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ABSTRACT

Part I: Shale-porosity distributions within Cretaceous and Tertiary
rocks of the Alberta and Saskatchewan subsurface have been determined

by the use of sonic and formation-density logs, and the examination of
cores and surface rock samples. At shallow depths, shale porosity
appears to be exponentially related to depth. Porosity at depth in
Cretaceous shales, especially in the western part of the area studied,
tends to be greater than the porosity-depth trend established at
shallower depths would suggest, and is related to anomalously high fiuid—
pressure ccnditions. Thus, abnormally high fluid pressures may be ex-

pected where shales are incompletely compacted.

Part II: Fluid-pressure gradients in shales can be determined by the
porosity distribution, as derived from sonic logs, of incompletely
compacted shales. Differing permeabilities iﬁ shales may be estimated
through use of the fluid-pressure gradient an& Darcy's law. Calculated
shale permeabilities and porosity values can be integrated tc establish
a relationship between shale porosity and permeability-in the subsurface.
This method of analysis applied to Cretaceous shales in the subsurface
of Alberta and Saskatchewan reveals that in shale the permeability in-
creases less with increase in porosity than the amount given by Archie's
relation, whicﬁ is based on sandstones and carbonate rocks. This cal-
culated porosity-permeability relationship for shales has been verified
in numerous other studies by laboratory-measured porosity and permeabi-

lity data.

Part III: Anomalously high pressures in the deep subsurface can be ex-

plained by fluid-release mechanisms related to compaction of shales.



The volume of fluids which should be expelled from shales in unit time

to reaéh compaction equilibrium may be determined fgr several different
rates of sedimentation, based on the shale-porosity data in western
Canada. For each rate of sedimentation or subsidence there is a minimum
permeability for reaching compaction equilibrium, which ﬁay be calculated
according to Darcy's law. Comparison of this calculated minimum permea-
bility with actual shale permeabilities, determined by laboratory
‘measurements, suggests fhat at relatively shallow depths shale should
usually be permeable enough to permit compaction equilibrium to be attained,
and to maintain normal hydrostatic pressure. At depth, however, actual
permeabilities are less than the calculated minimum necessary for compac-
tion equilibrium, so that abnormal pressures m;y occur at these greater
depths. The incidence. of such abnorﬁal pressures should increase with'
increases in the rate of sedimentation and in the total thickness of the

sequence.

-

Paft Iv: Shale-porosity distribution in incompletely compacted shale
zones may also be affected by the permeability of adjacent sandstone or
carbonate rock bodies. Sharp. decrease of porosity in shales close to
such rock bodies would suggest that relatively large volumes of fluids
have been expelled from the shales into the adjacent sandstones or car-
bonates. If this expelled fluid volume is large, the possibility of
hydrocarbon accumulation in such sandstone or carbonate rocks is consi-
dered to be strong.. To illustrate such a study, Cretaceous shales asso-
ciated with hydrocarbon reservoirs in the subsurface of northwestern
Alberta and northeastern British Columbia have been examined. Most Meso-
zoic oil and gas pools in this area are concentrated where a greater
volume of fluids is considered to have been expelled downward from the

overlying shales.



Part V: In order to obtain laboratory data on compaction and fluid-
expulsion relationships, a number of experiments were conducted on seve-
ral kinds of clays. The results yielded porosity distributions similar

to those of Cretaceous shales in the subsurface of western Canada.

Part VI: In order to understand the fluid-migration history in a given
area, porosity patterns of incdmpletely compacted shales can be con-
structed for several stages of compaction. In part VI, these relation-

ships are iﬁvestigated and some suggestions made for future work.
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Part I. SHALE-POROCSITY DISTRIBUTION
AND FLUID PRESSURE .
IN ALBERTA AND SASKATCHEWAN SUBSURFACE

1. Introduction

Shale-porosity distributions of Cretaceous and Tertiary rocks of
the Alberta and Saskatchewan subsurface have been determined by means
of sonic and formation-density logs. More than 160 wells have been exa-
mined for this purpose. Shale cores of a few wells have also been
studied in order to check the relation between log-derived porosity and
laborétory-measured porosity. Surface rock samples have been collected
and their porosity values determined in the laboratory.

. _ As the writer, along with Brian Hitchon®, plans to publish the
completé findings later elsewheref*this paper does not include all of
.the work. The plan of Part I is to indicaté several examples of the
shale-porosity distributions in the Alberta and Saskatchewan subsurface,

and to show the relation between porosity distribution and fluid pressure.

% Research Council of Alberta, Edmonton, Alberta, Canada
** Bulletin of Canadian Petroleum Geology



2. Shale Porosity - Depth and
Fluid Pressure - Depth Relations

More than 160 wells, all with sonic logs, have been studied in
the subsurface of western Canada (Fig. 1)+ In 13 of these weils both
sonic and formation-density logs have been run (Table 1). Because the
formation-density log provides both density and porosity values, a rela-
tionship between porosity and acoustic-transit time can be determined
by using data from both logs. Eigurel2 shows the rclation between shale
porosity, ¢, derived from formation-density logs, and shale-transit time,
At shale (u sec/ft), from sonic.;ogs in.the Cretaceous and Tertiary rocks
of the area studied. Determination of shale porosity is based on the
assumption that the grain density of the shales equals 2.65 gm/cc.

After numerous laboratory tests, Wyllie et al., (1956, 1958)

concluded that, in consolidated strata with uniformly distributed small

pores, there is a linear relation between porosity and transit time:

Miog = ¢ 8tyiquid + (1 = ¢) Btugipis cea (1)
or
Btiog = (Mtliquid = Mtmatriz) ¢ * Mlmatriz e (1)

where Atlog is transit time on sonic log, Mtliquid and Aty ,tpie are tran-
sit times in formation liquid and matrix respectively, and ¢ is formation
porosity. This equation means that, in rock of uniform lithology, tran-
sit time increases with porosity. |

According to Figure 2 there is a linear relation between shale
porosity, ¢, and shale-transit time, Atghgle (v sec/ft), in the Creta-
ceous and Tertiary shales studied. The function obtained by the least-

squares method is as follows,

6= 0.00472 X'0t 070 - 0.362 cen(2)



By using equation (2), the transit-time data from sonic logs can be con-
verted to estimated porosity values.

For convenience, groups of wells close to each other have been
considered as a single well, and in this paper these groups are named
A, B, ....., Y (Fig. 1). The vertical porosity distribufions of Creta-
ceous and Tertiary shéles at these locations have been determined by the
use of sonic logs. The main purpose of Part I, however, is to compare
fhe shale-porosity distfibutions and fluid-pressure profiles. Several
examples of shale-porosity distributions are therefore shown in Figure 3
(the names of the wells used in this figure are listed in Table 2).

According to the shale-porosity plots'of Figure 3, shale-porosity
values decrease with depth, and on the semi-log paper porosity-depth
relations within relatively shallow depths are closely approximated by
straight lines. At greater depths, however, the trend deviates togard
higher porosity values.

Figure 3 also shows the fluid pressure - depth relations derived
from the oil and gas wells in the same area. These pressure data are
from both well completions and drill-stem tests (0il and Gas Conservation
Board, 1967). i |

In the zones of abnormally -high shale porosity in Figure 3, the
flﬁid pressure is higher than the hydrostatic, although the pressure data
are derived from the different kinds of rock - sandstones or carbonates.

Hubbert and ‘Rubey (1959) have demonstrated that the load, S, is
supported jointly by the fluid pressure, p, and the grain-to-grain bearing

strength, o, of the clay aggregates:

5 =0 +p, eea(3)



and load S can be expressed
S-'—'.p-'b‘LJ'g'Z . ! . too(4)

where pbw is the mean value of the watef—éaturated bulk density of the
overlying sediments, g is the acceleration of gravity, and Z is the depth
of burial.

The grain-to-grain bearing stress, o, exerted by the porous clay
depends solely on the degree of compaction. The stress o increases con-

tinuously as the porosity decreases (Rubey and Hubbert, 1959):
o = f(¢)' L (5)

If the shale porosity ¢ i; abnormally high or the stress ¢’ is
abnormally low, the fluid pressure p should be abnormally high in order
to support the overburden load S (equations 4 and 5).

Figure 3 shows that the shale-porosity distriﬁution in western
Canada is useful for predicting abnormal pressﬁre.

The determination of abnormal pressure in this case may be explained
by means of the typical distribution of the vertical porosity of the shale,
shown in Figure 4. A hydrostatic-pressure environment prevails at
shallow depths and an abnormal preésure at depth. The "normal porosity
trend" line is drawn through the general average of the values plotted
for the zone of hydrostatic pressure. When the porosity is plotted on the
logarithmic scale aﬂd the depth on the arithmetic scale, the 'normal
porosity trend" line is commonly straight, because of an exponential

function between depth and porosity for the hydrostatic-pressure condition®.

* Rubey and Hubbert (1959), equation (15)

= fore %, :
where f is the shale porosity at depth Z, fo the shale porosity when Z=0, e
the base Napierian Logarithms, and C an exponential factor of dimension

(length)-1,



As explained previously, the shale-porosity values‘;n the abnormal-
pressure zone are greater than the values the "normal porosity trend"
would indicate. If the porosity of shale at depth Z in the abnormal- .
pressure zone is equal to that at depth Ze on the "normal porosity trend”
line, the grain;to~grain bearing strength is the same for both shales
(see Fig. u).

The overburden load, Se, and the fluid (hydrostatic) pressure,

pe, at depth Ze can be shown as follows:

Se = pbwrg-Ze . e . (6)

i

pe = pw-g-Ze ‘ ees(7)

where pw'is the density of the formation water.
The function between the load,.the strength of the clay and the

fluid pressure at Ze is shown as follows (see equation 3):

Se =0e + pe-
or

e = Se - pe. | ) ... (8)

Then, when equations (6) and (7) are introduced into equation (8), we

obtain

pbw-g+Ze - pw-g-Ze

Q
o
t
0
[\
|
]
]
I

(obw - pwlg+Ze eeo (9)

(see Rubey and Hubbert, 1959, equation 10). Similarly, the overburden

load S at depth Z is shown as equation (4)%. As explained previously,

* The writer assumes that the mean water-saturated bulk density of the

overlying sediments for depth Z approximates that for depth Ze.



the bearing strength o at depfh Z equals oe at depth Ze in the hydrostatic-

pressure zone, or
o = oe. ees(10)

From equations (3), (4), (9) and (10) the fluid (abnormal) pressure p at

depth Z can be shown as:

p=8S-0=8-ce
pbweg+Z - (pbw - pwlg-Ze

pw-g-Ze + pbw-g(Z - Ze) e (11)
or

p(Pst) = 0,44 X 2e(Ft) + 1.0 X (2 - ze) (Ft), eo (117)

By using equation (11) or (11'), the shale-porosity distribution can be
.converted to the fluid-pressure distribution.

The curved broken lines in.the fluid-pressure sections of Figure 3
show the possible maximum fluid pressures in shales as determined by the
porosity distributions. The actually measured preséures in the reser-
voirs are sometimes lower than the maximﬁm values derived from the shales.

-

This can be explained by the greater permeability values in the reservoirs.



Part II. POROSITY-PERMEABILITY
RELATIONSHIP OF SHALE

1. Introduction

In discussing fluid movements in shales during compaction, a
knowledge of shale permeability is essential. If the relationship between
permeability and porosity can be determined, such discussion of fluid
movements'in a shale column will become easier, for several porosity-
depth relations have already been proposed fér shales (Athy, 19303
Hedberg, 1936; Dickinson, 1953; Weller, 1959). There is, however, very
little literature on the permeability-porosity relationship of shales
(see Bredehoeft and Hanshaw, 1968). This is brobably because: (1) most
oil combanies do not want to také any permeability data in shales because
of their low economic importance; (2) it is quite difficult to measure
feasonable permeability values for shales, bgcause while their original
permeability tends to be low, well cores (shale) may have some cracks or
fissures caused by drilling that would increase it; (3) it is not possible
to estimate shale permeability in the subgurface by producing an apprec-
iable amount of fluid from weils, because shales normally produce no fluid..

Methods of estimating formation-fluid pressure by well logs
(Hottmann and Johnson, 19653 MacGregor, 19653 Wallace, 1965; Foster and
Whalen, 19663 Fons and Holt, 19663 Rogers, 1966), which have been developed
'in the last few years, are based on an intimate relation between pore-
fluid pressure and shale compaction or shale porosity. (The writer has
discussed this subject in Part I.) The study to be discussed here shows
that the fluid-pressure gradient in incompletely compacted shales can
also be determined by the porosity distribution. It is possible, thgre-

fore, to determine permeability changes in shales by using the fluid-
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pressure gradients and parcy's law.

Having done this, the writer intends to estimate the pefmeability
changes of Cretaceous shales in Albeffa and Saskatchewan subsgrface in
this manner, then to combine shale porosity with permeability in order

to investigate the relation between them.

2. Fluid-Pressure Gradients
and Movements of Fluids
in Shales

As discussed in Part I, the value of abnormal fluid pressure at
depth Z in the incompletely compacted shales as shown in Figure 4 is given

as follows:
p = pw-g-Ze + pbw-g-(Z - Ze). ' . ee.(11)

This equation means that the abnormal pressure p at depth Z is equivalent
to (the hydrostatic pressure at Ze) + (the overburden pressure between
Ze and Z).

The abnormal fluid-pressure p can be expressed as follows

(Hubbert and Rubey, 1959, equation 133):
p = pn + pa e.. (12)

where p; is the normal or hydrostatic pressure and pg a superposed anoma-

‘lous pressure;'pn is expressed as:
pn = pwegZ. ... (13)

From equations (11), (12) and (13) the anomalous pressure (pressure above
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the hydrostatic pressure) p, can be shown to be:

pa =p - pn =pw.g-Ze +gbw-g(Z - Ze) - pw-g-2

6w ~ pw) (Z - Ze)-g. oo (14)

* When, for convenience of description, we use a term k for (Z-Ze) (Fig. 4),

we can express this simply as:

pa = (pbw = pw)+g-h. e (15)
Then
dpa = [(gbw - pw)gl dh ... (16)
dz daz
Now, let us discuss the values of dh in the typical incompletely
compacted shales, illustrated in Figure S.dZAs shown there, dh is zero

dz

at point O, where the tangential line on the porosity curve in the incom-
pletely compacted shales is parallel to the "normal porosity trend" line.

This is expressed as follows:

(@l

At point a, at which the tangential line is vertical, dh equals 1. This
- . daz
is similarly shovm as:

__) =1,
dél/a
Above point a, Jh increases upward and its value is greater than 1, or
dz
(éﬁ_ > 1,
dz/u
Below point O, dh has negative values and decreases downward.
dz
Somewhere below point O, there must exist a point where dh equals -1

dz
(point b in Fig. 5), or

@) o1,
dz /b



ITI - 4

Balow point b, dh values are given as follows:

dz

(.CE’_ < 1.

dz jd

In the equations above, 0, a and b denote the points O, ¢ and b, respec-
tively, and u and d denote the points in the upward and downward fluid-
movement zones in the incompletely compacted shales.

As explained above, dh has a positive value above point 0 and a
negative below. As the value of (pbw = pw)g in equation (16) is always
positive, dpa has a positive value above point O and a negative below.
Fluid woulddiove upward above point O and downward below. The volume

of the upward fluid movement qu crossing unit area normal to the flow

direction in unit time is given by Darcy's law:

_ kufdpa) _ ku d’.ﬁ)
qu = 'uu(dz)u N -uu(p—bw - pw)g(dz u, e (17)

where ku and py are respectively the permeability of shale and the visco-

sity of water at point u in the upward zone. As stated above, dh at
dz

point a equals 1 (see Fig. 5).. Hence, the volume of fluid movement gqq

>

at point a is given as follows:

__zc_qm)__k_g' i (@_)
92 = "a\dzla = ua(abw pw)g dZ/a

_ka
na

i

(pbw - pwlg ...(18)

In this case, qu and qa have negative values, and the following relation

would exist:

qu £ qa. e (19)
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From equations (17), (18) and (19) we obtain:

ka . ua dh)
u.

ku = wu\dzZ ... (20)

As clearly seen in Figure 5, the porosity value at point q is
maximum in the incompletely compacted shale zone, and the porosity de-
creases upward and downward. Supposing that there is a function between
porosity and permeability of shale, and that the permeability decreases
with decréase in porosity, the permeability value at point a would be
'greatesf in this zone,

According to equation (20), the permeability ratio ka/ku can be

az
are known. It is possible to read the porosity values at the points a

calculated if the viscosity pg and yy of the formation fluid and (dh)
u

and u. Hence, the integration of the permeability values based on equa-
tion (20) with the porosity values is considered to be used to establish
a relation between shale porosity and permeability in the subsurface.

The volume of fluid movement q4 in the downward zone is expressed

as:

kd (dpa) " kd 2o(2)
qd = ’ud( dz)d = -,q(Pbw - pwlg (dz d, .o (21)

where d denotes a point below point b in the downward fluid-movement zone.

As the value of dh at point b equals -1, the amount g3 is shown as:
daz

- _kb(dpa) _ Kb ;
Wb = ub(dz)b (pbw - ov)g. ' ... (22)

In this case g4 and qp have positive values and the following relation

would exist:

ad 2 9p- c.. (23)
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From equations (21), (22) and (23) we obtain

kb o _yb(dh
xd = "ud dz)d, e (24)

Where <§h) is always negative. The right-hand side of equation (24) is,
dz/d '

therefore, positive

(% )

Equation (24) as well as equation (20) can be used to obtain the
permeability ratio of shale in the subsurface. The integration of the
permeability values based on equation (24) with the porosity values is
also used to establish a relation between shale porosity and permeabi-
lity in the subsurface. The actual calculations in the Cretaceous shales

in western Canada will be discussed in the next section.

3. Shale Porosity-Permeability
Relationship in Western Canada

A porosity-permeability relationship of Cretaceous shales in
Alberta and Saskatchewan subsurface will now be discussed, based on the
method described above.

The "normal porosity trends" of shales in this area have been
established in Part I (Fig. 3). According to this figure, the "normal
‘porosity trend" tends to shift to smaller values from east to west in
the area (shale porosity on the "normal porosity treud" at the same
depth decreases from east to west, although the slope of the "trend" is
almost constant). This decrease is attributed to the existence of a
greater thickness of sediments in the western paft in the geological

past, which produced more compaction, and may be accounted for by the
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removal of a greater thickness of the uppermost part of the sedimentary
ggiumn.in the west. After the erosion thickness has been compensated,
the standard "normal porosity trend" in this area is determined and is
shown in Figure 6. The function of the standard "normal poroéity trend"
of Cretaceous and Tertiary shales in the area studied is expressed as

follows:

6 = 0.6 x o~0-0005883(ft)

= 0.6 X ¢=0-0000193z(cm), ... (25)

The values of dh based on the "normal porosity trend" in western Canad;
are illustrategzin Figure 7. By using this figure, dh values in the
incompletely compacted shale zones are easily determ?ied.

Now let us read the dh values in the incompletely compacted shales
ip the Alberta and Saskatcheggn subsurface (Fig. 1A). .For this purpose,
88 wells, some of which are shown in Figures 8 and é, have been chosen
in the area where the Cretaceous formations have incompletely compactgd
ghales.

The viscosity of the formation water would change mainly with
temperature. The writer assu;es that the average geothermal gradient in
this area is 1.8° F per 100 feet of depth, and that the subsurface tempe-
rafure at 2,000 ft. is 75° F, based on the temperature-depth data in
Alberta (0il and Gas Conservation Board, 1967, Fig. 10). The viscosity
'of the formation water at each depth based on this temperature data is

determined, assuming that the dissolved-solid content of water equals

40,000 mg/l (see also Pirson, 1963, Fig. u-6). The ratios ka/ku and

kb/kd are calculated by equations (20) and (24) respectively, and the

porosities ¢g, du, ¢b, and ¢4 at these points are read.
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Figure 11 shows the plots of ka/ku or kb/kd (logaritbmic scale)
against ¢4 - ¢, Or ¢p - ¢4 (arithmetic scale), when the equal signs in
equations (20) and (24) are established. The avérage relation in this
case is shown as a curved solid line. Thé actual ka/ku or kb/kd values,
however, according to equations (20) and (24), would be smaller than
these plotted values. The relation between ka/ku or kb/kd and ¢aq - ¢u
or ¢ - ¢4 would, therefore, be expressed by the shadowed area in Figure 11l.

Afchie (1950) has proposed the porosity-permeability relationship
for sandstones, limestones and muddy sands. According to it, an increase
in porosity of about 3 per cent produces a tenfold increase in permeabi-
lity. Archie's relation is shown as a straight line in Figure 11, where
the increase of shale permeability with increase in porosity is less than
that given by Archie's relation, which is based on sandstones and car-

bonate rocks.

4. Comparison of Log-Derived and'
Laboratory-Derived Porosity-
Permeability Relations
Data on permeability-porosity relations of shale are at present

very scarce: Bredehoeft and Hanshaw (1968) have compiled some of what
are available. The Geological Survey of Japan have measured the permea-
bilities and porosities of the mudstone cores of several stratigraphic
test wells in dapan, and the writer has obtained similar data on a well
in the Strathmore gas field in Alberta. The data for Japan and Alberta
are listed in Table 3; they are also shown in Figure 12.

In Figure 12, Archie's porosity-permeability relation, mentioned

above, is shown as a straight broken line (Archie), and Kozeny's (based
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on sandstones) is shown as a curved broken line (Kozeny). The log-derived
porosity-permeability relation in western Qanada, when the equal signs in
equations (20) and (24) are established, is illustrated as a curved solid
line (Cretaceous shale). The actual relation could be shown 5y the
shadowed area in Figure 12. The starting point for these three lines
(Archie, Kozeny, and Cretaceous shale) in this figure is located at the
point of porosity 0.2 (or 20%) and permeability 3 x 10—3 md. Although

the data are derived from several different areas, Figure 12 woculd show
that the log-derived porosity-permeability relation is more applicable

for shales than are the Archie and Kozeny relations.



Part III. CAUSES OF ABNORMAL PRESSURES

l. Introduction

In the previous parts, an intiméte relationship between shale
porosity and fluid pressure has been discussed. This part deals with
several causes of abnormal pressure.

Reservoir pressures in the subsurface usually approximate hydro-
static pressure, which equals the weight of the water column from reser-
voir to surface. A pressure that materially exceeds the weight of an
equivalent column of water is "abnormal', and a pressure materially less
is "subnormal" (Levorsen, 1954). Reservoir pressure will not exceed
the weight of the overlying rock column, or geostatic pressure.

Dickinson (1951) reported an instance of abnormal pressure in
tﬂe Gulf Coast equal to 0.87 times the geostatic, and Kok and Thomeer
(1955) cited an example of 0.90 times. More data on abnormal pressures
have been compiled by Rubey and Hubbert (1959); Dickinson (1951) also
reported the first recognized association of abnormal pressures with the
relative proportions of sand and shale in a geologic célumn. Abnormal
pressures can be influenced also by the mean formation permeability, the
elapsed time since deposition, the rate of deposition, and the amount of -
overburden (Hottmann and Johnson, 1965).

According £o Thomeer and Bottema (1961), favorablé conditions
for abnormal pressures below shale columns may be found in younger sedi-
mentary basins where the rapid deposition of thick shales over considerable
areas did not allow time for hydrostatic equilibrium to be reached.
With respect to the common occurrence of abnormal pressures in more

deeply buried shale successions, Rubey and Hubbert (1959) advanced the
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folloﬁ;ng explanation: "When the rate of sedimentaticn is somewhat
greater, pore water may still escape rapidly enough to maintain an essen-
tially hydrostatic pressure in the relatively porous mudstone at shallow
and intermediate depths but not in the more compacted and therefore less
permeable rock ét greater depths'. 1In a significant recent contribution,
Powers (1967) advanced a new interpretation of the origin of abnormal
fluid pressure in the deep subsurface, based on the application of current
knowledge of clay-colloid chemistry and mineralogy. According to Powers,
the alteration of montmorillonite to illite begins at a depth of about
6,000 feet and continues at an increasing rate to a depth usually about
9,000-10,000 feet, where no montmorillonite ié left. The alteration offers
a mechanism for desorbing the last few layers of bound water in clay and
transferring it as free water to interparticle locations. These last
few layers of bound water have a considerably greater density than free
water, and water increases in volume as it is desorbed from between unit
layers. As the water expands, it increases the pore-fluid pressure to
abnormally high levels.

The writer also intends here to discuss qualitatively and quanti-
tatively several possible explanations of abnormal fluid-pressure in the

relatively deeper parts of sedimentary sequences.

2. Expulsion of Fluids from
Shales during Subsidence
Let us assume a clay or shale sequence in which the clay or shale
has reached a compaction equilibrium and within which the fluid pressure
is hydrostatic (Stage A of Fig. 13). Additional sedinents are added above

this sequence in the marine condition and the sequence subsides an amount,
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1, in a time interval, t. If the entire shale reaéhes a new equilibrium
condition of compaction after the subsidence of I, a porosity distribution
such as shown by stage B in Figure 13 would be established. As explained
in Parts I and II, an exponential function exists between shale porosity
and depth at the equilibrium condition in western Canad%.

Suppose that an outlet for fluid expulsion exists only at the
surface, and the fluid is expelled upward. In this case the compaction
of the shale from stage.A to B would occur from the shallower to the
deeper part of the sequence (Fig. 14). This figure shows schematically
that the porosity decrease occurs from the shallower part to the deeper
(from 1 to 5). In considering fluid migratioﬁ.under this circumstance,
the fluid-pressure gradient between stages A and B must be determined, and
Figure 15 has been constructed for this purpose. In this situation, the
fluid-pressure difference P; between depth Z on the stage B line (hydro-
static pressure) and depth Z + 7 on the stage A line (abnormal pressure)

is given as:

P; = 57 = pbuwo-g 1, ee.(26)

ed

where SZ is the overburden increase in this case and pbwo is the water-
saturated bulk density of shale at the surface (below sea. level). When
the fluid-pressure increase is resolved into two components (Hubbert and

Rubey, 1959, equations 133 and 134),

PZ = Pln + Pla

or

Pyq = PL - Pln, ees (27)

where Pz, is the normal or hydrostatic pressure increase and P;, a super-

posed anomalous pressure increase. In this case Py, is shown as
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Pln = pw-g- L. ' ... (28)

From equations (26), (27) and (28), Py, can be expressed as follows:

Pla = (pbwo - pwlg*1l : ..o (29)
or
E%g'= (pbwo - pwlg. s (30)

‘The anomalous pressure gradient in the situation shown in Figure 15 is
given by equation (30).
Fluid movement in this case is shown by Darcy's law (see also

equation 17):

9=%"17, eea (31)

where g is a volume of water crossing unit area normal to the flow direc-
tion in unit time, X the permeability of shale, and u the fluid viscosity.
The volume of water g7 passing depth ZI in unit time in a shale column is

expressed from equations (30) and (31) as

_ky.Pla = _ki(pbwo - owlg, ... (32)
q1 - 8 A ui

where the subscript 1 denotes depth ZI, and g7 is considered to be the
volume of water passing through the shale at depth Zj, whose permeability

is k7. The volume of the passing water @I in time interval ¢ is given as

Ql = q:l.t = -%*}-(pbwo - pw)g't. e (33)

Assuming that the shale compaction occurs simply by the expulsion

of fluids from the shales, the porosity difference in Figure 15 would

indicate the amount that should be expelled between stages A and B for
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the new equilibrium of compaction to be reached. Supposing that the direc-
tion of fluid expulsion in this case is upward, thé amount that should pass
through the shale at depth Z1 could be calculated.

An exponential function between shale porosity and depth at the
equilibrium condition of compaction proposed ﬁy Rubey and Hubbert (1959,

equation 15) is as follows:
¢ = ¢, e %, ... (32)

where ¢ is the value of shale porosity at depth Z, ¢, the porosity when
Z=0, e the base Napierian logarithms, and C a constant of dimension
(length)'l. The line of the stage A in Figure 15 could be shown mathe-
matically by equation (34). Suppose that the subsidence 1 occurs in time
interval ¢ and the shales reach a new equilibrium condition of compaction
(Stage B in Fig. 15). The porosity-depth relation in this case is shown

as
¢+ 07 = ¢ ezt 1), .. (35)

where ¢, is the porosity difference between stage A and B. From equa-
[ p y :

>

tions (34%) and (35),

-ez (e—cZ

¢Z= ¢°.e - 1)0 ---(36)

In this case the total amount of porosity decrease in a shale column with

the unit base area is given by the integral of equation (36) as follows:

fo,dz = q)o(e"cz - 1) fe"%%da. ... (37)

This amount of the porosity decrease is here cornisidered to be the volume

of fluids that should be expelled from the shale column for the new

equilibrium to be reached. As this volume normally tends to go upwards,
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the volume that should pass through depth Z1 for the cquilibrium is expressed

.

as

r 61z = ¢, (e™°F - z)r' eC%dz, oo (38)
a1 al .

Z in equation (38) is considered to be fhe bottom depth of the shale
sequence.

When this volume is equal to or less than @I in equation (33),
sufficient fluids would be expelled from the shales and a hydrostatic-
pressure environment would be established. When it is greater than @I,
on the other hand, some fluids would remain and an abnormal pressure would
occur. In the case where this volume is balanced with @I in equation

(33), the following relation would exist:

k - z .
Q) = -prlpbwo - pulg't = ¢, (e el _ 1)|® 7%z, ... (39)
: 21
In this equation kI is considered to be the minimum permeability for the
new compaction equilibrium to be reached, and is given as

X _ Uy "dg (1 - e"'cz) z e~C2dz (40)
1 = pbwo - pwlg-t al ) o

If the average subsidence or sedimentation rate in time interval £ is

~given as Al, the following relation would exist:
1 = tAlL. eeo (41)

When we take a certain time interval (for example, 1 second) for ¢ in
equations (40) and (41), we can calculate kI at several sedimentation

rates.
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Using equations (40) and (41), the minimum permeability for com-
paction equilibrium can be determined for several rates of sedimentation
&l. Calculations have been made on the aséumption that pbwo and pw in
the area studied are 1.67 and 1.02 (gm[cc) respectively. ¢, is assumed
to be 0.60 (60%). The viscosity of the formation water is determined
from the temperature data in the plains (see Fig. 10). The minimum per-
meabilities for compaction equilibrium when the sedimentation rate Al
is 10‘7, 10“8, 10~% and 10710 cm/sec are illustrated in Figure 16, in
which the permeability is plotted on the logarithmic scale (ordinate) and
the porosity on the arithmetic scale (abscissa). In this case the bottom
depth of the shale sequence is infinite. The depth scale corresponding
to the shale-porosity value on the standard "normal porosity trend"

(Fig. 6) is also shown on the abscissa. In Figure 16, the laboratory-
measured porosity and permeability data of shales and clayé from fable 3.
or Figure 12 are also plotted. As explained previously, these porosity
and permeability data were obtained from several different formations in
different areas, which means that this porosity—permeability relation
does not represent one particular area, but could be used to arrive at
a general porosity-permeability relationship for shale. Such a rela-
tionship could, therefore, be shown by the shadowed area in Figure 16.
_In this figure, the minimum-permeability line when Al = 108 cm/
sec intersects the actual permeability zone between 0.27 kor 27%) poro-
sity and 0;09 (or 9%) porosity. The porosity values correspond to depths
of about 1,300 ft. and 3,200 ft. respectively, on the standard "normal
porosity trend" of western Canada. In depths shallower than 1,300 ft.
(or porosity greater than 0.27), the actual permeability would be greater
than the minimum for compaction equilibrium to be reached, when the

sedimentation rate Al equals 1078 cm/sec. In this case, enough fluid
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for the gggiiibpigm eould be expelled from the shale and a'hydrostatic-
pressure ceaditien would be estéblished. In the deeper depth, on the
contrary, the actual permeability would be less.than the minimum for
equilibrium, Seme fluids would remain in'this part of the sequence and
an abnormal preésure would occur.

Figure 17 is a plot of the possible tops of the abnormal pres-
sures at several sedimentation rates; it shows that when the rate of
sedimenta£ion is high the abnormal pressures would occur at relatively
shallow depths,

The previous discussions are based on the assumption that the
bottom of the shale geéuence exists at an infinite depth, or Z2 = «, in
equation (40), However, what would happen if the bottom lay at a rela-
tively shallew depth with an impermeable base? Figure 18 shows the mini-
mum ngﬁggbili@y ys. depth when the bottom depth Z = 3,000 ft., 4,000
ft, ========== 10,000 ft. and = (AL = 10~8 cm/sec). According to this
figure, the minimum permeability for equilibrium at the same depth
would ;égpgagg as the bottom depth Z increases. This means that the
thicker the entire shale sequence, the greater the possibility of abnor-
mal pressures de%eloping. "

In the €retaceous formations of western Canada, the abnormal
pressures oceur mostly in the western parts of the plains (Fig. 3),
where the thieckness of the entire formations is greater tﬂan in the east
and sedimentation would have been more rapid. This high sedimentation

rate and great total thickness are, fherefore, considered to be possible

causes of the abrnormal pressures in this part of the plains.
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3. Clay-Mineralogical Alteration

In order to examine the possibility of so-called montmorillonite
dehydration proposed By Powers (1967), the writer obtained data on the
clay-mineral contents of several well cérés. - Although most of his findings
wiil, however, be reserved for the joint paper with Brian Hitchon, one
example in western Canada will be given here.

Figure 19 shows the data on core porosity, sonic porosity and
mineral content of shales. Figure 19A is the shale-core porosity-depth
relation of the Strathmore 7-12-25-25W4 well in Alberta (Fig. 1). The
porosity is calculated from the dry density of the cores, assuming that
the grain density of the shales equals 2.65 gm/cc. Because this well
does not have any sonic-log data, the closest well in which a sonic log
was run (Arden 6-4-25W4) has been chosen for comparison (Fig. 19B). Figure
19B shows the porosity-depth relation of this well based on the shale
porosity - A¢ relation ip the plains (Fig. 2). 1In this case both core
and sonic porosities fit fairly well. Accordiﬁg to Figures 19A and B,
abnormally high shale porosities exist below about 806 ft.

The results of clay-mineralogical studies of the Strathmore cores,
made by A.E. Foscolos at the Geological Survey of Canada, Calgary, are
given in order of abundance of several clays (Table H)t The right-hand -
picture of Figure 19 shows this result more understandably. At 1,000
ft. + the order of abundance of montmorillonite seems to drop and kaoli-
nite seems to increase. Illite, however, does not increase at this depth:

-The shale compaction study for western Canada has estimated the
thickness of the eroded formations in the geological past to be about 1,400
ft. at this location. (This also will be included in the joint paper

with Brian Hitchon). The maximum depth to the top of montmorillonite
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increase would have been 2,400 ft.t at this location. This estimated
depth is considered to be much shallower than the depth of montmorillonite

dehydration proposed by Powers (1967).

-.:.‘J.



Part IV. AMOUNT OF FLUIDS EXPELLED FROM CRETACEOQOUS SHALES
IN BRITISH COLUMBIA AND NORTHWESTERN ALBERTA

l. Introduction

Shale éompaction would occur mainly by the expuision of fluids
from the shales. In the previous three parts, the writer has discussed
the relation between shale compaction, fluid migrétion, and several
shale properties. Shale compaction could, however, be influenced by
adjacent permeable rocks such as sandstones and carbonates. This
problem has been discussed on the basis of well-log data in Nagaoka
Plain, Japan (Magara, 1968a). According to this paper on the Japanese
Tertiary rocks, sharp porosity decreases occur in the shales close to
the permeable reservoir rocks. Such decreases may therefore be used as
indicators for the permeabilities of the adjacent reservoir rocks. The
difference in porosity between the initial and the present stage would
indicate the volume of fluids expelled from the shales to the reservoir
rocks in the geological past. As it is considered that a certain per-
centage of these fluids would have been the source of petroleum, the
discussion on this volume w0€1d be quite useful and important for
petroleum exploration.

" This part of the paper discusses the amount of fluids expelled
downward from the Cretaceous shales to the reservoir rocks in British
Columbia and the northwestern part of Alberta. This particular area
has been.chosen because of the incompletely compacted shales in the

Cretaceous formations and the various hydrocarbon pools in the Creta-

ceous and adjacent formations.
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2. Porosity Distributions of Cretaceous Shales

About 300 wells, all with sonic logs, have been chosen in this -
area (Fig. 20); their names ére listed in.Table 5. Shale porosity of
the Cretaceous formations has been dete?mined from the sonic-log data
by using the relation of porosity and transit time as shown in Figure
2. The vertical shale-porosity distributions along lines A-A', ﬁ—B',

.C-C', D-D", E-E', F-F', and G-G' (Fig. 20) are shown respectively in
Figures 21, 22, 23, 24, 25, 26 and 27.

As explained in the previous parts, the abnormally high-porosity
(or incompletely compacted) shale is normally associated with abnormally
high fluid-pressure. In a vertical shale column, the fluid would move
from a point of higher anomalous pressure (higher excess pressure over
the hydrostatic) to a point of lower anomalous pressure. The directions
of fluid migration in a schematic shale-porosity distribution have been
discussed in Part II (see Fig. 5).

| The curved broken lines in Figures 21—57 indicate the boundary
surfaces between upward and downward fluid migration in the shales. This
boundary surface is determined by the idea developed in Part II; below
it, the fluid would move downward to the reservoirs. The thickness of
the downward-migration zone normally increases westward. Sharp pcrosity
decreases in the shales close to the reservoir rocks occur mostly in the
western part of the area, suggesting that the underlying reservoirs have
relatively higher permeabilities and the fluid would have migrated to
them relatively easily from the shales. In the eastern parts, on the
contrary, such porosity decreases are not clear, suggesting that the
underlying reservoirs have relatively lower permeabilities, if the other

conditions are the same.
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~ The objective of this study is to calculate the volume of fluid
expelled downward from the shales to the underlying reservoir rocks. As
a first step, however, the isopach map of the downward—migration zone
in the shales (Fig. 28) has been constructed; this map also shows loca-
tions of oil ana gas pools in the underlying reservoirs (Lower Cretaceous,
Jurassic and Triassic formations). According to Figure 28, most -of these
oil and gas pools are in the area where the downwérd—migration zone is
thicker than 500 ft.

A method of calculating the volume of fluid expelled in the geo-
logical past has been developed (Magara, 1968a), énd is used in this part
of the paper.

Assuming that the shale grain before and after burial is the

same, the following relation obtains:
V(l - E) = V'(l - -¢—').’ 000(42)

where V and V! are the résPective shale volumes, and § and §' the respec-
tive average porosity values, before and after burial. First, the present
(after burial) vertical porosity distribution of shale, as shown schema-
tically in Figuré 29, is established. In calculating the volume of

the downward migration, the present (after burial) volume V' of the
downward-migration zone per unit vertical column of the shales, and the
present average porosity $; of the zone, are necessary.

We have, hoﬁever, no idea about the porosity distribution at any
time in the geological past (before burial). The writer assumes that
this porosity distribution conformed to the "normal porosity trend" of
the shales, implying that at that time fluid could be expelled from the
shales rather éasily and a hydrostatic pressure prevailed. By assuming

a "normal porosity trend" for the porosity distribution before burial,
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the average porosity ¢ in this zone is known. The shale volume V (before

burial) is given as,

(1-3') '
V=V"1¢). ' .. (43)

A volume of fluid expelled downward, Wd, can be calculated as,

— (1 -%")
Wd=A¢'V-—-('$-¢)V‘('i"_—TﬁT oo (44)

This method is applied to the area studied.

Figure 30 shows the volume of fluid expelled downward from the
Cretaceous shales to the underlying reservoir rocks, as well as the loca-
tions of oil and gas pools in the underlying reservoirs. Most oil and
_ gas pools are concentrated in the area where the greater volume of
fluid is considered to have been expelled from the shaies to the reservoirs.

The previous discussions have taken into account only the volume
of the downward migration from the overlying shales to the reéervoirs.
Upward ﬁigration from the underlying source rocks might also have had
some role in the formation of hydrocarbons in the reservoirs. It is
believed, however, that hydrééarbons produced from the overlying shales
could have been entrapped in the reservoirs more effectively because the
overlying shales are also important as cap rock, but it is doubtful that
the cap rock qverlying the reservoirs was present at the time the fluids
'from the underlying shales were expelled upward. The overlying source

shales thus seem to be more important in hydrocarbon accumulation, and

the‘study was therefore confined to them.



Part V. COMPACTION EXPERIMENT USING CLAYS

1. Introduction

So far several porosity patterns in the Cretaceous and Tertiary
shales in western Canada have been discussed. These porosity patterns
could be affected by the clay-mineral content of shale, the propérties
of the formation fluids, and the presence of adjacent permeable rocks
(sandstones and carbonates). Several compaction experiments have been
conducted on clays and the results reported (Chilingar and Knight, 1960,
Meade, 1966, Engelhardt and Gaida, 1963). Most of these works, however,
were concerned with the compaction of clays and the changes of water
salinity during compaction, and hence used relatively small specimens.
They are, therefore, not suitable for determining the porosity distribu-
tions inside the clay.

The objective of the present experiments is to obtain porosity
patterns in several clays at several stages éf compaction. An apparatus
for this purpose was constructed by the Geological Survey of Canada in

o

Calgary.

2. Apparatus for Compaction Experiment

Figure 31 shows the apparatus that was devised for the compaction
experiments. It is composed of a metal base (a) and a 2"-diameter brass
tube (b) divided into ten 2" segments. Brass plates (c) are welded to
the top and bottom of each segment: the brass bolts (d), which hold the
segments together, permit the removal of individnal segments, and rubber
rings between.the segments prevent water leakage.. Metal plates (e)-are

also placed between the segments, and they are used for slicing the clays.



Above the ten segments is a cylinder (f), containing a brass piston (g)
with a rubber tip. The piston may be systematically loaded at (h) to a
maximum weight of 400 lbs. In experimental compaction, the cylinder and
the ten segments are filled with water-saturated clays of variqus coﬁpo—
sitions. Duriné progressive loading, water is expelled through the top
(i) and bottom (j) outlets. Two sandstone cores are placed at the top

and bottom of the clays.

3. Method of Experiment

The inner volume and the empty weight of each segment (B) are
first measured. After a segment has been filled with water-saturated
clay, it is weighed again; the difference in weight then would be the
weight of the water-saturated clay. The bulk density obw of the clay
can then be determined by dividing this weight by the inner volume of

the segment. Porosity is calculated by using the following equation,

pbw = ¢'pw + (1 - $)-pg

or >
_pg - pbw
¢ pg _ pw, ou-(45)

pg of the clays is assumed to be 2.65 gm/cc. The initial porosity of
clays in each segment is calculated by equation (45). Following this,
the ten segments, a.metal base, a cylinder and a piston are put together.
The piston is loaded to a weight of 400 lbs.

When compaction has taken place and water is expelled from the
clays, the ten segments are removed and the weight of each, including
the clays, is measured. Porosity distribution at this stage is deter-

mined.



Repeating such measurements, porosity patterns at different stages
of compaction can be determined. New clays are added at the top of the

clays (in the cylinder), and compaction experiments proceed.

b, Results of Experiments

A: Montmorillonite®:

Both top and bottom outlets are open, simulating the presence
of permeable sandstones above and below a shale sequence. The clay
was saturated with about 1.5N NaCl solution. Results are shown in Figure
32. Big porosity decreases occur at both ends, close to the outlets;
decrease in the middle,on the other hand, is felatively slow.,

B: Montmorillonite®:

This time, the bottom outlet is closed,simulating impermeability
of the underlying sandstone (Fig. 33). A big porosity decrease occurred
at the uppermost part of the clay, close to the top outlet. Between
stages 2'and 3, the height of the piston was measured periodically; the
results are shown in Figure 34. There seems to be an exponential function
between piston height and tim;, indicating.that the compaction slows down
with time.

C: Montmorillonite®:

Six segments from the bottom were initially filled with salt-water-
éaturated (2N ﬁaCl) montmorillonite, while the cylinder and four segments
from the top were filled with fresh-water-saturated montmorillonite (Fig.

35). This simulates deposition in sgline-water conditions followed by

* Montmorillonite No. 25,
John C. Lane Tract,
(Bentonite)

Upton, Wyoming



fresh-water conditions. More water was expelled fpom the bottom or
salt-water side, than from the top or fresh-water side. In other words,
in this situatioﬁ more water was squeezed out ddﬁnward than upward.
D: Kaolinite®*:
In this case the top and bottom outlets were open (Fig. 36).
The bulk density or porosity difference is relatively small.
E: Montmorillonite~Kaolinite:

Seven segments from the bottom were initially filled with
kaolinife, and the cylinder and three segments from the top with montmoril-
lonite (Fig. 37). This time both top and bottom ends were open. In seg-
ments 4 and 5, the porosity increased from stage 1 to stages 2 and 3.
This is because the montmorillonite, which has a higher porosity, was
pushed down during this experiment.

F: Illite®d;

The results for illite are shown in Figure 38. The porosity
difference under this weight (400 1b.) is very small.
G: Montmorillonite~Illite:

The results here are shown in Figure 39. In this case the major
porosity difference occurred in montmorillonite. Porosity in the illite

part is small at stage 1 and very little change occurred during the expe-

riments.

%% Kaolinite No. 4
Macon, Georgia

#%% J1lite No. 35
Fithian, Illinois, 48W1535



Part VI. TREND OF FUTURE RESEARCH

1. Introduction

In Part IV the volume of fluids expelied downward from the Creta-
ceous shales to the underlying reservoir rocks was calculated. This method
would be practically useful for petroleum exploration, because if this
volume is large, the possibility of hydrocarbens is considered to be
great accordingly. In this calculation, the writer assumes that the
initial porosity distribution conforms to the present '"mormal porosity
trend". However, this is not necessarily true in every case, although
the semi-quantitative volume of fluids expelled in the geological past
might tell something about the possibility of finding oil and gas, and
the properties of the reservoir rocks, such as permeability.

In order to discuss the volume of fluids expelled, the porosity
patterns of incompletely compacted shales at several stages of cogpaction
should be known. In other words, the compact;on process in incompletely
compacted shales should be clearly understood. Once we know this process,
we could calculate the volumewof fluids expelled during a certain geolo-

gical time.

2. Volume of Fluids Expelled Downward and Upward

The log-derived porosity-permeability relationship is shown by
the shadowed area in Figure 11 (Part II). This means that the present
study cculd not obtain a single function between shale porosity and per-

meability, but obtained some range between them. - However, the relationship
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between Eg_(gﬁ) or - ub éﬁ) in equations (20) and
v \az) u wd \2z/d

(24) and (¢a - ¢u) or (¢b - ¢d) can be expressed.as a single curved line
(Fig. 40). By using this figure and Figure 7, the slopes of the shale~
porosity curves at each (¢a - ¢u) or (¢b - ¢d) are determined. This means
that the ideal shale-porosity curves in the incompletely compacted shale
zone can be consiructed by Figures 40 and 7.

Ifiéure 41 shows such examples of the constructed porosity distri-
butions (A: ¢a = 0.6 or 60%3 B: ¢a = 0.5 or 50%: C: ¢a = 0.4 or u0%;

D: ¢a = 0.3 or 30%; E: ¢a = 0.2 or 20%.) The values of g and pb are
U ud

assumed in this case to be 1 (ua = uu, or wb - ud). Superposition of the
curves in Figure 4l may 'suggest the porosity distribution at several stages
of compaction, but the porosity differences in the upward and downward
‘fluid-movement zones, from one stage to another, must fit the volumes of
fluid expelled upward and downward between these stages.

The ratio qu/qq is expressed as follows (see equations 17 and 21):

dh
qu _ku ud | (Ef)u, : ... (46)
qd  kd " wu  (dh

(%) 4

Supposing that fdh\ and {dh\ values are taken at the points of the same
' dzJu dz)d
porosity value in both upward and downward zones (Fig. 42) and the permea-

bility values of two shales are the same when porosity values are the same,

equation (46) is reduced to
d (@) ’
7/‘-—.E_. dZu) 0-0(47)
ZE“ W /d

The ratio of the volumes of upward and downward fluid movement can be

determined by equation (u47).
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. The values of qu/qd when the maximum porosity ¢a equals 0.6, 0.5,
++s 0.2 are determined from Figure 41 and equation (47) and the average
values are shown in Figure 43 (qu/qd - ¢a relationship). Figure 43 shows
a general tendepcy of qu/qd to decrease with a decrease in ¢a. This means
that the relative volume of the downward fluid-movement against the upward
ingreases with compaction of the shales.

Figure uY4 shows a superposition of the porosity curves, in which
the porosity differences in the upward and downward fluid-movement zones
between two stages of compaction fit these qu/qd ?atios. The area between
two curves may show the volumes of flgids expelled from the unit shale
column during these two stages of compaction. Thé area above line 0-0'
represents the volume of upward fluid expulsion, the area below the volume
of downward expulsion. The volumes per unit vertical shale column; whose
base area is 1 ft.2, are also shown in Figure uh4.

The superpositi;n of the porosity curves at several stages of
coﬁpaction is here based on the shale-compaction study. To get such poro-
sity patterns of each particular area and formation, the superposition
should be based on the data from the area and formation, when the volumes
of upward and downward migrations from shalgs to a reservolr can be calcu-

lated for this particular area. This work will be left for the future.

3. ' Shale-Porosity Distribution as an Indicator for
Permeability of Reservoir Rocks

According to the discussions in Part II, the slope of the poro-
sity curve in the incompletely compacted shale zone would indicate the

anomalous fluid-pressure gradient in the shales. The integration of this

pressure gradient and Darcy's law may reveal something about the permea-

bility of the adjacent rocks.
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Figure 45 is constructed to explain this situation. The left-hand
side is a schematic shale-porosity distribution, in which incompletely
compacted shales exist in the deeper part. Suppose that fluid is expelled
upward from thg sequence: 1in this situatéon,vthe volume of fluids, q;
passing vertically through the sequence would gradually increase upward
(see the right-hand side of Fig. 45). Because this increase is considered
to be quite gradual, we may obtain an instant idea of the average permea-
bility of the rocks by the porosity distribution of the shales. According

to Darcy's law, the following relation exists,

k . dpa
q=-%. %2 , .. (50)

‘In zones A, C and E of Figure 45, dh values (see Fig. 7) are relatively
© dz ' '

large and hence dpa would be relatively large. In zones B and D, on the
%Z
other hand, dh values are relatively small, and dpa would also be rela-
dz . az
tively small. Because the changes of q and p in this case are quite gra-

dual, a large dpa will produce a small k value in equation (50) and vice
‘ dz -

versa. Low dh values (B and D) may, therefore, be associated with high
average permggbilities. In zones of B and D, the shales ﬁay have a highér
permeability than those in A, C, and E, or some intercalation of such
permeable rocks as sandstones and carbonate rocks may exist in B and D.

In any event, the shale-porosity distribution can be used as an instant

indicator of the average permeability of rocks. This is also a problem

for the future.
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