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I . INTRODUCTION 

This r e p o r t presents the i n f o r m a t i o n t h a t Working I n t e r e s t 
Owners charged the Technical Committee t o develop concerning 
u n i t i z a t i o n and w a t e r f l o o d i n g of the Arrowhead Grayburg Pool 
(Figure 1 ) . I t includes: (1) recommended U n i t boundaries, 
(2) a secondary recovery plan of a c t i o n and performance 
p r e d i c t i o n , and (3) parameters f o r use i n n e g o t i a t i n g Unit 
p a r t i c i p a t i o n . 
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I I . CONCLUSIONS 

1) Secondary recovery p o t e n t i a l i s s u f f i c i e n t t o 
economically j u s t i f y u n i t i z i n g and w a t e r f l o o d i n g the 
Arrowhead Grayburg Pool f o r the purpose of incr e a s i n g 
u l t i m a t e recovery. 

2) The proposed U n i t has produced 3 0.8 MMSTBO as of 
January 1, 1989, which i s 17.6% o f the estimated 175.4 
MMSTBO OOIP. Ulti m a t e primary o i l production i s 
expected t o reach 36.1 MMSTBO, or 20.6% OOIP. 

3) Incremental reserves f o r w a t e r f l o o d i n g are estimated 
t o be 15.0 MMSTBO. This value represents a secondary 
to u l t i m a t e primary recovery r a t i o of 50% f o r the 
"swept" p o r t i o n of the U n i t , and an o v e r a l l S/P r a t i o 
of 41.6%. 

4) A t o t a l investment of $28.2 MM w i l l be re q u i r e d t o 
i n s t a l l surface production and i n j e c t i o n f a c i l i t i e s , 
d r i l l and equip new and replacement w e l l s t o develop 
the recommended w a t e r f l o o d p a t t e r n , perform remedial 
work on e x i s t i n g w e l l s , and i n s t a l l new pumping 
equipment. 

5) Incremental economics of the secondary recovery case 
to the base case o f continued primary recovery i n d i c a t e 
a discounted cash flow r a t e - o f - r e t u r n o f 20% w i t h a 10% 
discounted p r e s e n t - w o r t h - p r o f i t of $24.6 MM. 



I I I . RECOMMENDATIONS 

1) The 5,922 acre area o u t l i n e d i n Figures 2, 3, and 4 
should be u n i t i z e d f o r the purpose of incr e a s i n g 
u l t i m a t e recovery. 

2) A w a t e r f l o o d p r o j e c t should be i n i t i a t e d i n the 
proposed U n i t . 

3) The v e r t i c a l l i m i t s o f the u n i t i z e d i n t e r v a l should 
extend from -150 f t from sea l e v e l or the top of the 
Grayburg formation, whichever i s shallower, t o a depth 
of -1,500 f t from sea l e v e l . The top o f the Grayburg 
formation f o r u n i t i z a t i o n purposes i s defined as t h a t 
p o i n t a t 3,671 f t i n the Chevron Harry Leonard (NCT-C) 
No. 20 (located 660 f t FNL and 990 f t FWL o f Section 
36, T-21-S, R-36-E, Lea County, New Mexico) as recorded 
by the Gearhart Compensated Neutron Log measured from 
the K e l l y Drive Bushing e l e v a t i o n of 3,53 2 f t and dated 
February 25, 1985. 

4) The parameter t a b l e s (Appendix A) should be used by 
the Working I n t e r e s t Owners f o r n e g o t i a t i o n o f an 
equ i t a b l e p a r t i c i p a t i o n formula. 

5) A wellbore d e d i c a t i o n i n c e n t i v e method, such as 
wellbore p e n a l t i e s or a wellbore i n v e n t o r y adjustment, 
should be adopted by the Working I n t e r e s t Owners. The 
value of each useable wellbore should be set at 
$80,000 f o r use i n the wellbore d e d i c a t i o n i n c e n t i v e . 
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IV. RESERVOIR INFORMATION 

POOL HISTORY 

The Arrowhead Pool, located i n Lea County, New Mexico 
(Figure 3 ) , was discovered on May 24, 1938 by Continental's 
#1 State J-2 w e l l (located i n Section 2, T-22-S, R-36-E). 
O r i g i n a l r e s e r v o i r pressure as reported by the Annual Report 
of the New Mexico Engineering Committee was 1,460 p s i . The 
pool was subsequently developed on 40-acre spacing, w i t h the 
m a j o r i t y of the w e l l s being d r i l l e d and completed dur i n g the 
l a t e 1930's and e a r l y 1940's. Completions were t y p i c a l l y 
open-hole and included both the Queen and Grayburg 
formations. The w e l l s i n i t i a l l y flowed, but by the l a t e 
1940's and e a r l y 1950's, r e s e r v o i r pressure had dropped, and 
a r t i f i c i a l l i f t was i n s t a l l e d . Peak o i l production r a t e f o r 
the pool was 172,300 b a r r e l s per month i n March of 1944. 

I n 1953, the New Mexico O i l Conservation Commission created 
the Eumont and Arrowhead Gas Pools. These pools o v e r l i e 
the e x i s t i n g Arrowhead and Penrose S k e l l y O i l Pools. The 
Commission defined the v e r t i c a l l i m i t s of the Eumont and 
Arrowhead Gas Pools t o include the Yates, Seven Rivers, and 
Queen formations, and contracted the v e r t i c a l l i m i t s of the 
Arrowhead and Penrose S k e l l y O i l Pools t o include only the 
Grayburg formation (Figure 5 ) . 

I n 1956, the Commission subsequently ordered t h a t w e l l s 
which had completion i n t e r v a l s open across the top of the 
Grayburg formation (open i n both the Arrowhead and Eumont 
Pools) be i d e n t i f i e d t o the Commission f o r r e c l a s s i f i c a t i o n . 
As a r e s u l t o f t h i s a c t i o n , only a few w e l l s w i t h i n the 
proposed Uni t were r e c l a s s i f i e d from the Arrowhead Pool to 
the Eumont Pool. The Commission d i d not order remedial work 
to i s o l a t e the two pools but d i d order t h a t f u t u r e w e l l s be 
completed i n such a manner as t o prevent communication 
between the o i l and gas pools. I t i s estimated t h a t 40 t o 
50 of the w e l l s i n the proposed U n i t have completion 
i n t e r v a l s which c u r r e n t l y or h i s t o r i c a l l y have been 
simultaneously open i n both the Queen and Grayburg 
formations. 

GEOLOGY 

The Arrowhead Pool i s located on a northwest-southeast 
t r e n d i n g s t r u c t u r a l high (Figure 6) , adjacent t o and on 
s t r i k e w i t h the Eunice Monument South U n i t (EMSU). The 
productive i n t e r v a l , which i s comprised o f the Penrose 
(lowest member o f the Queen formation) and the Grayburg 
formation, i s s i m i l a r i n the two areas and consists of 
interbedded carbonates and s i l i c i c l a s t i c s deposited d u r i n g a 
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p e r i o d of o v e r a l l sea l e v e l regression. These carbonates 
have been e x t e n s i v e l y d o l o m i t i z e d and form the primary 
r e s e r v o i r i n the Arrowhead Pool. There are a l i m i t e d number 
of modern w i r e l i n e logs and no core data a v a i l a b l e f o r the 
Arrowhead area. 

Due t o the s i m i l a r i t i e s between these logs and those of 
the EMSU, the r e s e r v o i r s are believed t o be very comparable, 
and many of the ideas and conclusions generated from studies 
of the EMSU can be c a u t i o u s l y applied t o the Arrowhead. 

There has been a large q u a n t i t y of data gathered and 
evaluated f o r the EMSU. F i f t y - f o u r new w e l l s have been 
d r i l l e d , 17 were cored and 19 had Repeat Formation Test 
(RFT) data taken. Over 230 of the e x i s t i n g w e l l s have also 
been relogged w i t h modern p o r o s i t y t o o l s . These data are 
being used t o c h a r a c t e r i z e and evaluate the r e s e r v o i r . 

When the Arrowhead p r o j e c t i s implemented, data a c q u i s i t i o n 
w i l l proceed w i t h a program s i m i l a r t o t h a t o f the EMSU. 
There w i l l be over 50 w e l l s r e d r i l l e d , o f which s i x w i l l be 
cored, and several w i l l have RFT data taken. E x i s t i n g w e l l s 
w i t h o u t modern logs w i l l be relogged using modern p o r o s i t y 
t o o l s . Once implementation i s completed, the Arrowhead w i l l 
have an extensive data base f o r r e s e r v o i r c h a r a c t e r i z a t i o n 
and management. 

From the ongoing EMSU study, i t was determined t h a t the 
dolomites range from mudstones t o o o l i t i c grainstones 
i n d i c a t i n g a wide range of d e p o s i t i o n a l energies. The 
m a j o r i t y o f the pay i n the EMSU consists o f packstones and 
grainstones w i t h i n t e r c r y s t a l l i n e , i n t e r g r a n u l a r , and 
moldic p o r o s i t y . The s i x Grayburg zones t h a t have been 
defined i n the EMSU are also recognized i n the Arrowhead 
(Figure 7 ) . 

Dolomite p o r o s i t y development i n the Arrowhead, based on 
w i r e l i n e logs, i s s i m i l a r t o t h a t of the EMSU and i s t y p i c a l 
of a p r o g r a d a t i o n a l d e p o s i t i o n a l environment. On the 
western f l a n k of the s t r u c t u r e , r e s e r v o i r - q u a l i t y dolomite 
p o r o s i t y extends i n t o the upper Grayburg formation and 
Penrose. Moving updip t o the east, the Penrose becomes 
sandy, and the dolomites i n the upper Grayburg become t i g h t . 
I n the eastern p o r t i o n of the pool , r e s e r v o i r - q u a l i t y 
dolomite p o r o s i t y i s found i n Grayburg Zones 5 and 6. 

A percent dolomite map (Figure 8) of Grayburg Zones 1 t h r u 5 
was constructed t o demonstrate t h i s decrease i n dolomite 
p o r o s i t y t o the east. I t i s an i n d i r e c t way of determining 
the l i m i t s of dolomite p o r o s i t y development and p r o d u c t i v i t y 
of the r e s e r v o i r , made necessary by the l i m i t e d amount of 
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w i r e l i n e p o r o s i t y data a v a i l a b l e . A lower percentage of 
dolomite i n d i c a t e s areas of r e l a t i v e l y low wave energy. 
Carbonate sediments i n t h i s environment tend t o be 
fin e - g r a i n e d muds, r e s u l t i n g i n non-reservoir mudstones. A 
higher percentage of dolomite i n d i c a t e s a higher energy 
environment which i s more prone t o grainstone d e p o s i t i o n . 

As i n the EMSU, the s i l i c i c l a s t i c s present i n the Grayburg 
formation are belie v e d t o be t i g h t and nonproductive. The 
t o t a l volume o f s i l i c i c l a s t i c m a t e r i a l increases i n an 
e a s t e r l y d i r e c t i o n w i t h an accompanying decrease i n net 
pay. These s i l i c i c l a s t i c s , f o r the most p a r t , are not t r u e 
sandstones but sandy dolomites, u s u a l l y c o n s i s t i n g of less 
than 50% s i l i c i c l a s t i c m a t e r i a l , predominantly qu a r t z . 
These quartz grains are subangular and very uniform i n 
siz e . They are belie v e d t o have been i n i t i a l l y deposited 
by e o l i a n processes and subsequently reworked w i t h i n the 
marine shoreline environment. The p o r o s i t y associated w i t h 
these s i l i c i c l a s t i c s i s secondary and caused by the 
d i s s o l u t i o n o f felds p a r g r a i n s . This secondary moldic 
p o r o s i t y i s poorl y connected, r e s u l t i n g i n n o n - e f f e c t i v e 
p o r o s i t y . I n the EMSU these s i l i c i c l a s t i c s i n t e r v a l s have 
been found t o be good v e r t i c a l p e r m e a b i l i t y b a r r i e r s , and 
they should act as b a r r i e r s i n the Arrowhead r e s e r v o i r as 
w e l l . 

The Arrowhead Pool i s a predominantly s o l u t i o n gas d r i v e 
r e s e r v o i r t h a t consists of the lower Penrose and Grayburg 
Zones 1 t h r u 5. S i l i c i c l a s t i c s and t i g h t mudstones which 
act as v e r t i c a l p e r m e a b i l i t y b a r r i e r s are found throughout 
the r e s e r v o i r , separating i t from the a c t i v e a q u i f e r present 
i n the Lower Grayburg (Zone 6) and San Andres. Based on the 
study of production data and i n d i v i d u a l w e l l completion 
i n t e r v a l s , the o r i g i n a l g a s - o i l contact (GOC) i n the 
Arrowhead r e s e r v o i r i s belie v e d t o have been at 
approximately -150 f e e t from sea l e v e l . This contact has 
not changed s i g n i f i c a n t l y through time. 

The o r i g i n a l o i l - w a t e r contact (OWC) i n the Arrowhead i s 
not known. Recent analysis of d r i l l c u t t i n g s and core data 
on the western edge o f the EMSU has r e s u l t e d i n an estimated 
o r i g i n a l OWC i n Grayburg Zones 1 t h r u 5 of -550 f e e t from 
sea l e v e l . A f t e r a vigorous w e l l deepening and t e s t i n g 
program i n the EMSU, o i l production has been es t a b l i s h e d 
below -500 f e e t i n Zone 5, s u b s t a n t i a t i n g t h i s contact. Due 
to the close p r o x i m i t y of the Arrowhead t o the EMSU, as w e l l 
as the s i m i l a r i t i e s of the r e s e r v o i r s , the Arrowhead should 
have had a comparable o r i g i n a l OWC i n Grayburg Zones 1 t h r u 
5. 
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The present OWC i s also d i f f i c u l t t o determine due t o the 
l i m i t e d number of recent deep t e s t s i n the Arrowhead 
r e s e r v o i r . I t i s believed t h a t the i n d i v i d u a l Grayburg 
zones on the western edge have each developed t h e i r own 
d i s t i n c t OWC1s because of d i f f e r e n t completion and 
production h i s t o r i e s . 

PRODUCTION HISTORY 

Cumulative o i l production f o r the proposed Un i t was 30.8 
MMSTBO on January 1, 19 89. This value includes production 
c l a s s i f i e d as Arrowhead Grayburg, Penrose S k e l l y , Eumont 
O i l , L a n g l i e M a t t i x , and Eunice Southwest San Andres. A 
t o t a l of 138 w e l l s have produced from 134, 40-acre p r o r a t i o n 
u n i t s w i t h i n the proposed U n i t . The average cumulative o i l 
production has been 230 MSTBO per p r o r a t i o n u n i t . Figure 
9 i n d i c a t e s the h i s t o r i c production performance f o r the 
proposed U n i t . Figures 10 through 18 present contour maps 
of cumulative and cu r r e n t production rates f o r o i l , gas, 
water, w a t e r - o i l r a t i o and g a s - o i l r a t i o f o r the proposed 
U n i t . 

Remaining primary reserves, c a l c u l a t e d from i n d i v i d u a l 
t r a c t d e c l i n e curves, are 5.2 MMSTBO and 16.1 BCF gas. 
Ultimate primary o i l recovery i s expected t o t o t a l 36.1 
MMSTBO, which i s 20.6% o f the estimated OOIP. 

S u f f i c i e n t modern l o g data are not a v a i l a b l e t o c a l c u l a t e an 
accurate v o l u m e t r i c OOIP f o r the Arrowhead Grayburg Pool. 
However, l o g t o core transforms and r e s e r v o i r 
c h a r a c t e r i z a t i o n s developed f o r the EMSU can be applied t o 
the proposed Un i t because of the s i m i l a r i t i e s between the 
two f i e l d s . Estimates of r e s e r v o i r parameters u t i l i z i n g the 
EMSU s i m i l a r i t i e s are: p o r o s i t y = 8%, Hnet = 85 f t , 
Swi = 25%, and Boi = 1.2 RB/STB. The OOIP c a l c u l a t e d f o r 
the 5,320 acres t h a t have produced from the proposed U n i t , 
using the estimated r e s e r v o i r parameters, i s 17 5.4 MMSTBO. 
A summary o f p e r t i n e n t r e s e r v o i r data i s shown i n Table 1. 

Although the Arrowhead Pool has produced a s i g n i f i c a n t 
volume of water, which could i n d i c a t e a water-drive type 
recovery, s o l u t i o n gas d r i v e i s believed t o be the 
predominant recovery mechanism. This conclusion i s based 
on the pressure d e p l e t i o n of the pool and on the lack of 
an i d e n t i f i a b l e water production t r e n d . 

At discovery, r e s e r v o i r pressure was reported t o be 1,460 
p s i . I n 1964, the l a s t date pressure records were reported 
t o the State f o r the Arrowhead Pool, the r e s e r v o i r pressure 
had d e c l i n e d to 450 p s i . Cumulative o i l production at the 
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