970). which produced mainly
north-trending fracture patterns, has not had a
significant effect on fracture trends in the Colo-
rado Plateau, excluding its margins: this is per-
haps explained by the divergence of north trends
from the basement grain of the region.

CONCLUSIONS

The Verde oil field, one of the first of its kind
to be discovered in northwestern New Mexico, is
a fracture-reservoir trap along a monoclinal flex-
ure; it is lithologically controlied only to the ex-
tent that brittle competent interbeds capable of
fracture are present.

When exploring for fracture permeability, it
should be kept in mind that fractures tend to be
best developed where flexures have maximum
curvature; if the axial surface of the fold is in-
clined, then the hinge will migrate laterally with
depth. Open fractures are best developed parallel
with the trend of the fold; therefore. monoclines
or limbs of folds are attractive targets. Although
fractures tend to be perpendicular to bedding,
they have greater lateral than vertical continuity.
The basic tools used in exploration for fracture
permeability are structure contour maps and k-
thofacies maps showing brittle interbeds in domi-
nantly shaly sequences.

Monoclines are common along the margins of
many basins in the Rocky Mountains: because of
their locations along basin margins, they prob-
ably formed at relatively low confining pressures.
thus facilitating fracture of brittle rock in the Cre-
taceous System. In view of the many hundreds of
miles of monoclinal flexures exposed in Creta-
ceous rocks in basins of the Rocky Mountain re-
gion, a new look at this type of trap is surely war-
ranted.
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