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EAST NEmENIE NO. 4 -.. . . .. 

SPECIAL CORE ANALYSIS TESS ON SABIIPLl3S FROM THE ORDOVICIAN (PACOWA) SANDSCINE 
RE SEBVOIR 

'q 
INTRODUCTION 

.. . . . . .  

' , O i l  Permits Nos 43 and 56 Northern Terr i tory ,  were issued t o  Magellan "' 

Petroleum Corporation and United Canso O i l  & Gas Ltd i n  1960 and 1961 . . .  
respectively. Exoil Pty Ltd., Transoil Pty Ltd, Farmout Dr i l l e r s  N.L. and 
Krewliff Investments Pty. Ltd., became farm-in par tners  with Magellan and 
United Canso i n  these permits, with Exoil ac t ing  a s  operator i n  a subsequent 
d r i l l i n g  programme. 

- 
Mereenie No. 1 ,  the  first well d r i l l e d  by the Group, was located 

approximately on the c res t  of a l a rge  an t ic l ine ,  which l i e s  across t h e  common 
boundary of the  two permits. This well proved the existence of hydrocarbons 
i n  the s t ructure ,  and four  addi t ional  appraisal/development wells  were sub- 
sequently d r i l l ed .  

East Mereenie NO* 4 was the s i x th  well i n  the  f i e l d .  It was d r i l l e d  t o  
t e s t  the o i l  po ten t ia l  of the  Pacoota formation, i n  addition t o  evaluat ing the 
hydrocarbon potent ia l  of t he  underlying Cambrian section.  

The well was spudded i n  April ,  1967, and d r i l l e d  t o  a t o t a l  depth of 
8750 f e e t  i n  Ju ly  1967. Three separate s t r i ngs  of casing were s e t  from surface 
t o  134 f e e t ,  2205 f e e t  and 5265 f e e t  respectively. 

During open hole t e s t s  i n  May and June, the well produced gas from the . . , 

Stairway formation, and gas and o i l  from the  Pacoota formation. Considerable 
formation damage occurred i n  the  o i l  producing zones i n  the  Pacoota. However, 
subsequent work ( f ractur ing)  was carr ied out and o i l  productivity considerably 
improved. 

The d r i l l i n g  operation a t  East Mereenie No. 4 well was not e l i g i b l e  f o r  
payment of subsidy under the  Petroleum Search Subsidy Act. However, core samples 
from t h i s  well were made avai lable  t o  the Petroleum Technology Laboratory of 
the  Bureau of Mineral Resources, t o  supplement s tud ies  made on a previous well 
i n  the f i e l d .  ( ~ a s t  Mereenie No. 1 ). 

. This repor t  contains r e s u l t s  of the  specia l  core analysis  study i n  the  
East Mereenie No. 4 well. The study included porosity, permeability, f l u i d  
imbibition, cap i l l a ry  pressure and r e s i s t i v i t y  t e s t s  conducted i n  samples from 
a gas and o i l  producing Ordovician sandstone. 



PROCEDURE AND APPARATUS. 

The t e s t s  were conducted on three  separate s e t s  of plugs from four  
preserved cores. These s e t s  were composed of s ix teen l h i n c h  diameter plugs f o r  
f l u i d  imbibition and r e s i s t i v i t y  t e s t s ,  s ixteen I*-inch diameter samples f o r  
porosity and permeability (gas  and l i qu id )  t e s t s ,  and s ixteen $inch diameter 
samples f o r  mercury i n j ec t i on  cap i l l a ry  pressure t e s t s .  

A l l  core samples,were preserved by canning "fresh" cores a t  the  wel ls i te ;  
f o r  t e s t  purposes theref ore, the imbibition plugs were selected f i r s t  . These 
were d r i l l e d  pa ra l l e l  t o  t h e  bedding, using kerosene a s  the diamond b i t  coolant. 
They were trimmed t o  approximately 1) inches i n  length, then placed i n  refined 
o i l  ( ~ o l t r o l - C )  u n t i l  t e s t i n g  t o  maintain t h e  indigenous wetting charac te r i s t i cs .  
The remaining samples were d r i l l e d  using water a s  the  coolant, trimmed t o  
approximately inches, extracted with toluene and oven-dried f o r  24 hours a t  
1 1 0 0 ~ .  

The imbibition t e s t s  conducted i n  t he  following manner. Each of 
t he  preserved plugs was f i r s t  flushed with several  pore volumes of o i l  ( ~ o l t r o l - C )  
i n  a f l e x i b l e  sleeved Hassler c e l l ,  t o  ensure res idual  water ' sa turat ion was 
established i n  the samples. They were then immersed i n  water'and the amount of 
o i l  displaced by water from the samples over a seven day period was noted. 

When the imbibition t e s t s  had been completed, t h e  same samples were used 
i n  the  determination of r e s i s t i v i t y  and formation f ac to r s .  They were f i r s t  
thoroughly extracted with toluene, and then oven dr ied a t  11 O°C f o r  24 hours. 
The samples were then saturated with 5% NaCl br ine  and formation r e s i s t i v i t y  
t e s t s  were conducted i n  a Core Laboratories type core r e s i s t i v i t y  apparatus 
( ~ i g u r e  19). This equipment cons i s t s  of a dip-cell f o r  measuring t he  r e s i s t i v i t y  
of f ortiation water, and a core sample holder with spring mounted e lect rodes  f o r  
determining core r e s i s t i v i t y .  A formation f ac to r  was calculated f o r  each sample 
from the data, by expressing the  core r e s i s t i v i t y  ( i n  ohm meters) a s  a f r ac t i on  
of the  formation water r e s i s t i v i t y .  Formation f a c t o r s  i n  turn  were correlated 
with sample porosity; a cementation fac tor  f o r  the zone was derived from the  
plot ted slope of the above correlat ion.  

The second s e t  of core plugs was now used f o r  gas and l i qu id  permeability 
determinations. P r io r  t o  these  t e s t s ,  porosity was measured i n  a Ruska-type 
mercury porosimeter, and single-phase absolute permeability t o  dry nitrogen was 
measured, i n  a rubber sleeve Hassler c e l l .  

Equivalent l i qu id  permeability t e s t s  were then conducted, t o  determine 
t he  flow capacity through t he  sample t o  a non-reactive l iquid.  Using nitrogen 
a s  the  flowing phase, t he  permeability of each sample was measured a t  several  
( f ou r )  d i f fe ren t  mean, but constant d i f f e r e n t i a l  pressures. The four  permeability 
values f o r  each sample were then plot ted a s  a function of the  reciprocal  mean 
pressure, giving the  non-reactive l iqu id  permeability ( ~ l i n k e n b e r ~ )  . 



Separate l iquid permeability t e s t s  were then performed on each of the 
samples t o  determine i t s  compatability with various f lu ids .  These were conducted 
usinga l i gh t  refined o i l  ( ~ o l t x o l - c ) ,  5% Na C 1  brine and f r e sh  water a s  the 
flowing f l u i d s  respectively. Each of the t e s t s  was preceded by extraction and 
drying of the  samples; dry weight/dry a i r  permeability was checked f o r  continuity 
between t e s t s .  

Two-phase l iquid flow t e s t s  were a lso conducted on the samples. These 
were carried out t o  investigate the  e f f ec t s  of mud f i l t r a t e  invasion around the 
well bore during d r i l l i n g  and completion operations, and subsequent f lushing of 
the invaded' zone by o i l  during production, 

For these t e s t s ,  the samples were i n i t i a l l y  saturated with Sol trol-C, 
flushed i n  a Hassler c e l l  t o  residual o i l  saturation by "invading f i l t r a t e "  water, 
and f i n a l l y  flushed t o  residual "invading" water saturation with o i l  ( ~ b l t r o l - c ) .  
Permeability with respect t o  f resh  water a t  residual o i l  saturation,  and t o  o i l  
a t  residual f resh (invasion) water saturation,  was determined a f t e r  no more 
displaced phase was apparent i n  the eff luent .  

Mercury inject ion capi l lary pressure t e s t s  were then conducted using the 
se t  of &inch core plugs* These t e s t s  were carried out in a Ruska-type mercury 
inject ion apparatus using the Purcell  ( 1 ) method, whereby mercury, representing 
the saturat ing non-wetting phase, i s  injected in to  the samples a t  increasing 
pressure "step ". The quantity of mercury injected i s  recorded a f t e r  volume 
s tab i l iza t ion  a t  each step i s  reached; capi l lary pressure curves are  then 
constructed from the completed t e s t  r e su l t s  a f t e r  a maximum pressure (1400 psia 
i n  these t e s t s )  has been at ta ined.  

Pore s ize  d i s t r ibu t ion  values were calculated from the above mercury 
inject ion capi l lary pressure t e s t s ,  using the formula r = 2 8 cosf?. ,Average 

A P 

pore "throat" r a d i i  f o r  the corresponding saturation pressure in te rva ls  were 
calculated using values of 480 dynes/cm f o r  mercury surface tension.  ( 4' ),,.and 
140' a s  the mercury-rock contact angle ( 5 ). 

DISCUSSION OF RESULTS 

The r e su l t s  of the foregoing t e s t s  are l i s t e d  a s  follows: 

( i )  Tables I and 11-single and two-phase l iqu id  permeability 
t e s t s ;  

( i i )  Table 111- water/oil imbibition resu l t s ;  

( i i i )  Table IV- porosity, absolute permeability t o  nitrogen and 
format ion factors ;  

( i v )  Table V- pore throat radius fo r  corresponding saturation-pressure 
interval  s . 



- 
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Figures 1-16 present the r e s u l t s  of the  mercury inject ion cap i l la ry  
pressure t e s t s ; '  Figure 17 presents the Klinkenberg t e s t  resu l t s ;  Figure 18 
shows the core r e s i s t i v i t y  apparatus, while Figure 19 shows the graphical correla- 

'I 
t ion between porosity and formation f ac to r  f o r  the samples. The posit ions of the 
various samples are  referred on the e l ec t r i ca l  log shown i n  Figure 20. 

The l iqu id  permeability t e s t  r e su l t s  shown i n  Table I indicate the 
cornpatability between the sample material and the single-phase f l u i d s  ( o i l ,  brine 
and f resh  water) used i n  the flow t e s t s .  No severe reductions i n  permeability t o  
single-phase flow were noted, and a l l  flow r a t e s  i n  each sample were generally 
quite s table  when t e s t i ng  was completed. 

A very different  s i tuat ion ex i s t s  under two-phase l iquid flow conditions, 
a s  noted i n  Table 11. In the case of a well bore which has been invaded with mud, 
reductions of between 90% and 95% i n  permeability t o  f resh  water a t  residual o i l  
saturation are  noted. However, flow capacity was considerably improved by re- 
f lushing the water-invaded cores with o i l .  O i l  was displaced through the samples 
(10 t o  15 pore volumes) u n t i l  no more invasion water was apparent i n  the  eff luent ;  
permeability t o  o i l  was found t o  be s t i l l  increasing when t e s t i ng  was completed. 

These r e su l t s  suggest that  although residual water saturat ion had 
apparently occurred i n  the samples ( taking in to  account capi l lary end e f fec t s ) ,  
rearrangement of the saturation d is t r ibu t ion  t o  o i l  and water was s t i l l  taking 
place, decreasing "drag" and improving flow capacity t o  o i l .  It i s  probable 
t ha t ,  provided suff ic ient  pressure draw-down could be obtained through production 
around a "water-damaged'' well bore, similar conditions could be expected t o  occur 
i n  the  reservoir .  

The formation f a c t ~ r / ~ o r o s i t ~  plot  ( ~ i g u r e  19)  f o r  these samples indicates  
a good correla t ion between the two parameters. Point sca t te r ing  was limited, 
although sample porosity covered a f a i r l y  wide range (5615%). 

However, an in t e r e s t i ng  point occurs when the cementation f ac to r  i s  
determined from the above correlation.  This factor ,  which i s  derived from the 
slope of the  plot  of formation f ac to r  against porosity, was found t o  be 1.76. 

Using the Archie ( 2 )  and Pirson (3 )  c lass i f ica t ion  system, a cementation 
fac tor  of 1.76 places the  l i thology of the formation between sl.ightly and 
moderately-well cemented, with porosi t ies  ranging up t o  20%. This i s  not en t i re ly  
consistent with the l i thology (well consolidated sandstone) and the measured 
porosity values  a able IV) of the samples. 

Because of t h i s  discrepancy, another su i te  of l&-inch diameter samples 
was selected and tes ted for  r e s i s t i v i t y ,  using a brine of lower s a l in i ty  (2% 
Na ~ 1 ) .  ( ~ r c h i e  has shown tha t  the formation fac tor  i s  constant f o r  waters of 

L varying s a l i n i t i e s ) .  Although there mas a s l igh t  increase i n  point scattering,  
the  formation f a c t ~ r / ~ o r o s i t ~  p lo t s  f o r  the  two s e t s  of samples were almost 
ident ical  . 

* 

An examinat ion of the samples shows tha t  some contain significant amounts 
of pyrite.  Although discontinuous, i t  i s  possible that  the pyr i te  could have 
some bearing on the e l ec t r i ca l  conductivity, which appears t o  be higher than 
normal f o r  t h i s  type of core material. This anomaly can be be t t e r  evaluated by 
t e s t i n g  the r e s i s t i v i t y  of a greater  number of samples from t h i s  formation. 

- -- -- 



The water-oil imbibition t e s t s ,  a s  shown i n  Table 111, indicate  tha t  a l l  
samples were or iginal ly  water-wet. The maximum amount of o i l  displaced by water 
from the samples i n  these t e s t s  was 33% of pore volume; t h i s  represents the 
most permeable group. 

'. 
The samples used i n  the imbibition t e s t s  were sealed from wel l s i te  t o  

laboratory t o  preserve the natural ly  occurring wetting charac te r i s t ics  of .  the  rock. 
b The measured values should therefore f a i r l y  closely duplicate the wetting conditions 

i n  t h i s  reservoir .  

Investigations (4)  have shown that  wet tabi l i ty  i s  intimately related t o  
cap i l la r i ty ,  which i n  turn controls the microscopic f l u id  saturat ion and dis-  
t r ibut ion i n  a reservoir .  In  addition, under water-wet conditions, measured o i l  
recoveries obtained from preserved cores by imbibition have been shown (5) t o  
agree closely with those obtained by water drive. It can therefore be assumed 
tha t  wetting t e s t s  performed i n  the East Nereenie No. 4 samples w i l l  give some 
measure of the displacement efficiency of o i l  by water i n  t h i s  par t icu la r  
(water-wet ) formation. 

The mercury inject ion capi l lary pressure t e s t s  were essen t ia l ly  a repeat 
of t e s t  r e s u l t s  shown i n  East Mereenie No. 1 (6) .  The more permeable samples were 
typified by low threshold and low ir reducible  water saturations. Although not a s  
pronounced, the  capi l lary curve prof i les  and pore s ize  values again essent ia l ly  
indicated a f a i r l y  well-sorted pore dis t r ibut ion;  curve configuration was 
generally characterized by low long slopes i n  re la t ion  t o  the abscissae, rapidly 
changing and becoming asymtotic t o  the ordinate axes a t  irreducible water 
saturation.  A similar, but l e s s  pronounced trend was again revealed i n  those 
samples having a lower permeability ( l e s s  than 5 md) , 

Special core analysis t e s t s  conducted on core samples from the East 
Mereenie NO. 4 well have shown the following: 

1. Porosity and permeability values of the reservoir samples 
tes ted  were generally low; however, a s  i n '  t e s t s  on East 
Mereenie No. 1 ,  good reservoir  character is t ics  were found 
i n  samples having a permeability greater than 10 md. 

Single-phase l iquid permeability t e s t s  revealed the sample 
material  t o  be generally compatable with o i l ,  brine,  and 
f resh  water, and no severe reductions i n  flow capacity were 
noted. However, two-phase flow t e s t s  of o i l  and water 
simulating well bore damage by water invasion revealed 
marked reduction i n  flow capacity. Permeability was 
p a r t i a l l y  restored by flushing the damaged samples with 
o i l  ; improvement continued beyond apparent residual water 
saturation,  probably due t o  a continuing rearrangement of 
the  two-phase f l u id  saturation d is t r ibu t ion  i n  the samples. 



3. Corre la t ion  between t h e  formation f a c t o r  and poros i ty  i n  
t h e s e  samples was good; t h e  r e s u l t i n g  cementation f a c t o r  
ca lcu la t ed  from two separa te  r e s i s t i v i t y  t e s t s  was found 
t o  b e  1.76. However, t h i s  f a c t o r  i s  n o t  e n t i r e l y  i n  
accord with published va lues  on rock of s i m i l a r  poros i ty /  
l i t ho logy .  The reason f o r  r e s i s t i v i t y  va lues  apparently 
lower than  normal i s  no t  c l ea r ;  add i t iona l  sample t e s t i n g  
i s  recommended t o  subs tan t i a t e  the  cementation . fac tor  
value. 

4 .  Wetting t e s t s  conducted on preserved samples revealed t h e  
formation t o  be moderately water-wet. Maximum o i l  d is -  
placement by water imbibi t ion i n  t h e  more permeable samples 
(up t o  50 md. ) was 33% of pore volume, Displacement 
e f f i c i ency  of o i l  by water imbibi t ion  i n  samples having low 
flow capaci ty  ( l e s s  than 1 md) was poor. 

5 .  Mercury i n j e c t i o n  cap i l l a ry  pressure  t e s t s  indica ted  low 
i n i t i a l  i n j e c t i o n  ( th resho ld )  p res su res  and low r e s i d u a l  
water s a t u r a t i o n s  i n  samples having good permeability.  
Capi l la ry  curve p r o f i l e s  and ca lcu la t ed  pore s i z e  genera l ly  
revealed a well  so r t ed  pore d i s t r i b u t i o n .  
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~ e l l  Name Equ i'val en t 
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Number ' Volume #i trogen 
( Id .  1 (Yd.) : 

, . 

No.. 4. I 

n 
I 

4201 1 0.57 0.32 0.36 
I I 
I 

, . i - n 4608 0.63 1 

n : 4613 51 4 7 41 i 87% 27 1 21 45% i 
, I 

n : 4618 ! 44 36 1 37 100% 31 / 86% 
I 

n 
I 4625 I 3 10.9 14 11 i 9.8. 89% 8.1 1 73% 

i 
i t i 

n I . 3 .  
4630 i 1 8.2 12 1 13 100% 81% i I . I 

i 
n I 

i 
3 1 8.7 6.1 ! 4.5 1 4.3 1 2.8 j 62% 

I I 
' 4 6 3 5  

4 9 . 0  ! 1.0 
I I 

n 1 4702 ' 0.71 0.55 1 - 
i i 1 .  I f  

n 1 4710 ' 4  I 10.4 2 2 17 94% 15.2 / 89% 
I I 

n I 
I 4712 I 4 10.5 28 2 3 1 18 7 8% 19.4 i 84% 1 1 7  

i 
I j .. 

I 
n 1 4718 1 "4 1 5.9 0.19 - 1 ,  0.13 - 0.063 : - 1 0.069 ! - 1 I 1 I ; 

I 

0.18 f - 1 0.19 i - 
I 1 ! ' 

i " n 1 8.0 1 0.52 - 
I i I 

0.36 1 - 
I 

n 4742 ' "4 j 11.5 ' 49 
I I 

44 41 1 29 1 65% / 30 68% 

II 1 4747 

I i 4 1 I 
I 6.9 1 0.76 - 1 0.38 1 -- 0.22 - 4 
I I ! 

I ! ! I .  . I I 

n 1 4752 1 4 9.3 j 6.1 4.0 ' 3.6 1 90% 3.8 i _---- i 95% ----- i 3.6 I 90% 
I 

, ------ 
- I i i I 

I A~~~~~~ ----r----------------  70% 
i i I 

i ! I ! 
-.I 

I 

I I 
i 
I 





TABLE 111 
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FIGURE 9 

'Ow CAPILLARY PRESSURE MERGLn I 

WELL NAME - E. MEREENIE N a  4 SAMPLE DEPTH- 4'196' 

MERCURY SATURATION - PERCENT PORE VOLUME 



FIGURE 2 

MERCURY CAP! LLARY PRESSURE 
WELL NAME - EAST MEWEEPdlE NO 4 SAMPLE DEPTH -4201 



b@3?CblRY CQIPIBLARV PRESSURE 
WELL NAME - EAST MEREENIE No 4 S A ~ P L E  DEPTH 4608 

100 6 0 40 2 0 0 
MERCURY SATURATION - PERCENT PORE VOLUME 



FIGURE 4 

-, MERCURY CAPILLARY PRESSURE 
WELL NAME - EAST MEREEMIE NO 4 SAMPLE DEPTH 4613 

900 60 40 20 0 
MERCURY SATURATION - PERCEN T PORE VOLUME 



FIGURE 5 

MERCURY CAP1 LLARY PRESSURE 
WELL NAME - EAST MEREENIE NO 4 SAMPLE DEPTH-4618 
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FIGURE 8 
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MERCURY CAPILLARY PRESSURE 
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FIGURE 14 

MERCURY CAPILLARY PRESSURE 
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FIGURE 95 

MERCURY CAPILLARY PRESSURE 
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FIGURE 16 

MERCURY CAPILLARY PRESSURE 
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FIGURE 18 
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