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ABSTRACT 

A liquid permeameter for very 
tight rocks is described. High up- 
stream pressures are achieved by a 
"pump" based on the thermal expan- 
sion of liquid. Confining or over- 
burden pressures of up to 10,000 psi 
may be maintained with a modified 
Hassler sleeve. Pressure is measured 
with a low displacement diaphragm- 
type transducer. Permeability is 
measured indirectly through pres- 
sure decline over a time period. 

References and illustrations at end of 
paper. 

INTRODUCTION 

Permeability is a solid/fluid 
property important not only in petro- 
leum production engineering but also 
in many other branches of science 
and technology. Ground water hydrolo- 
gists deal with it quite commonly 
and many geological problems are 
concerned with fluid flow through 
porous media and hence with permea- 
bility. We often look on it as a 
property easily measured, but while 
this is true in many cases, these 
are particular systems in which per- 
meability measurement is very diffi- 
cult. It is the purpose of this . 
paper to describe an instrument 
designed and developed to measure 
liquid permeabilities of very tight 
Precambrian rocks. These are cur- 
rently of great importance in the 
study of the origin of life. 

DESIGN CONSIDERATIONS 

From our other knowledge of these 
samples, it was evident that no other 
known permeameter would give reliable 
permeability values. There were a 
number of reasons for this. First, 
a liquid permeameter was necessary 
because gas might tend to dehydrate 
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the chert or other minerals thus 
causing a shrinkage and an unnatu- 
rally high value of permeability. 
Second, the expected very low per- 
meability would lead to very low flow 
rates even at high pressure differen- 
tials and thus ordinary pumps or fluid 
moving devices would seem to be un- 
suitable. Third, since casual examina- 
tion of the samples revealed some 
fractures and no sign of a pore 
structure and since such rocks are 
known to have permeabilities strongly 
sensitive to external or overburden 
pressure, a method of varying this 
latter factor seemed desirable. 
Fourth, since other physical measure- 
ments might be made on the sample, a 
harmless, non-permanent method of 
sample mounting also seemed desirable. 

To achieve these aims, a novel 
approach to permeability was decided 
upon. This involved both the use of 
a pump based on the thermal expansion 
of a liquid and also the use of pres- 
sure decline for the calculation of 
permeability. 

COMPONENTS 

The Pump 

For samples of the usual dimen- 
sions used for permeability measure- 
ments (1" D. x 1" to 1%'' L )  and even 
with abnormally high pressure dif- 
ferentials of several hundred psi, 
liquid flow rates of only a small 
fraction of a ml/hr would be obtained 
when the permeability is one micro- 
darcy. Since there is little need 
for such pumps in other kinds of 
work, they are not readily available. 
Thus it was decided to try to 
develop one based on a principle 
successfully used some years ago 
for a low rate, low pressure pump, 
namely the thermal expansion of a 
confined liquid. If a liquid is 
heated in a closed container, it will 
expand and then become compressed. 
When the system reaches a steady 
temperature, it also reaches a steady 
pressure which can, in theory, be 
estimated from a knowledge of certain 
physical properties of the liquid and 
the container. If a valve to the 
container is opened, the liquid will 
flow from it and the pressure will 
simultaneously decline. From a 
knowledge of both the volume of the 
liquid and its isothermal compres- 
sibility, we can calculate the 
amount of liquid "pumped" from the 

_____ 

container. In practice a more ac- 
curate liquid volume can be obtained 
through direct measurement because 
the volume of the container also 
decreases slightly during the pro- 
cess. 

The pump used here consists of a 
liquid filled stee1,'tank of the sort 
used to store compressed gases. This 
tank is completely immersed in a water 
thermostat having an adjustable, 
mercury-in-glass thermoregulator. 
The liquid used in both the pump and 
the sample was a heavy hydraulic oil. 
High pressure tubing, fittings and 
valves were used throughout the sys- 
tem shown in Figure 1. 

The SamDle Holder 

A scale drawing of the high pres- 
sure Hassler sleeve constructed for 
this work is shown in Figure 2. A 
synthetic rubber tubing sleeve rein- 
forced with steel wire was used to 
enclose the cylindrical rock sample. 
External pressure on the sleeve was 
achieved with a hand-operated hydrau- 
lic pump and measured with a 0-10,000 
psi Bourdon-tube gage. By use of the 
tubing connection arrangement shown 
in Figure 1, this hydraulic pump 
could also be used to sweep air out 
of the upstream flow lines and to 
repressure the thermal pump as 
needed. 

The Pressure Measuring System 

The pressure measuring system 
needs to have both a small displace- 
ment volume and also be capable of 
automatic recording of pressure as 
a function of time. A diaphragm- 
type , Pace transducer kit (KP-15) 
with indicator (CD-25) and a Heath 
strip-chart recording potentiometer 
(EU -20B) fulfilled these needs. 
The 500 psi diaphragm was usually 
used in this work. The instrument 
was checked as needed with a dead- 
weight tester . 
DERIVATION OF A WORKING EOUATION 

In order to arrive at a relation- 
ship between pressure decline, per- 
meability and any other pertinent 
variables, a simplified model of the 
actual flow system is assumed. This 
consists of two parts with a valve 
in between. The first is a liquid 
reservoir made up of a tank, the 
flow lines and the transducer 
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chamber all containing an initial 
volume of liquid, Vi, at an initial 
pressure P The second part is a 
flow resistance consisting only of a 
porous medium of length, L, cross- 
sectional area, A, and permeability, 
k. A slightly compressible liquid of 
initial density, p .  and constant 
viscosity, 1-I, is assumed to flow iso- 
thermally and under viscous flow con- 
ditions so that Darcy’s law may be 
used. Because the reservoir volume 
will decrease slightly with pres- 
sure, the liquid is assumed to have 
an effective compressibility, C, 
which will not be the true one. 
(See appendix for a simple method of 
calculating effective compressi- 
bility of the liquid. ) 

i’ 

1 

I Therefore: 

When the valve between the two 
parts is opened and the liquid al- 
lowed to flow, the pressure in the 
reservoir decreases to some value, 
Pt, at time t when V is left in 
the reservoir. The pressure down- 
stream of the flow resistance is 

’a always atmospheric pressure, 
Since Pt is decreasing with time, the 
flow rate through the porous medium 
will also decrea’se with time. The 
volume of liquid upstream of the 
porous medium decreases from Vi to 
Vt, i.e., a volume (Vt-Vi) flows 
through the porous medium over this 
time period t. The instantaneous 
volumetric flow rate into the core 
at the upstream end (x = 0 )  is given 
by : 

t 

The definition of isothermal com- 
pressibility of a liquid is: 
c = --(-) 1 dV 

V dP 

Vt = V. e c (Pi-Pt) 
1 

(3) 
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flow rate, q, is also given by 
Darcy’s law: 

The instantaneous volumetric 

( 5 )  

Since the flow capacity of the porous 
medium is negligible compared to the 
size of the system, flow transients 
will be short lasting and there will 
be essentially steady state at any 
time. Hence the instantaneous weight 
rate of flow, W, will be the same at 
any cross-section and 

Separating variables 
- 

The isothermal compressibility 
o f  the liquid can also be written 
as : 

or 

Substituting into equation (81, we 
have : 

’a 

From equations (4) and ( 6 1 ,  we have: 

c (Pi-Pt) 5 
W = -CViPtge dt (13) 

Thus : 
kAPa [eC (’t-’a) -I= -CViPte C (Pi-Pt) dPt 

(14) dt UCL dP , 
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Separating variables, integrating 
and simplifying: 

or 

(17) 
I -c (Pi'Pa) kA ec t=ln [ 1-e 

VCLVi 

-C(P -P ) -In11 - e t a ] 
We can express: 

m m 

(18) L .  

=l - C(Pi-Pa) 
Thus 

In C(Pi-Pa) -In C(Pt-Pa) = 

( 2 0 )  
kA ec t - 

VCViL 

or 

ln(Pt-Pa)= - kA t+ln (Pi-P 
pCViLeC ('i-'a) (217 

This is our basic relationship between 
pressure decline, permeability and 
other pertinent variables. It is 
apparent that the slope, m, of a 
semilogarithic plot of the pressure 
decline, In (Pt-Po) vs. t can be 
used to calculate k: 

USE OF THE PERMEAMETER 

The instrument can be used in a 
number of different ways and the re- 
sults also plotted and interpreted 
in several ways. 

Although a single liquid is 
used here both for flow and for 
confining or overburden pressure, 
it is quite apparent that different 
ones can be used for each purpose 
while keeping the interconnecting 
valve closed. For example, the 
aqueous or brine permeability of a 

:ASURING VERY LOW PERMEABILITY 

rock sample can be determined while 
still using hydraulic oil for pres- 
sure around the sleeve. 

The liquid reservoir can be 
used as an isothermal source of high 
pressure liquid by pumping oil into 
it with the hydraulic pump. This 
eliminates the need to recharge the 
pump by cooling off the thermostat 
and it speeds up the measurement for 
some cores. 

Permeability can obviously be 
measured at different overburden 
pressures. With the present trans- 
ducer, the upstream pressure is 
limited to 500 psi unless a precise 
counter-pressure such as that avail- 
able from a dead weight tester is 
used on the other side of the trans- 
ducer diaphragm. 

In many cases the product C(Pi-Pa) 
is small and so the term 

and 
mpCViL 

k = -  
At 

For a set of cores of comparable 
permeability, it may be possible 
always to charge the reservoir to 
the same P and allow pressure decline 
to the same Pt. If the same liquid is 
used in all measurements, then most 
of the terms in equation (22) are 
fixed and 

i 

where K is a constant. In this case 
it may be possible to determine auto- 
matically the time at which Pt is 
reached and then permeability measure- 
ment for even very tight cores will be 
greatly simplified. 

NOMENCLATURE 

A = cross-sectional area of the 
porous medium 

C = isothermal compressibility of 
liquid 

g = gravitational constant 

k = permeability 
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K = a constant in equation ( 2 5 )  

L = length of the porous medium 

m = slope of the In (P -P ) vs. t a  t plot 

P = pressure 

q = volumetric rate of flow 

t = time 

V = volume of liquid in reservoir 

W = weight rate of flow 

x = position along porous medium 

Greek : 

p = density 

u = viscosity 

Subscripts: 

a = atmospheric 

i = initial 

t = time of measurement 
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APPENDIX 

Because of the expansion of 
the reservoir when the liquid pres- 
sure is increased, the true iso- 
thermal liquid compressibility is 
not strictly applicable here. But 
we can obtain an effective compressi- 
bility as outlined below. From 
equation (13) and the general 
relationship between p ,  C and P, 
we may write: 

dP t w = -cv P g- i i dt 

or 
dPt w = -cw - i dt ( 2 7 )  

where Wi is the weight of the liquid 
in the reservoir at Pi. 
variables, integrating and rearranging 
we have: 

Separating 

>W dt 
( 2 8 )  

0 c =  w, (P: -PL) 
I L L  

The compressibility can be measured 
before mounting the core by charging 
the reservoir to Pi and then letting 
the pressure decline to Pt while col- 
lecting and weighing the oil pro- 
diced over the time interval. 



r------ 

OVERBURDEN 
PRESSURE 
GAUGE 4 1 PRESSURE 

I TRANSDUCER 
I 
I 
I 
I 
I HYDRAULIC PUMP 

- F 

! V  
1L 

1 M r------ 

FIG. 1 - Schematic diagram of i n s t r m e n t .  

- F 

! V  
1L 

1 M 

FIG. 2 - Scale drawing of high-pressure, 
Hassler sleeve c e l l .  

. 
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STANFORD, CALIFORNIA 94305 

DEPARTMENT OF PETROLEUM ENGINEERING 
School of Earth Sciences 

June 11, 1971 

Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Headquarters  Con t rac t s  D iv i s ion  
Washington, D. C. 20546 

RE: Measurement of Extremely Low F l u i d  P e r m e a b i l i t i e s  
of Rocks S i g n i f i c a n t  t o  S tud ie s  of t h e  Or ig in  of L i f e  

Gentlemen: 

Seve ra l  d i f f e r e n t  t h ings  have been accomplished on t h i s  p r o j e c t  and 
t h e s e  are p resen ted  below i n  o u t l i n e  form as an i n t r o d u c t i o n  t o  t h e  tech- 
n i c a l  chap te r s  of t h i s  r e p o r t .  However, f i r s t  w e  must acknowledge t h e  
i n v a l u a b l e  c o n t r i b u t i o n s  made by t h e  s e v e r a l  people  a s s o c i a t e d  wi th  t h e  
p r o j e c t .  

M r .  R. M. P i r n i e  designed t h e  h igh  p r e s s u r e  sample ho lde r  and con- 
s t r u c t e d  p a r t s  of t h e  flow system. But i t  w a s  M r .  s. K. Sanyal who 
cons t ruc t ed ,  t e s t e d  and used t h e  f i n a l  des ign  of t h e  ins t rument  and a l s o  
de r ived  t h e  working equat ion  f o r  c a l c u l a t i n g  pe rmeab i l i t y  from p r e s s u r e  
dec l ine .  Some of t h e  measurements as w e l l  as minor mod i f i ca t ions  of t h e  
ins t rument  w e r e  made by M r .  G. 0. Chen. F i n a l l y ,  w e  are deeply indebted  
t o  D r .  K. A. Kvenvolden of t h e  Ames Research Center  f o r  h i s  cont inuing  
i n t e r e s t  and c l o s e  c o l l a b o r a t i o n  on both t h e  experimental  r e s u l t s  and 
i n t e r p r e t a t i o n  of t h e  measurements. 

I. 

A. 

B. 

C. 

D. 

\ 

11. 

A. 

A permeameter h a s  been cons t ruc t ed ,  t e s t e d  and used. 

This  ins t rument  has  measured t h e  very low p e r m e a b i l i t i e s  of c h e r t  
samples supp l i ed  by t h e  Ames Research Center. 

This  ins t rument  can be used t o  measure t h e  l i q u i d  pe rmeab i l i t y  of 
o t h e r  low pe rmeab i l i t y  rocks  such as petroleum source  rocks  and cap 
rocks  of o i l  and n a t u r a l  gas  r e s e r v o i r s .  

It can a l s o  be  used t o  s tudy  t h e  e f f e c t  of conf in ing  o r  overburden 
p r e s s u r e  on t h e  pe rmeab i l i t y  of t h e  rocks descr ibed  above. 

With minor mod i f i ca t ions  i t  can be used f o r  o t h e r  experiments on 
f l u i d  f low through porous media a t  h igh  p res su res .  

Two papers  have been w r i t t e n  and submit ted f o r  cons ide ra t ion  f o r  
p u b l i c a t i o n .  

"A Novel Liquid Permeameter f o r  Measuring Very Low Permeabi l i ty" ,  
Sanyal, S.K., P i r n i e ,  R.M., 111, Chen, G.O.,  and Marsden, S.S.,  
submi t ted  t o  t h e  Socie ty  of Petroleum Engineers of AIME i n  March, 
1971. This  paper  has been t e n t a t i v e l y  accepted f o r  p u b l i c a t i o n  
i n  t h e  Socie ty  of Petroleum Engineers '  Jou rna l .  A r e v i s e d  manu- 
s c r i p t  is  under p repa ra t ion .  
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11. 
B. "Pe rmeab i l i t i e s  of Precambrian Onverwacht Cher t s  and Other  Low- 

Pe rmeab i l i t y  Rocks", Sanyal,  S.K., Kvenvolden, K.A., and Marsden, 
S.S., submit ted t o  Nature i n  June,  1971. 

Copies of t h e s e  papers  are inc luded  as P a r t s  I1 and I11 of th i s  r e p o r t .  

111. Papers  d e s c r i b i n g  t h e  r e s u l t s  of t h i s  p r o j e c t  were on the programs of 

A. The Annual F a l l  Meeting of the Soc ie ty  of Petroleum Engineers  of AIME 

two meetings.  

a t  Houston, Texas, (October, 1970). This  w a s  an a l t e r n a t e  paper b u t  
p r e p r i n t s  were d i s t r i b u t e d  w i t h  t h e  p r e p r i n t  set. 

B. West Coast S tudent  Paper Contest  of t h e  Socie ty  of Petroleum Engineers  
of AIME a t  Un ive r s i ty  of Southern C a l i f o r n i a ,  (Apr i l ,  1971). This  
paper  w a s  p re sen ted  by M r .  S.K. Sanyal and h e  w a s  runner-up i n  t h e  
Ph.D. category.  

Very t r u l y  yours ,  

P r i n c i p a l  I n v e s t i g a t o r  

SSM: l g  



PART I 

ORIENTATION 

S. S. Marsden, Jr. 
by 

1. I n t r o d u c t i o n  

The movement of f l u i d s  i n t o  and through porous o r  f r a c t u r e d  s o l i d s  is  

of s i g n i f i c a n c e  i n  several branches of s c i e n c e  and engineer ing.  The labora-  

t o r y  measurement of t h i s  movement as w e l l  as t h e  a p p l i c a t i o n  of t h e s e  mea-  

surements h a s  long been of importance i n  such f i e l d s  as petroleum product ion  

engineer ing ,  ground w a t e r  hydrology and several branches of geology. Such 

measurements are f r e q u e n t l y  made on s m a l l  rock samples and then  t h e  r e s u l t s  

used t o  p r e d i c t  t h e  f l u i d  behavior  i n  t h e  much l a r g e r  masses of rock which 

exis t  i n  na tu re .  While many ins t ruments  have been devised t o  make such 

measurements, none are u n i v e r s a l l y  a p p l i c a b l e  f o r  both l i q u i d s  and gases  

and f o r  rocks  having a wide range of f l u i d  c o n d u c t i v i t i e s .  

purpose of t h i s  r e p o r t  t o  d e s c r i b e  such an ins t rument  which measures t h e  

It is  the  1 

movement of a l i q u i d  through almost  non-conductive rocks.  

D i f f e r e n t  branches of technology u s e  somewhat d i f f e r e n t  terminology 

t o  d e s c r i b e  t h i s  rock- f lu id  proper ty .  W e  s h a l l  u s e  t h a t  e x i s t e n t  i n  

petroleum product ion  engineer ing  and r e f e r  t o  a porous o r  f r a c t u r e d  s o l i d ' s  

a b i l i t y  t o  conduct f l u i d s  as i t s  "permeabi l i ty" .  

t a t i v e l y  i n  terms of a well-known r e l a t i o n s h i p  c a l l e d  Darcy's l a w .  

This is  descr ibed  quant i -  

While 

t h i s  l a w  can be  expressed i n  v a r i o u s  ways f o r  samples of d i f f e r e n t  geo- 

metries, and d i f f e r e n t  types  of f l u i d s ,  w e  s h a l l  simply u s e  h e r e  t h e  form 

a p p r o p r i a t e  f o r  our  system, i .e.  the  l i n e a r  f low of an  almost incompress ib le  

f l u i d  (a l i q u i d ) .  For such a system, Darcy's l a w  states t h a t  t h e  volumetr ic  

rate of f low,  q ,  (cc/sec) i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c ros s - sec t iona l  

area of t h e  rock sample, A,  (cm ) and t h e  p r e s s u r e  g r a d i e n t ,  dP/dL (atm/cm) a 2 
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and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  v i s c o s i t y ,  p ( c e n t i p o i s e ) :  
i 
/ 

kA dP 
q = -- 

IJ dL 

If t h e  u n i t s  noted above are used f o r  t h e  v a r i o u s  q u a n t i t i e s  i n  t h e  equa- 

t i o n ,  t hen  t h e  p r o p o r t i o n a l i t y  cons t an t ,  k ,  which i s  a l s o  known as t h e  

pe rmeab i l i t y ,  is  expressed i n  a u n i t  known as t h e  darcy. For most under- 

ground rocks  of importance i n  petroleum engineer ing ,  t h i s  u n i t  i s  too  l a r g e  

and s o  t h e  m i l l i d a r c y  (md.) i s  q u i t e  commonly used ( 1  darcy = 1000 md.). 

To g i v e  an  i d e a  of t h e  o rde r  of magnitude of t h e  u s u a l  numerical  v a l u e s  

f o r  pe rmeab i l i t y ,  a ma jo r i ty  of petroleum r e s e r v o i r  rocks  f a l l  w i t h i n  t h e  

range from about  100 t o  about 1000 md. 

While i t  i s  se l f - ev iden t  t h a t  t h e  e x i s t e n c e  of permeabi l i ty  r e q u i r e s  

some s o r t  of f l u i d  passage through t h e  rock,  w e  know from exper ience  that  

t h e s e  passages  are p r i m a r i l y  of two d i s t i n c t  types .  I n  one case they are 

t h e  in t e rconnec ted ,  i n t e r g r a n u l a r  po res  of t h e  s o r t  t h a t  exist i n  sand- 

s t o n e s  and i n  t h e  o t h e r  they are t h e  f r a c t u r e s  and sometimes vugs which 

exis t  i n  such rocks  as l imes tones ,  dolomites  and some sha le s .  The former 

p r e s e n t  a r e l a t i v e l y  homogeneous system and h e r e  s m a l l  rock samples are 

g e n e r a l l y  r e p r e s e n t a t i v e  of much l a r g e r  ones. However, the la t ter  are 

r e l a t i v e l y  heterogeneous and w h i l e  w e  know t h a t  s m a l l  rock samples are 

n o t  g e n e r a l l y  r e p r e s e n t a t i v e  of l a r g e  masses of rock ,  w e  do n o t  r e a l l y  

know how l a r g e  a sample i s  necessary  t o  b e  r e p r e s e n t a t i v e .  

matters s t i l l  f u r t h e r ,  pe rmeab i l i t y  i s  a v e c t o r  p rope r ty  and thus  i t  

varies, o f t e n  markedly, w i t h  d i r e c t i o n  of f l u i d  flow. I n  a d d i t i o n ,  per- 

m e a b i l i t y  may change w i t h  l o c a t i o n  and p a r t i c u l a r l y  w i t h  depth i n  a g iven  

formation.  A l l  of t h e s e  f a c t o r s  p o i n t  t o  the n e c e s s i t y  of c a r e  be ing  

To complicate  
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t aken  i n  t h e  s e l e c t i o n  of rock samples and i n  t h e  i n t e r p r e t a t i o n  of 

measurements. 
?i 

Darcy's l a w  i s  based on a number of assumptions,  some of which w i l l  

now b e  mentioned. I n  t h e  form used h e r e ,  v i scous  i so the rma l  f low of a n  

i n e r t ,  incompress ib le ,  Newtonian l i q u i d  i s  assumed. While t h e r e  is  evi- 

dence t h a t  i n  some cases t h e r e  i s  an i n t e r a c t i o n  between some l i q u i d s  

(such as water )  and some mine ra l s  (such as c l a y s ) ,  w e  s h a l l  assume t h a t  

t h i s  does n o t  exis t  here .  We s h a l l  f u r t h e r  assume t h a t  t h e r e  i s  no l i q u i d  

movement through s o l i d  minera l  p a r t i c l e s  and t h a t  t h e r e  are no e l e c t r o -  

k i n e t i c  effects. 

t h e  sample at t h e  t i m e  of measurement. 

F i n a l l y ,  i t  is  assumed t h a t  only one f l u i d  exists i n  

Determinat ion of t h e  pe rmeab i l i t y  of a given sample is  u s u a l l y  made 

through t h e  d i r e c t  o r  i n d i r e c t  measurement of t h e  q u a n t i t i e s  i n  t h e  Darcy 

l a w  express ion .  

dimensions are determined e i t h e r  g r a v i m e t r i c a l l y  o r  vo lumet r i ca l ly  over  

measured t i m e  pe r iods .  Temperature i s  measured s o  t h a t  v i s c o s i t y  can b e  

The f low rates a t  g iven  p r e s s u r e  drops f o r  samples of known 

a c c u r a t e l y  s p e c i f i e d ,  e i t h e r  through a supplementary measurement of vis- 

c o s i t y  as a f u n c t i o n  of temperature  o r  e lse  from handbook da ta .  Any primary 

o r  secondary method of p re s su re  measurement which g ives  a t  least t h r e e  and 

p r e f e r a b l y  f o u r  s i g n i f i c a n t  f i g u r e s  can be  used. Qui te  commonly manometers, 

h igh -qua l i ty  Bourdon gages,  o r  v a r i o u s  types of p r e s s u r e  t r ansduce r s  are 

used. The sample dimensions are obta ined  w i t h  v e r n i e r  c a l i p e r s  or  

micrometers.  

Seve ra l  p recau t ions  must b e  taken p r i o r  t o  and dur ing  t h e  measurements. 

While t h e  ends of t h e  sample are open f o r  f low,  t h e  s i d e s  must b e  thoroughly 

s e a l e d  bo th  t o  avoid  l o s s  of f l u i d  and by-passing of f l u i d .  Temperature 

must b e  maintained r e l a t i v e l y  cons t an t  because of i t s  pronounced e f f e c t  on 

v i s c o s i t y .  Flow rates must be  kep t  low enough s o  as t o  be  i n  the v i scous  
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o r  non-turbulent  range;  t h i s  i s  u s u a l l y  checked by making a number of 

measurements of q a t  d i f f e r e n t  dp and see ing  t h a t  t he  r a t i o  of the two 

q u a n t i t i e s  remains cons t an t .  

used,  i n  p r a c t i c e  i t  is best t o  use  one c l o s e  i n  p r o p e r t i e s  t o  those  exist- 

i n g  i n  t h e  n a t u r a l  environment from which t h e  rock  w a s  taken  and f o r  which 

t h e  d a t a  is  t o  b e  app l i ed .  

f l u i d  w i l l  b e  r e l a t i v e l y  cons t an t  i n  both  cases. Other f l u i d s  and un- 

While i n  theory any Newtonian f l u i d  can be  

I n  t h i s  way any i n t e r a c t i o n  between rock and 

n a t u r a l  contaminants must b e  removed and excluded by c l eans ing  t h e  sample, 

t h e  f l u i d  and f low system c a r e f u l l y .  P a r t i c u l a r  care must be taken  t o  

e l i m i n a t e  o t h e r  immiscible  f l u i d s  such as gases ,  e s p e c i a l l y  a i r ,  which 

tends  t o  become d i s so lved  i n  l i q u i d s  a t  t h e  upstream o r  h igh  p r e s s u r e  end 

of t h e  sample and then  come o u t  of s o l u t i o n  as bubbles  as t h e  a b s o l u t e  

p r e s s u r e  dec reases  du r ing  f l u i d  f low through t h e  sample. To a consider-  

a b l e  extent, t h e s e  bubbles  are immobile and they  very  e f f e c t i v e l y  h inde r  

t h e  flow of l i q u i d  thus  l e a d i n g  t o  low, i n c o r r e c t  va lues  of pe rmeab i l i t y .  

F i n a l l y ,  two more cons ide ra t ions  must b e  mentioned. A dry  gas w i l l  

tend t o  dehydra te  many hydra ted  mine ra l s  as i t  f lows  through a permeable 

rock  and t h i s  w i l l  l e a d  t o  s i g n i f i c a n t l y  h ighe r  measured p e r m e a b i l i t i e s  

than  those  obta ined  f o r  aqueous s o l u t i o n s .  Rocks e x i s t e n t  underground 

are sub jec t ed  t o  e x t e r n a l  o r  overburden p r e s s u r e s  and when these p res su res  

are removed e i t h e r  by n a t u r a l  p rocesses  o r  by t h e  a r t i f i c i a l  one of t ak ing  

c o r e  samples,  i t  can o f t e n  l e a d  t o  s i g n i f i c a n t  i n c r e a s e s  i n  permeabi l i ty .  

This  has  been a t t r i b u t e d  t o  n a t u r a l  f r a c t u r e s  opening up when t h e  e x t e r n a l  

p r e s s u r e  i s  removed and i n  many o r  most cases, i t  i s  a r e v e r s i b l e  process .  

Thus pe rmeab i l i t y  i s  g e n e r a l l y  dependent on t h e  e x t e r n a l  p r e s s u r e  app l i ed  

dur ing  measurement and i n  o rde r  t o  make l a b o r a t o r y  measurements a p p l i c a b l e  

t o  subsu r face  cond i t ions ,  pe rmeab i l i t y  should be  measured as a f u n c t i o n  of 
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e x t e r n a l  p re s su re .  

t o  c o n t a i n  t h e  s i d e s  of t h e  rock  sample. 

Qui te  o f t e n  t h i s  can be inco rpora t ed  i n  t h e  method used 
'i 

2. Statement  of t h e  Problem 

I n c r e a s i n g  a t t e n t i o n  has  been pa id  over  t h e  p a s t  decade t o  t h e  occur- 

r ence  and d i s t r i b u t i o n  of d i s c r e t e  o rgan ic  compounds i n  v a r i o u s  k inds  of 

rocks.  O f  p a r t i c u l a r  i n t e r e s t  t o  s t u d i e s  r e l a t e d  t o  t h e  o r i g i n  of l i f e  

are those  o rgan ic  compounds which have been found i n  Precambrian rocks.  

While t h e r e  i s  convincing evidence t h a t  i n  many of t hese  s t u d i e s  t h e  re- 

por t ed  compounds w e r e  n o t  l a b o r a t o r y  contaminants ,  t h e r e  s t i l l  e x i s t s  t h e  

p o s s i b i l i t y  t h a t  t h e s e  compounds may have migrated i n t o  t h e  rock  ma t r ix  

a t  some t i m e  subsequent  t o  l i t h i f i c a t i o n .  This  would n e c e s s i t a t e  t h e  

rocks  having a f i n i t e  though p o s s i b l y  ve ry  s m a l l  pe rmeab i l i t y  t o  t h e  

aqueous s o l u t i o n s  c a r r y i n g  t h e s e  compounds o r  t h e i r  p recu r so r s  i n  solu-  

t i o n .  I f  t h e  o rgan ic  compounds w e r e  t hus  in t roduced  i n t o  t h e  rocks ,  t hen  

t h e  o rgan ic  material would be younger than  t h e  rock  by some undetermined 

amount and would have l i t t l e  t o  do w i t h  t h e  b io logy  e x i s t e n t  a t  t h e  t i m e  

t h e  rock w a s  formed. I n  such a case  our  t h e o r i e s  and i n t e r p r e t a t i o n  of 

exper imenta l  evidence may have t o  be r e v i s e d .  

Most of t h e s e  o rgan ic  geochemical s t u d i e s  have been made on s h a l e s  

and c h e r t s ,  two rock  types  which are g e n e r a l l y  cons idered  t o  be (almost) 

impermeable u n l e s s  they are f r a c t u r e d .  However, i f  a pe rmeab i l i t y  can be  

' '9 

measured, t hen  estimates can be made of t h e  p e n e t r a t i o n  of t h e s e  compounds 

e i t h e r  by t h e i r  s o l u t i o n s  f lowing through t h e  rocks  o r  else by molecular  

d i f f u s i o n .  

It w a s  t h e  purpose of t h i s  s tudy  t o  des ign ,  c o n s t r u c t  and u s e  an 

ins t rument  f o r  measuring t h e  expected ve ry  low l i q u i d  p e r m e a b i l i t i e s  of 

rocks impor tan t  i n  t h e  s tudy  of t h e  o r i g i n  of l i f e .  
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3. Apparatus and Procedure 

a. Design Cons idera t ions  

Everything cons idered ,  i t  w a s  q u i t e  apparent  t h a t  no known permeameter 

would g i v e  r e l i a b l e  v a l u e s  of pe rmeab i l i t y  f o r  these samples of i n t e r e s t .  

There were a number of reasons  f o r  t h i s .  F i r s t ,  a l i q u i d  pe rmeab i l i t y  

rather than  gas  pe rmeab i l i t y  w a s  necessary  because gas might remove water 

from t h e  c h e r t  o r  s h a l e  and thus  g i v e  an  u n n a t u r a l l y  h igh  v a l u e  of permea- 

b i l i t y .  Second, t h e  expected very  l o w  pe rmeab i l i t y  would l e a d  t o  ve ry  low 

-I- 

flow rates even a t  h igh  p r e s s u r e  d i f f e r e n t i a l s  and thus  o rd ina ry  pumps o r  

l i q u i d  moving devices  would s e e m  t o  b e  unsu i t ab le .  Third,  s i n c e  c a s u a l  

p h y s i c a l  examination of t h e  samples r evea led  some f r a c t u r e s  and no s i g n  

of a pore  s t r u c t u r e ,  and s i n c e  such rocks  are known t o  have p e r m e a b i l i t i e s  

s t r o n g l y  s e n s i t i v e  t o  e x t e r n a l  p r e s s u r e ,  a method of vary ing  t h i s  l a t t e r  

f a c t o r  seemed d e s i r a b l e .  Four th ,  s i n c e  o t h e r  p h y s i c a l  measurements might 

b e  made on t h e  sample, a harmless ,  non-permanent method of sample mounting 

o r  containment a l s o  seemed d e s i r a b l e .  

i 

To ach ieve  t h e s e  ends ,  a novel  approach t o  pe rmeab i l i t y  measurement 

w a s  decided upon. Th i s  involved both  t h e  use  of a pump based on t h e  ther -  

m a l  expansion of a l i q u i d  and a l s o  t h e  u s e  of p re s su re  d i f f e r e n t i a l  d e c l i n e  

f o r  t h e  c a l c u l a t i o n  of f low rate  and permeabi l i ty .  A d e s c r i p t i o n  of t h e  

s e v e r a l  p a r t s  of t h e  permeameter fo l lows .  

b.  The Pumps 

A p re l imina ry  c a l c u l a t i o n  of t h e  flow rate requ i r ed  f o r  rock  samples 

of t h e  u s u a l  s i z e  used i n  t h i s  s o r t  of work (1" diameter  x 1" t o  2" long)  

and even w i t h  abnormally h igh  p r e s s u r e  d i f f e r e n t i a l s  of several hundred 

p s i ,  shows t h a t  l i q u i d  f low rates of only a s m a l l  f r a c t i o n  of a ml/hr  are 

obta ined  when t h e  pe rmeab i l i t y  i s  one microdarcy. Since t h e r e  is l i t t l e  

need f o r  such pumps i n  o t h e r  work, they  are n o t  r e a d i l y  a v a i l a b l e .  Thus 
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i t  w a s  decided t o  t r y  t o  develop one based on a p r i n c i p l e  s u c c e s s f u l l y  

used some y e a r s  ago f o r  a low rate, low p r e s s u r e  pump, namely, t h e  thermal  

expansion of a confined l i q u i d .  

'? 

While w e  are a l l  f a m i l i a r  w i t h  t h e  thermal expansion of gases ,  w e  are 

perhaps less f a m i l i a r  w i t h  t h e  thermal  expansion of l i q u i d s  because i t  i s  

of a lower o rde r  of magnitude. 

b i l i t y  of gases  and w h i l e  l i q u i d s  are f r e q u e n t l y  descr ibed  as be ing  

W e  are e q u a l l y  f a m i l i a r  w i t h  t h e  compressi- 

incompressible",  th is  is  n o t  r e a l l y  t r u e  s i n c e  they  are s l i g h t l y  compress- I 1  

i b l e .  Thus i f  a l i q u i d  i s  hea ted  i n  a c losed  c o n t a i n e r ,  i t  w i l l  bo th  expand 

and become compressed. Unless  t h e  w a l l s  of t h e  con ta ine r  are s t r o n g  enough, 

t h i s  thermal  expansion of t h e  l i q u i d  can e a s i l y  r u p t u r e  t h e m .  When t h e  

system reaches  a s t e a d y  temperature ,  i t  a l s o  reaches a s t eady  p r e s s u r e  

which can, i n  theory ,  b e  es t imated  from a knowledge of c e r t a i n  p h y s i c a l  

p r o p e r t i e s  of t h e  l i q u i d  and t h e  con ta ine r .  I f  a valve t o  t h e  con ta ine r  

is then  opened, t h e  l i q u i d  w i l l  f low from i t  and t h e  p re s su re  w i l l  simul- 
i 

t aneous ly  dec l ine .  From a knowledge of both  t h e  i so the rma l  compress ib i l i t y  

of t h e  l i q u i d  and t h e  volume of t h e  l i q u i d ,  w e  can c a l c u l a t e  t h e  amount of 

l i q u i d  "pumped" from t h e  con ta ine r .  In p r a c t i c e ,  a more a c c u r a t e  l i q u i d  

volume can be  obta ined  through d i r e c t  measurement because t h e  volume of 

t h e  con ta ine r  a l s o  dec reases  s l i g h t l y  dur ing  t h i s  "depressuring".  

A schematic  drawing of t h e  equipment developed i s  shown i n  F igu re  1. 

A steel bomb of t h e  s o r t  used t o  s t o r e  compressed gases  w a s  used as t h e  

con ta ine r ;  i t s  volume was  about  t h r e e  l i t e r s .  It w a s  i n s t a l l e d  i n  a 

thermosta t  of which t h e  temperature  could be  maintained w i t h i n  approximately 

f 0.1OC. The l i q u i d  used i n  both  t h e  pump and t h e  sample w a s  a heavy 

h y d r a u l i c  o i l .  High p res su re ,  s t a i n l e s s  s teel  tub ing  and h igh  p r e s s u r e  

valves w e r e  used throughout t h e  system. The valve- tubing arrangement shown 

above t h e  thermosta t  w a s  u s e f u l  f o r  f i l l i n g  t h e  pump wi th  l i q u i d .  
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c. The Sample Holder 

I n  t h e  e a r l y  p a r t  of t h e  work, cons ide rab le  e f f o r t  w a s  expended on 

t r y i n g  t o  seal t h e  samples i n  a low-melting, Woods-metal a l l o y  b u t  i n t o l e r -  

a b l e  by-passing of t h e  l i q u i d  between t h e  m e t a l  and t h e  rock s u r f a c e  w a s  

encountered poss ib ly  because of poor we t t ing  of t h e  hard ,  smooth rock  

s u r f a c e  by t h e  metal. Cas t ing  t h e  co re  i n  epoxy r e s i n  w a s  a l s o  t r i e d  b u t  

w a s  unsuccess fu l  because of leaks due t o  t h e  h igh  p res su res  used a t  the 

upstream end. While r e l a t i v e l y  s imple  t o  use ,  bo th  of t h e s e  methods a l s o  

have t h e  d isadvantage  t h a t  they  s u b j e c t  t h e  sample t o  a r e l a t i v e l y  low and 

unknown e x t e r n a l  o r  conf in ing  p res su re .  F i n a l l y ,  a device  q u i t e  commonly 

used i n  f l u i d  flow work i n  petroleum engineer ing  w a s  used. This  i s  known 

as a Hassler sleeve and a scale drawing is  shown i n  F igure  2. The cy l in-  

d r i c a l  c o r e  is  h e l d  i n  a rubber  sleeve wi th  both ends of t h e  co re  a c c e s s i b l e  

f o r  f l u i d  flow. An e x t e r n a l  p r e s s u r e  on t h e  sleeve somewhat g r e a t e r  than  

t h e  upstream p r e s s u r e  p reven t s  by-passing of t h e  f lowing l i q u i d .  The 

sample h o l d e r  used h e r e  w a s  designed f o r  u se  up t o  a n  e x t e r n a l  p r e s s u r e  

of 10,000 p s i .  This  w a s  achieved by u s e  of a hand-operated h y d r a u l i c  

pump us ing  t h e  s a m e  o i l  t h a t  flowed through t h e  core.  By u s e  of t h e  tub ing  

connect ion arrangement shown i n  F igu re  1, t h i s  h y d r a u l i c  pump could a l s o  

b e  used t o  sweep a i r  o u t  of t h e  upstream f low l i n e s  and t o  r e p r e s s u r e  t h e  

thermal  pump as needed. The e x t e r n a l  p re s su re  w a s  read  on a 0-10,000 p s i  

Bourdon tube  gage. 

d. The P res su re  Measuring System 

Besides t h e  u s u a l  requirements  f o r  accuracy,  s e n s i t i v i t y  and repro-  

d u c i b i l i t y ,  t h e  p r e s s u r e  measuring device  a l s o  needed both  t o  have a s m a l l  

d isplacement  volume w i t h  change of p r e s s u r e  and a l s o  t o  be capable  of auto- 

matic record ing  of p r e s s u r e  as a f u n c t i o n  of t i m e .  A diaphragm-type Pace 
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t r ansduce r  k i t  (KP-15) w i t h  i n d i c a t o r  (CD-25) and a hea th  s t r i p - c h a r t  

r eco rd ing  poten t iometer  f u l f i l l e d  t h i s  need. The 500 p s i  diaphragm w a s  

u s u a l l y  used i n  t h i s  work. The ins t rument  w a s  checked as needed wi th  a 

dead-weight tester; t h i s  was  a l s o  sometimes used as an opposing p r e s s u r e  

on t h e  low-pressure s i d e  of t h e  diaphragm when d a t a  above an upstream 

p r e s s u r e  of 500 p s i  w a s  d e s i r e d .  

’) 



PART I1 

A NOVEL L I Q U I D  PERMEAMETER FOR MEASURING VERY LOW PERMEABILITY 
by 

S.K. Sanyal,  R.M. P i r n i e  111, G.O. Chen, S. S. Marsden 

ABSTRACT 

A l i q u i d  permeameter f o r  ve ry  t i g h t  rocks i s  descr ibed .  High up- 

stream p r e s s u r e s  are achieved by a "pump" based on t h e  thermal expansion 

of l i q u i d .  Confining o r  over-burden p r e s s u r e s  of up t o  10,000 p s i  may be  

maintained wi th  a modif ied Hassler s l e e v e .  P r e s s u r e  i s  measured wi th  a 

low displacement  diaphragm-type t ransducer .  Permeabi l i ty  i s  measured in -  

d i r e c t l y  through p r e s s u r e  d e c l i n e  over  a t i m e  pe r iod .  

INTRODUCTION 

Pe rmeab i l i t y  i s  a s o l i d / f l u i d  p rope r ty  important  no t  only i n  pe t ro-  

leum product ion  engineer ing  b u t  a l s o  i n  many o t h e r  branches of s c i e n c e  and 

technology. Ground water h y d r o l o g i s t s  d e a l  w i th  i t  q u i t e  commonly and many 

geo log ica l  problems are concerned w i t h  f l u i d  flow through porous media and 

hence w i t h  pe rmeab i l i t y .  W e  o f t e n  look  on i t  as a proper ty  e a s i l y  measured, 

b u t  w h i l e  t h i s  is t r u e  i n  many cases, t h e s e  are p a r t i c u l a r  systems i n  which 

permeabi l i ty  measurement i s  very  d i f f i c u l t .  It is  t h e  purpose of t h i s  paper  

t o  d e s c r i b e  an  ins t rument  designed and developed t o  measure l i q u i d  permeabil- 

i t i e s  of very  t i g h t  Precambrian rocks.  These are c u r r e n t l y  of g r e a t  impor- 

t ance  i n  t h e  s tudy  of t h e  o r i g i n  of l i f e .  1 
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DESIGN CONSIDERATIONS 

4 

From o u r  o t h e r  knowledge of t h e s e  samples,  i t  was  ev ident  that no 

o t h e r  known permeameter would g i v e  r e l i a b l e  pe rmeab i l i t y  va lues .  

were a number of reasons  f o r  th is .  F i r s t ,  a l i q u i d  permeameter w a s  necessary  

because gas  might tend t o  dehydrate  the chert o r  o t h e r  mine ra l s  thus 

There 

causing a shr inkage  and an u n n a t u r a l l y  h igh  v a l u e  of permeabi l i ty .  

Thomas -- e t  a l .  

w i t h  t h e  former v a l u e  be ing  always much h ighe r  t han  the la t te r .  

t h e  expected ve ry  low pe rmeab i l i t y  would l e a d  t o  very  low flow rates even 

a t  h igh  p r e s s u r e  d i f f e r e n t i a l s  and thus  o rd ina ry  pumps o r  f l u i d  moving de- 

vices would seem t o  b e  unsu i t ab le .  Third,  s i n c e  c a s u a l  examination of the 

samples revea led  some f r a c t u r e s  and no s i g n  of a pore  s t r u c t u r e  and s i n c e  

such rocks  are known t o  have p e r m e a b i l i t i e s  s t r o n g l y  s e n s i t i v e  t o  e x t e r n a l  

o r  overburden pressures:  a method of  vary ing  t h i s  la t ter  f a c t o r  seemed de- 

s i r a b l e .  

sample, a harmless ,  non-permanent method of sample mounting a l s o  seemed 

d e s i r a b l e .  

Also,  

r epor t ed  air and water p e r m e a b i l i t i e s  of very t i g h t  rocks ,  2 

Second, 

Four th ,  s i n c e  o t h e r  phys i ca l  measurements might be  made on t h e  

To achieve  t h e s e  a i m s ,  a novel  approach t o  permeabi l i ty  w a s  decided 

upon. 

of a l i q u i d  and a l s o  t h e  use  of p r e s s u r e  d e c l i n e  f o r  t h e  c a l c u l a t i o n  of 

pe rmeab i l i t y .  

Th i s  involved bo th  t h e  u s e  of a pump based on t h e  thermal expansion 

COMPONENTS 

The Pump 

For samples of t h e  usua l  dimensions used f o r  pe rmeab i l i t y  measure- 

ments (1" D x 1" t o  1 1/2" L)  and even wi th  abnormally h igh  p res su re  
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d i f f e r e n t i a l s  of several hundred p s i ,  l i q u i d  flow rates of  on ly  a s m a l l  

f r a c t i o n  of a ml /hr  would be  obta ined  when t h e  pe rmeab i l i t y  i s  one micro- 

darcy.  S ince  t h e r e  i s  l i t t l e  need f o r  such pumps i n  o t h e r  k inds  of work, 

they  are n o t  r e a d i l y  a v a i l a b l e .  

based on a p r i n c i p l e  s u c c e s s f u l l y  used some y e a r s  ago f o r  a low rate,  low 

p res su re  pump, namely t h e  thermal  expansion of a confined l i q u i d .  

l i q u i d  i s  hea ted  i n  a c losed  c o n t a i n e r ,  i t  cannot  expand and hence i t  w i l l  

become compressed. When t h e  system reaches  a s t eady  temperature ,  it a l s o  

reaches  a s t eady  p r e s s u r e  which can,  i n  theory ,  be  es t imated  from a know- 

l edge  of c e r t a i n  p h y s i c a l  p r o p e r t i e s  of t h e  l i q u i d  and t h e  con ta ine r .  I f  

a valve t o  t h e  c o n t a i n e r  i s  opened, t h e  l i q u i d  w i l l  f low from i t  and t h e  

p r e s s u r e  w i l l  s imul taneous ly  dec l ine .  

o f  t h e  l i q u i d  and i t s  i so the rma l  compress ib i l i t y ,  w e  can c a l c u l a t e  t h e  

amount of  l i q u i d  llpumped" from t h e  con ta ine r .  

l i q u i d  volume can b e  ob ta ined  through d i r e c t  measurement because t h e  volume 

of  t h e  c o n t a i n e r  a l s o  dec reases  s l i g h t l y  dur ing  t h e  process .  

Thus i t  w a s  decided t o  t r y  t o  develop one 

I f  a 

From a knowledge o f  both t h e  volume 

I n  p r a c t i c e  a more a c c u r a t e  

The pump used h e r e  c o n s i s t s  of a l i q u i d - f i l l e d , s t e e l  tank of  t h e  s o r t  

used t o  s t o r e  compressed gases .  Its volume toge the r  w i t h  t h a t  of t h e  flow 

l i n e s  upstream of  t h e  c o r e  w a s  found t o  b e  2856 cc. 

immersed i n  a water thermosta t  having an  a d j u s t a b l e ,  mercury-in-glass themo-  

r e g u l a t o r .  

o i l (Pennzo i1  Medium, p = 0.8715 g / c c ,  p = 70 cp a t  75'F). High p r e s s u r e  

tub ing ,  f i t t i n g s  and valves were used throughout t h e  system shown i n  F igure  1. 

The Sample Holder 

This  tank  i s  completely 

The l i q u i d  used i n  bo th  t h e  pump and t h e  sample w a s  a h y d r a u l i c  

A scale drawing o f  t h e  h igh  p r e s s u r e  Hassler sleeve cons t ruc t ed  f o r  

t h i s  work i s  shown i n  F igure  2. A s y n t h e t i c  rubber  tub ing  sleeve re in fo rced  
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wi th  steel  w i r e  

p re s su re  on t h e  
i 

w a s  used t o  enc lose  t h e  cy l indr i .ca1  rock  

sleeve w a s  achieved w i t h  a hand-operated 

sample. Ex te rna l  

h y d r a u l i c  pump 

and measured w i t h  a 0-10,000 p s i  Bourdon-tube gage. 

connect ion arrangement shown i n  F igu re  1, t h i s  h y d r a u l i c  pump could a l s o  b e  

used t o  sweep air o u t  of t h e  upstream flow l i n e s  and t o  r e p r e s s u r e  t h e  

thermal  pump as needed. 

The P r e s s u r e  Measuring System 

By u s e  of the tubing  

The p r e s s u r e  measuring system needs t o  have b o t h  a s m a l l  d isplacement  

volume and a l s o  b e  capab le  of au tomat ic  r eco rd ing  of  p r e s s u r e  as a f u n c t i o n  

of t i m e .  A diaphragm-type, t r ansduce r  k i t  (Pace KP-15) w i t h  i n d i c a t o r  

(CD-25) and a Heath s t r i p - c h a r t  record ing  poten t iometer  (EU-20B) f u l f i l l e d  

t h e s e  needs.  The 500 p s i  diaphragm w a s  u s u a l l y  used i n  this work. 

ins t rument  w a s  c a l i b r a t e d  and checked as needed w i t h  a dead-weight tester. 

T h e  

J 

DERIVATION OF A WORKING EQUATION 

I n  o r d e r  t o  arrive a t  a r e l a t i o n s h i p  between p res su re  d e c l i n e ,  per- 

m e a b i l i t y  and any o t h e r  p e r t i n e n t  v a r i a b l e s ,  a s i m p l i f i e d  model of t h e  a c t u a l  

f low system i s  assumed. This  c o n s i s t s  of two p a r t s  w i th  a valve i n  between. 

The f i r s t  i s  a l i q u i d  r e s e r v o i r  made up of a tank,  t h e  f low l i n e s  and t h e  

t r ansduce r  chamber a l l  con ta in ing  an i n i t i a l  volume of l i q u i d ,  Vi, a t  an  

i n i t i a l  p r e s s u r e  p . The second p a r t  i s  a flow r e s i s t a n c e  c o n s i s t i n g  on ly  of  

a porous medium of l e n g t h ,  L ,  c r o s s - s e c t i o n a l  area, A ,  and pe rmeab i l i t y ,  k. 

A s l i g h t l y  compressible  l i q u i d  of i n i t i a l  d e n s i t y ,  pi  and v i s c o s i t y ,  LI, i s  

assumed t o  flow i so the rma l ly  and under v iscous  flow cond i t ions  so  t h a t  Darcy's 

l a w  may b e  used. V i scos i ty  w a s  co r rec t ed  f o r  temperature  and w a s  

assumed t o  b e  independent of p r e s s u r e  as expla ined  below. (Using a p r e s s u r e  

g r a d i e n t  o f  400 p s i / i n c h ,  

i 

t h e  maximum g r a d i e n t  used i n  t h e s e  measurements, 
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4 

"1 as w e l l  as o t h e r  p e r t i n e n t  v a r i a b l e s ,  weight rate o f  flow through a co re  

(1"D x 1"L) of md permeabi l i ty  w a s  c a l c u l a t e d .  From weight flow 

d dVt = - (v -v ) ,= - 
. d t  t i d t  x=o 

rate and va lues  of  o t h e r  v a r i a b l e s ,  t h e  modified Reynold's Number and the 

F r i c t i o n  F a c t o r ,  as def ined  by Cornel1 and Katz f o r  rocks ,  w e r e  c a l c u l a t e d .  4 

These c a l c u l a t e d  va lues  f e l l  on an  e x t r a p o l a t i o n  of t h e  laminar  flow reg ion  

of t h e  f r i c t i o n  f a c t o r  c h a r t 4  t o  a Reynold's Number of 10  -8 . The v a l u e  of 

t h e  turbulence  f a c t o r ,  B y  w a s  ob ta ined  from an e x t r a p o l a t i o n  of  F igu re  2.37 

of r e f .  4 f o r  a p o r o s i t y  of 2.5%. Th i s  r e s u l t  suppor t s  o u r  assumption of  

v i scous  f low.)  Because t h e  r e s e r v o i r  volume w i l l  i n c r e a s e  s l i g h t l y  wi th  

temperature  and p r e s s u r e ,  t h e  l i q u i d  is assumed t o  have an e f f e c t i v e  com- 

p r e s s i b i l i t y ,  c y  which w i l l  no t  b e  t h e  t r u e  one. A simple method of cal- 

c u l a t i n g  e f f e c t i v e  compress ib i l i t y  of  t h e  l i q u i d  i s  presented  i n  t h e  ap- 

pendix.  This  va lue  f o r  t h e  o i l  used w a s  found t o  b e  1.30 x 10  a t m  , 

I i w h i l e  an approximate v a l u e  of t h e  t r u e  C of t h e  o i l  ca l cu la t ed  from t h e  

-4  -1 

-1 8 va lues  of 1-1 and p a t  77°F. was 0.64 x a t m  . 
When t h e  valve between t h e  two p a r t s  i s  opened and t h e  l i q u i d  allowed 

t o  flow, t h e  p r e s s u r e  i n  t h e  r e s e r v o i r  decreases  t o  some va lue ,  p a t  t i m e  

t when Vt is t h e  volume t h a t  would b e  occupied by a m a s s  of o i l  which had a 

volume V.  a t  a p r e s s u r e  pi. 

I 

t 

The p r e s s u r e  downstream of t h e  f low r e s i s t a n c e  
1 

i s  always atmospheric  p r e s s u r e ,  . Since  P i s  decreas ing  w i t h  t i m e ,  t h e  'a t 

f low rate through t h e  porous medium w i l l  a l s o  decrease  wi th  t i m e .  The 

volume of  l i q u i d  upstream of t h e  porous medium i n c r e a s e s  from V 

a volume (V -V ) flows through t h e  porous medium over  t h i s  time pe r iod  t .  

The in s t an taneous  volumetr ic  flow rate i n t o  t h e  c o r e  a t  t h e  upstream end 

t o  V t ,  i . e . ,  i 

t i  

(x  = 0) is  given by: 

. .  
i 
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* I  

$ 
From t h e  d e f i n i t i o n  of  i so the rma l  compress ib i l i t y  of  a l i q u i d ,  w e  g e t  

H e r e  c i s  assumed t o  be  independent of p .  For heavy hydrocarbons 

5 t h e  change of c wi th  p ,  as g iven  by T a i t ' s  Equation was found t o  b e  n e g l i g i b l e .  

However, t h i s  e r r o r  w a s  e l imina ted  by t ak ing  an  e f f e c t i v e  c. Therefore:  

4 (3) 

The ins t an taneous  volumetr ic  flow rate ,  q ,  i s  a l s o  g iven  by Darcy's 

l a w :  

Since t h  flow 
i' 

i t y  of t h e  porous medium i s  n e g l i g i b l e  compared t o  V 

e a r l y  flow t r a n s i e n t s  w i l l  be  of  s h o r t  d u r a t i o n  and t h e r e  w i l l  b e  e s s e n t i a l l y  

s t eady  state a t  any p a r t i c u l a r  time. 

of flow, W ,  w i l l  b e  t h e  s a m e  a t  any c ross - sec t ion  and 

Hence t h e  in s t an taneous  weight  rate 

Separa t ing  v a r i a b l e s  and i n t e g r a t i n g ,  w e  have 
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i . .  

From t h e  d e f i n i t i o n  of i so the rma l  compress ib i l i t y  of l i q u i d ,  w e  can w r i t e  

S u b s t i t u t i n g  t h i s  r e l a t i o n  i n t o  equat ion  ( 6 )  and i n t e g r a t i n g ,  w e  have: 

From equat ions  (3)  and (5), w e  have: 

Thus : 

c(Pi-Pt) dPt - W = -cV p g e  
d t  i t  

dpt 
= -cv.p.g dt 

1 1  

Separa t ing  v a r i a b l e s ,  i n t e g r a t i n g  and s impl i fy ing :  

(9) 
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S ince  c(pi-pa) is  s m a l l ,  w e  can write 
I 

Thus 

kA ec(Pa-Pi) t 
v CViL 

o r  

t kA In[--_-] = - 
pi 'a vcViLe c (Pi-Pa) 

This  i s  our  b a s i c  r e l a t i o n s h i p  between p r e s s u r e  d e c l i n e ,  pe rmeab i l i t y  and 

o t h e r  p e r t i n e n t  v a r i a b l e s .  It i s  apparent  t h a t  t h e  s l o p e ,  m, of a s e m i -  

l o g a r i t h i c  p l o t  of t h e  p r e s s u r e  d e c l i n e ,  ln [c(p t -pa) ]  vs. t o r  In[- 
'i-'a 

vs. t (both p l o t s  having same s l o p e )  can be  used t o  c a l c u l a t e  k: 

mv cV . L e  
1 k = -  

A 

I n  many cases t h e  product  C(p.-p ) i s  s m a l l  and so  t h e  t e r m  l a  

e c(Pi-Pa) ~ 1 (17) 
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and 

mucV.L 
1 k = -  

A 

EXPERIMENTAL PROCEDURE 

After measurement w i t h  micrometer c a l i p e r s ,  t h e  c y l i n d r i c a l  core  

w a s  s a t u r a t e d  under vacuum wi th  o i l  and i n s e r t e d  i n  t h e  Hassler s l eeve .  

Then t h e  e n t i r e  core-holder w a s  assembled and t h e  conf in ing  p r e s s u r e  ap- 

p l i e d .  With t h e  valve j u s t  upstream of t h e  c o r e  c losed ,  t h e  h y d r a u l i c  

o i l  r e s e r v o i r  w a s  hea ted  t o  a predetermined temperature  i n  o rde r  t o  achieve  

a d e s i r e d  Pi. 

aforementioned valve w a s  opened qu ick ly  and p r e s s u r e  d e c l i n e  w i t h  t i m e  w a s  

When thermal  and p r e s s u r e  equ i l ib r ium were achieved,  t h e  

cont inuous ly  recorded.  Data from t h i s  c h a r t  w a s  used t o  p repa re  p l o t s  of 

vs. t s imilar  t o  those  shown i n  F igu re  3-5. Measured s l o p e s  I n  

from t h e s e  were used w i t h  t h e  o t h e r  d a t a  r equ i r ed  by Eq. (16) t o  c a l c u l a t e  

> 
pt - pa 
Pi - Pa 

k. 

The p v a l u e s  were c o r r e c t e d  f o r  tempera ture  by r e f e r r i n g  t o  a LI v e r sus  

tempera ture  p l o t  f o r  t h e  o i l ,  prepared by us ing  a F i she r  Elec t roviscometer .  

For t h i s  tempera ture  r ange  (75' t o  85'F), change i n  1-1 of mine ra l  o i l s  i s  

n e g l i g i b l e  f o r  a p r e s s u r e  i n c r e a s e  of 400 p s i ,  which i s  t h e  m a x i m u m  p 

have used. 6 y 7  

w e  i 

Within t h e  0-400 p s i  range,  an  i n c r e a s e  i n  p i n c r e a s e s  p 

and decreases  c s l i g h t l y ,  t h e  a c t u a l  change i n  t h e  v a l u e  of 'uc' be ing  

n e g l i g i b l e .  To check f o r  any leakage  through t h e  core-s leeve,  a s o l i d  

steel  c y l i n d e r  of t h e  same dimensions as t h e  co res  used,  w a s  i n s t a l l e d  i n  

sleeve, a n  overburden p r e s s u r e  of 100 a t m ,  a p p l i e d ,  and t h e  o i l  upstream 



1 9  

1 
i 

of t h e  c y l i n d e r  r a i s e d  t o  an  equ i l ib r ium p r e s s u r e  of 400 ps ig .  The valve 

upstream of  t h e  sleeve w a s  opened and no p r e s s u r e  d e c l i n e  w a s  n o t i c e d  

ove r  2 hours ,  i n d i c a t i n g  absence of any leak. 

RESULTS AND DISCUSSION 

Figure  3 g ives  t h e  r e s u l t s  f o r  two runs  on a sandstone and demonstrates  

t h e  r e p e a t a b i l i t y  of measurements. 

and t h e  upper p l o t  w a s  a r e p l o t  of  t h e  p r e s s u r e  d e c l i n e  d a t a  us ing  t h e  

The lower curve shows t h e  t o t a l  r u n  

p r e s s u r e  a t  8 minutes as t h e  p . These were c a r r i e d  down t o  a p of 4 p s i g  

which w e  cons idered  t o  b e  t h e  lower l i m i t  f o r  t h e  500 p s i g  diaphragm. For 

samples w i t h  t h i s  magnitude of permeabi l i ty  (20 md), lower p r e s s u r e  diaphragms 

(100 p s i g  o r  25 p s i g )  should b e  used f o r  more accuracy.  

ment as w e l l  as t h e  o t h e r s  r epor t ed  h e r e ,  t h e  conf in ing  p r e s s u r e  w a s  100 

atmospheres.  

i t 

For t h i s  measure- 

F igu re  4 p r e s e n t s  t h e  r e s u l t s  f o r  a c h e r t  sample having no measure- 

a b l e  p r e s s u r e  d e c l i n e  a f t e r  t h e  t r a n s i e n t  pe r iod ,  t h a t  i s ,  e s s e n t i a l l y  zero 

pe rmeab i l i t y .  I f  w e  assume, however, t h a t  t h e r e  i s  a p r e s s u r e  d e c l i n e  cor- 

responding t o  t h e  s e n s i t i v i t y  of t h e  p r e s s u r e  reading a t  t h e  end of t h e  

experiment and use  t h i s  t o  e s t a b l i s h  a s lope ,  then  w e  can say  t h a t  t h i s  

sample has  a pe rmeab i l i t y  of 1.16 x 10  md. Th i s  g ives  an  estimate of 

t h e  lower l i m i t  o f  measurement f o r  a t i m e  pe r iod  of  about 3.6 hours ,  bu t  

-3 

longe r  t i m e  pe r iods  can b e  used t o  e s t a b l i s h  even lower ones.  The time 

needed pe r  run may be  reduced by us ing  a l i q u i d  which g i v e s  a lower v a l u e  

of t h e  q u a n t i t y  ( p c )  i n  Eq. (15). f 

Figure  5 shows r e s u l t s  f o r  a sample of  Precambrian c h e r t  having a 

-3  permeab i l i t y  of  91.7 x 10  md. R e s u l t s  f o r  o t h e r  samples of t h i s  s o r t  
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are t o  b e  p re sen ted  elsewhere.  

The model on which the d e r i v a t i o n  i s  based is a s i m p l i f i c a t i o n  which 

e v i d e n t l y  does n o t  i n c l u d e  a l l  p e r t i n e n t  f a c t o r s  s i n c e  i t  accounts  f o r  

on ly  t h e  l i n e a r  p r e s s u r e  d e c l i n e  on the semi-log p l o t  and no t  the i n i t i a l  

t r a n s i e n t  behavior  which i s  always observed. T h i s  would appear  t o  h e  due  

t o  t h e  compression of o i l  i n  the tub ing  between t h e  valve and t h e  sample 

as w e l l  as t h e  g radua l  compression of f l u i d  w i t h i n  t h e  void s t r u c t u r e  of 

t h e  rock.  

of t h e  d e c l i n e  curve.  

more l i g h t  on t h e  n a t u r e  of t h e  void s t r u c t u r e .  

General ly  1 t o  2 hours  were needed t o  reach  t h e  l i n e a r  p o r t i o n  

An a n a l y s i s  of t h i s  e a r l y  t r a n s i e n t  e f f e c t  may shed 

USE OF THE PERMEAMETER 

The ins t rument  can be  used i n  a number of d i f f e r e n t  ways and t h e  re- 

s u l t s  a l s o  p l o t t e d  and c a l c u l a t e d  i n  serveral ways. 

Although a s i n g l e  l i q u i d  w a s  used h e r e  f o r  bo th  f low and conf in ing  

p r e s s u r e ,  d i f f e r e n t  ones could be used f o r  each purpose whi le  keeping t h e  

in t e rconnec t ing  valve c losed .  For example, t h e  aqueous o r  b r i n e  permeabil-  

i t y  of a rock  sample can be  determined whi le  s t i l l  us ing  h y d r a u l i c  o i l  f o r  

p re s su re  around t h e  sleeve. 

The l i q u i d  r e s e r v o i r  can be  used as an i so the rma l  sou rce  of h igh  pres-  

s u r e  l i q u i d  by pumping o i l  i n t o  i t  w i t h  t h e  h y d r a u l i c  pump. This  e l imina te s  

t h e  need t o  recharge  t h e  pump by cool ing  o f f  t h e  thermosta t  and i t  speeds 

up t h e  measurement. 

Pe rmeab i l i t y  can obvious ly  be  measured a t  d i f f e r e n t  overburden pres-  

su res .  With t h e  p r e s e n t  t r ansduce r ,  t h e  upstream p res su re  i s  l i m i t e d  t o  

500 p s i  u n l e s s  a p r e c i s e  counter -pressure ,  such as t h a t  a v a i l a b l e  from a 
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dead weight  tester, i s  used on the o t h e r  s i d e  of the t ransducer  diaphragm. 

For more accuracy,  a second t r ansduce r  w i t h  a 25 p s i  p l a t e  i n  series w i t h  

t h e m a i n  one  and s e p a r a b l e  from the f l o w l i n e s  by a valve can b e  used t o  

record  lower p re s su res .  

i 

For a set of co res  of comparable pe rmeab i l i t y ,  i t  may b e  p o s s i b l e  

always t o  charge t h e  r e s e r v o i r  t o  t h e  same p and a l low p r e s s u r e  d e c l i n e  

t o  t h e  same P,. 

i 

I f  t h e  same l i q u i d  is used i n  a l l  measurements, then  most 

of t h e  terms i n  equat ion  (15) are f i x e d  and -. 

where K i s  a cons t an t .  I n  t h i s  case it  may b e  p o s s i b l e  t o  determine auto- 

m a t i c a l l y  t h e  time a t  which p 

ment f o r  even very  t i g h t  cores  w i l l  be  g r e a t l y  s i m p l i f i e d .  

i s  reached and then  permeabi l i ty  measure- 
t 
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NOMENCLATURE 

A = c ross - sec t iona l  area of t h e  porous medium 

c = i so the rma l  compress ib i l i t y  of l i q u i d  

D = diameter  of t h e  c o r e  

g = g r a v i t a t i o n a l  cons t an t  

k = permeabi l i ty  

K = a c o n s t a n t  i n  equa t ion  (19) 

L = l e n g t h  of t h e  porous medium 
P -P 

m = s l o p e  of t h e  l n [ c ( p  -p  ) ]  vs. t o r  I n [ - - - -  a]  vs. t p l o t .  
t a  Pi- Pa 

p = p r e s s u r e  

q = volumetr ic  f low rate 

t = t ime 

V = volume of  l i q u i d  i n  r e s e r v o i r  

W = weight rate of f low 
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x = p o s i t i o n  a long  porous medium 

Greek : 

B = tu rbulence  f a c t o r  i n  R e f .  4 

p = d e n s i t y  

1-1 = v i s c o s i t y  

Subsc r ip t s  : 

a = atmospheric  

i = i n i t i a l  

t = time of  measurement 
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APPEND I X 

Because of t h e  expansion o f  t h e  r e s e r v o i r  when t h e  l i q u i d  p r e s s u r e  

and tempera ture  are inc reased ,  t h e  t r u e  i so the rma l  l i q u i d  compress ib i l i t y  

i s  n o t  s t r i c t l y  a p p l i c a b l e  here .  But w e  can o b t a i n  an e f f e c t i v e  compressi- 

b i l i t y  as o u t l i n e d  below. From equa t ion  (10) and t h e  g e n e r a l  r e l a t i o n s h i p  

between p , c and p, w e  may w r i t e :  

d p t  w = -cv.p.g dt 
1 1  

(A-1) 
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o r  

(A-2) 
d p t  w = -cwi - d t  

where W.. i s  t h e  weight of t h e  l i q u i d  i n  t h e  r e s e r v o i r  a t  p i .  

v a r i a b l e s ,  i n t e g r a t i n g  and r ea r r ang ing ,  w e  have: 

Sepa ra t ing  
1 

t 
J W  d t  
0 c =  

Wi( Pi-Pt) .-_ (A-3) 

The compress ib i l i t y  can b e  measured be fo re  mounting t h e  co re  by charging 

t h e  r e s e r v o i r  t o  P and then  l e t t i n g  t h e  p r e s s u r e  d e c l i n e  t o  P wh i l e  col-  

l e c t i n g  and weighing t h e  o i l  produced over t h e  t i m e  i n t e r v a l .  

i t 

I 
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FIGURE 2. SCALE DRAWING OF THE HIGH PRESSURE HASSLER SLEEVE 
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PART I11 

PERMEABILITIES OF PRECAMBRIAN ONVERWACHT CHERTS AND OTHER 
LOW-PERMEABILITY ROCKS 

by 
S. K. Sanyal,  K. A. Kvenvolden and S. S. Marsden 

Permeabi l i ty  i s  t h e  rock p rope r ty  t h a t  pe rmi t s  t h e  passage of a ' f l u i d  

through t h e  in t e rconnec t ing  pores  of a rock. Q u a n t i t a t i v e  estimates of 

t h i s  p rope r ty  are of importance i n  any branch of s c i e n c e  o r  engineer ing  

where flow of f l u i d s  through rocks  is  considered.  While much pe rmeab i l i t y  

d a t a  exis t  f o r  rocks  having r e l a t i v e l y  h igh  p e r m e a b i l i t i e s  (exceeding one 

m i l l i d a r c y ) ,  ve ry  l i t t l e  d a t a  are a v a i l a b l e  f o r  rocks  such as s h a l e s ,  

c h e r t s ,  dense carbonates ,  and evapor i t e s  which may have p e r m e a b i l i t i e s  of 

less than  one m i l l i d a r c y .  Permeabi l i ty  measurements on Precambrian c h e r t s  

are of i n t e r e s t  i n  a t tempt ing  t o  dec ipher  r e s u l t s  of o rgan ic  geochemical 

s t u d i e s  made on t h e s e  a n c i e n t  rocks.  

The ques t  f o r  geologic  evidence concerning t h e  o r i g i n  and e v o l u t i o n  

of l i f e  on e a r t h  has  l e d  t o  d e t a i l e d  examinations f o r  morphological and 

molecular  f o s s i l s  i n  Ea r ly  Precambrian sedimentary rocks ,  most of which 

have extremely low p e r m e a b i l i t i e s .  lY The o l d e s t  rocks thus  f a r  considered 

are t h e  Onverwacht Group of t h e  Swaziland Sequence exposed i n  t h e  Eas t e rn  

Transvaa l  of South Af r i ca .  The age of t h i s  group i s  a t  least 3.2 x lo9  

years .  F o s s i l - l i k e  m i c r o s t r u c t u r e s  as w e l l  as polymeric o rgan ic  matter 

(commonly c a l l e d  kerogen) have been found i n  carbonaceous c h e r t s  of the 

Onverwacht Group , b u t  t h e  b iogenic  n a t u r e  of t h e  mic ros t ruc tu res  i s  un- 

c e r t a i n .  Also , several k inds  of molecular  f o s s i l s  (n-alkanes - , i soprenoid  

hydrocarbons,  f a t t y  a c i d s ,  porphyr ins ,  amino a c i d s )  have been r epor t ed  t o  

be  p r e s e n t  i n  t h e s e  rocks.  ' 6 y  The s i g n i f i c a n c e  of t h e s e  mic ros t ruc tu res  

and molecular  f o s s i l s  re la t ive  t o  t h e  o r i g i n  and evo lu t ion  of l i f e  on 

e a r t h  remains i n  ques t ion .  
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Recent ly ,  Nagy' determined t h a t  t h e  permeabi l i ty  and p o r o s i t y  of a 

s i n g l e  sample of Onverwacht c h e r t  w e r e  5.7 x 10 

r e s p e c t i v e l y .  H e  showed t h a t  even a t  t h i s  extremely low pe rmeab i l i t y  t h e  

p o s s i b i l i t y  e x i s t s  f o r  contaminat ion of t hese  rocks  wi th  o rgan ic  compounds 

d i s so lved  i n  f l u i d s  f lowing through t h e s e  rocks f o r  b i l l i o n s  of years .  

-7 m i l l i d a r c y  and 0.5 pe rcen t  

This  f i n d i n g  has  wide impl i ca t ions  regard ing  t h e  s i g n i f i c a n c e  of o rgan ic  

compounds found i n  s m a l l  concen t r a t ions  i n  low-permeabili ty rocks of a l l  

geologic  ages .  

I n  January of 1968 w e  began t h e  development of a novel  l i q u i d  permea- 

meter f o r  measuring very  low p e r m e a b i l i t i e s  i n  rocks .  P e r m e a b i l i t i e s  and 

p o r o s i t i e s  of f o u r  samples of c h e r t  from four  d i f f e ren t .  formations of t h e  

Onverwacht Group w e r e  measured. For comparison t h e  same measurements w e r e  

made on a sample of Precambrian Keewatin c h e r t  from Canada, a sample of 

Precambrian Bi t ter  Springs l imes tone  from A u s t r a l i a ,  and samples of Casti le 

gypsum, R u s t l e r  dolomite ,  and Bone Spring l imes tone  from West Texas. 

P e r m e a b i l i t i e s  of t h e  samples s t u d i e d  h e r e  w e r e  determined by a new 

technique descr ibed  i n  d e t a i l  elsewhere. '  

sleeve capable  of be ing  maintained a t  conf in ing  p res su res  as h i g h  as 

10,000 p s i  by means of a h y d r a u l i c  pump. Upstream p res su res  are main- 

t a i n e d  by a ' thermal  pump' which u t i l i z e s  t h e  thermal  expansion of a 

l i q u i d  t o  create p r e s s u r e s  as h i g h  as 1000 p s i .  P re s su res  are measured 

wi th  a low-displacement, diaphragm-type t ransducer .  P e r m e a b i l i t i e s  are 

measured i n d i r e c t l y  through p r e s s u r e  d e c l i n e  over a per iod  of t i m e .  

The sample i s  he ld  i n  a Hassler 

For t h e  pe rmeab i l i t y  measurements r epor t ed  h e r e ,  hydrau l i c  o i l  w a s  

used i n  both  t h e  h y d r a u l i c  and thermal  pumps. This  choice of f l u i d  con- 

trasts w i t h  t h a t  chosen by Nagy8 who used a 2000 ppm N a C l  b r i n e .  

c a l l y ,  pe rmeab i l i t y  of a rock i s  independent of t h e  f lowing f l u i d .  I n  

r e a l i t y  t h i s  independence is n o t  s t r i c t l y  t r u e .  lo 

Theoret i -  

Extremely low-permeabili ty 
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rocks  l i ke  t h e  ones s t u d i e d  h e r e  have a h ighe r  permeabi l i ty  t o  a i r  than  t o  

water.” This  d i f f e r e n c e  may b e  due t o  dehydra t ion  of mine ra l s  i n  c o n t a c t  ’1 

w i th  f lowing  a i r  caus ing  an  i n c r e a s e  i n  pe rmeab i l i t y ,  o r  t h e  s w e l l i n g  of 

c l a y  mine ra l s  i n  c o n t a c t  w i t h  f lowing water causing a decrease  i n  permea- 

b i l i t y .  

non- in te rac t ing  f l u i d  such as h y d r a u l i c  o i l .  

were made a t  conf in ing  p r e s s u r e s  of between 1500 and 1800 p s i .  An i n c r e a s e  

This  l a t te r  e f f e c t  can b e  minimized by u s e  of s t r o n g  b r i n e  o r  a 

Permeabi l i ty  measurements 

10,12,13 i n  conf in ing  p r e s s u r e  on a rock gene ra l ly  reduces  i t s  pe rmeab i l i t y ,  

1 4  and t h i s  e f f e c t  is  p a r t i c u l a r l y  ev iden t  f o r  rocks  of very  low permeabi l i ty .  

Nagy d id  n o t  s p e c i f y  t h e  conf in ing  p r e s s u r e s  h e  used. This  l i m i t s  t o  some 

e x t e n t  a comparison of t h e  r e s u l t s .  P e r m e a b i l i t i e s  w e r e  measured a t  v a r i o u s  

o r i e n t a t i o n s  t o  bedding because i n  t h e  presence  of small-scale s t r u c t u r e s  

( lamina t ions ,  banding, f r a c t u r e s ,  s o l u t i o n  channels ,  e t c . ) ,  rock permea- 

b i l i t y  depends markedly on t h e  d i r e c t i o n s  i n  which f l u i d  f low takes p lace .  

P o r o s i t y ,  I$, of a sample w a s  c a l c u l a t e d  from i ts  bulk  volume, VB, i t s  

8 

j 

d ry  weight ,  Wo, and i t s  weight a f t e r  i t  w a s  s a t u r a t e d  wi th  o i l  under 

vacuum, W by means of t h e  r e l a t i o n  
S’ 

w - w  
s 0 

I $ =  
Po 

where p is t h e  d e n s i t y  of t h e  o i l .  
0 

Permeabi l i ty  and p o r o s i t y  v a l u e s  of t h e  samples s t u d i e d  as w e l l  as 

d i r e c t i o n s  of pe rmeab i l i t y  measurements and conf in ing  p res su res  are l i s t e d  

i n  Table  1. For Onverwacht c h e r t s ,  p e r m e a b i l i t i e s  vary  from a v a l u e  

immeasureably s m a l l  by our  technique  ( i .e. ,  less than  10 m i l l i d a r c y )  t o  

2.09 x 

The c h e r t  sample from t h e  Hooggenoeg Formation had a ve ry  low pe rmeab i l i t y  

-6 

m i l l i d a r c y ,  and p o r o s i t i e s  vary from 0.03 t o  0.72 pe rcen t .  
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i 
? 

which probably approaches t h e  va lue  obta ined  by Nagy8 of 5.7 x 

darcy. 

m i l l i -  

The o t h e r  Onverwacht c h e r t  samples had p e r m e a b i l i t i e s  g r e a t e r  by 

several o r d e r s  of magnitude. 

b i l i t y  of 1.1 x 

l i s t e d  by Davis” of 1 .9  x 

c h e r t s  have been obta ined  by Smith, -- e t  a1;16 Gunf l in t  c h e r t  from Canada 

had a i r - p e r m e a b i l i t i e s  of 1.9 x 10 and 2.0 x m i l l i d a r c y  and porosi-  

ties of 0.44 and 0.55 pe rcen t ;  B i t t e r  Springs c h e r t  had va lues  of 2.2 x 

10-1 and 1.7 x 10-1 m i l l i d a r c y  and 0.62 and 1.15 percent .  

have shown t h a t  a i r  p e r m e a b i l i t i e s  gene ra l ly  are s l i g h t l y  h ighe r  than  

l i q u i d  p e r m e a b i l i t i e s  i n  t i g h t  rocks.  Therefore ,  Gunf l in t  and B i t t e r  

Springs c h e r t s  appear t o  b e  about  as permeable as t h e  most permeable 

Onverwacht c h e r t s .  Bi t ter  Springs l imes tone ,  w i t h  a l iqu id-permeabi l i ty  

of 4.0 x m i l l i d a r c y  and a p o r o s i t y  of 0.24 pe rcen t ,  i s  about  as 

permeable and porous as samples of c h e r t  from t h e  same formation.  

The Keewatin c h e r t  from Canada had a permea- 

m i l l i d a r c y  which i s  s i m i l a r  t o  t h e  c h e r t  pe rmeab i l i t y  

P e r m e a b i l i t i e s  t o  a i r  of two Precambrian 

-1 

22 Thomas, e t  a l .  , 

Although a t t empt s  w e r e  made t o  measure p e r m e a b i l i t i e s  a t  v a r i o u s  

o r i e n t a t i o n s  t o  bandings o r  lamina t ions ,  t oo  few measurements w e r e  ob- 

t a i n e d  t o  determine i f  any r e l a t i o n s h i p  e x i s t e d  between p e r m e a b i l i t i e s  

and d i r e c t i o n  of f low w i t h i n  t h e  rocks  wi th  one except ion .  Cast i le  gypsum 

had p e r m e a b i l i t i e s  two t o  t h r e e  o rde r s  of magnitude h igher  p a r a l l e l  t o  t h e  

lamina t ions  than  perpendicular  t o  t h e  lamina t ions .  

Three ou t  of f o u r  samples of Onverwacht c h e r t  had measured permea- 

b i l i t i e s  much h ighe r  t han  t h e  s i n g l e  va lue  r epor t ed  by Nagy.8 

t i o n s h i p  between measured p e r m e a b i l i t i e s  and t r u e  p e r m e a b i l i t i e s  during 

geologic  t i m e  i s  no t  known. Cementation, compaction and metamorphism 

may have caused s i g n i f i c a n t  r educ t ion  i n  p e r m e a b i l i t i e s  dur ing  t h e  geologic  

The rela- 

p a s t .  On t h e  o t h e r  hand, e a r t h  movements may have increased  t h e  e f f e c t i v e ,  
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i n - s i t u  p e r m e a b i l i t i e s  of t h e s e  rocks  by inducing f r a c t u r i n g  which may no t  

be  ev iden t  i n  s m a l l  l a b o r a t o r y  samples. 
?i 

It is  q u i t e  l i k e l y  t h a t  f l u i d s  have been a b l e  t o  flow through t h e s e  

rocks  by means of bo th  i n t e r g r a n u l a r  and f r a c t u r e  channels .  

sugges t  t h a t  t h a t  f low of f l u i d s  i n  t h e s e  rocks  may have been even h ighe r  

than  es t imated  by Nagy, and consequent ly ,  many of t h e  Onverwacht c h e r t s  

may have been host-rocks r a t h e r  than  source-rocks f o r  some of t h e  organic  

compounds they now conta in .  

Our d a t a  
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