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Editor's Introduction

This volume contains the proceedings of the
Second Symposium on Abnormal Subsurface Pressure
held at Louisiana State University(Baton Rouge
Campus). It was co-sponsored by the Department of
Petroleum Engineering and School of Geoscience.

- The conference was attended by some 285 technical
people from all disciplines of science and engi-
neering that share a common interest in the
characteristics, control and exploitation of the
zone of abnormal subsurface pressure.

This volume contains papers of specific :
interest to drilling, reservoir and research engi-
neers; and to both exploration and production ,
geologists. A feature of the second symposium was
a panel discussion on the diagenesis of clay and
the relationship these changes have to the char-_
acteristics and occurrence of abnormal subsurface
pressures. ‘ :

R.E.F. and BIR.HU
Louisiana State University
Baton Rouge, Louisiana
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GEOPRESSURES! |
by
Charles A. Stuart

. .Shell 0il Company
New Orleans, Louisiana

‘Abstractﬂm

. Geopressures play a dominant role in the oil and gas
industry., These pore-fluid pressures have been the source

‘of such well problems as blowouts, stuck pipe, no drilling
-~ progress, lost circulation, saltwater flows, etc. At one
‘time, offshore drilling did not appear profitable because

of high drxlling costs. Deep target objectives were rarely
attained. The concept of impenetrable rocks was accepted
as fact in the Gulf Coast.v o e S R

Sedimentary rocks have two baSLc components-‘ the

-matrix and.the contained pore fluids. All present rock

classifications are based on some aspect of the matrix. A
unique rock classiflcation based on pore-fluid pressures has
been introduced here to divide the rock into two broad
classes: Hydropressures, in which pore-fluid pressures are

- generated by the weight of the overlying waters, and Geopres-
‘sures, generated by a pressuring source greater than waters.

A classic example of a hydropressure-geopressure province is
the Tertiary Basin whlch forms a part of the larger Gulf of
Mexico Basxn.z~- : . ,

Clastlc sedimentatlon has been continuous throughout
the Cenozoic Era in the Tertiary Basin. All rocks in this

- system started out as hydropressures. Hydropressures are

found today to a certain depth, which ranges from 3,000 to
19,000 feet, below whxch geopressures are fbund. A

1Editors'Note- ‘The full text of Mr. Stuarﬁts paper

. was not ‘available at the time of this przntlng and only an

Abstract is included in these proceedings.




geopressure basin exists at the present coast line, which is
approximately at the same position as the Gulf Coast geo-
synclinal axis. The base of the Tertiary is thought to be
as deep as 30,000 to 40,000 feet at this position. 1In a
cross section starting from the Bear field, Louisiana, 50
miles inland and extending to the edge of the continental
shelf, geopressures rise and migrate upward through the
Eocene, the entire Oligocene, Miocene, Pliocene, and into
the Pleistocene-Recent. The ages of these rocks range from
100,000 years through 50,000,000 years. Further inland on
the north flank of the Tertiary Basin, geopressures exist in
the Lower Cretaceous. Thus, the volume of geopressure rocks

probably exceeds the volume of hydropressure rocks in this

Basin.

A buried rock is subjected to the temperatures and
pressures of the earth's crust. In hydropressures, the
geostatic overburden less the water pressure acts grain-to-
grain, and compaction (porosity reduction) occurs with
burial. Simultaneously, the water is squeezed out. This

means that there is a depth limit below which sands will not

have sufficient porosity and permeability to yield a produc-

tive reservoir. This is a serious limitation to our industry.

Geopressures require both a seal and source of pres-
sures. The seal is shale iff this Basin. Shale 2ayers and
down-to-basin regional faults seal the geopressure cells in
regional fault blocks. - The top sealing shale layer, where
the pressure gradient abruptly increases, is the mutation _
zone. When a formation is sealed and buried, the pore fluids
assume the geostatic pressure. Thus, geopressures are
created. Compaction (porosity reduction) is stopped. A geo-
pressure relationship with porosity is also created. A
geopressure cell contains both sands and shales; and a geo-
pressure-porosity relationship exists for either sand or
shale taken individually.

The geostatic gradient increases with depth in hydro-
pressures. It is about 0.85 psi/ft. at 2,000 feet and 0.95
psi/ft. at 12,000 feet. The gradient of 1.0 psi/ft. (19.2
ppg)., so frequently shown as a theoretical limit, may never
occur in many stratigraphic columns. = Geopressures approach
but have not been observed to exceed the geostatic gradient.
The highest geopressure that has been validated is 0.94
psi/ft. (18.1 ppg). All primary geopressuring in the
Tertiary Basin can apparently be accounted for by the weight
and temperature of the earth's crust.

Often overlooked ‘is the more important fact that
porosity preservation applies to geopressure sands &s well
as shales. cConseguently, there should be no depth limit to
which geopressure sands can be porous and permeable. This
opens new depths for exploration and exploitation drilling.

~



The hydropressure-geopressure pattern is not only
related to the distribution of the pressure component in
pore fluids but also to the distribution of another com-

ponent: oil and gas.

In addition to an increase in porosity, there is a
geothermal shift to higher values in geopressures. Drilling
rates are inversely proportional to overbalance (hydrostatic
head of mud less the pore-fluid pressure) and generally
increase as geopressures are entered. Therefore, any log
such as electrical, sound velocity, seismic, geophone,
density, temperature, rock drillability, penetration rates,
etc., in which porosity, overbalance, or temperature is a
parameter will provide an empirical or indirect method of
geopressure detection. The drilling and completion kick
provide the direct method of quantifying pore-fluid pres-
sures. '

Drilling problems stem from an-adverse relationship
between the pore-fluid pressures, formation fracture pres-
sures, and overbalance. Geopressure technology was developed

o cope with these problems.

Application of geopressure technology to drilling has
shown that the cost of wells could be reduced to 1/6 of the
former cost. This success converted the offshore to a
profitable venture. The only depth limitation is mechanical.
There should be no such thing as an impenetrable formation.
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THE USE OF SUBSURFACE TEMPERATURE
T 1O DETECT GEOPRESSURE

by
.~ . 'E. Rush George
'"Atlantlc Richfield COmpany
o Dallas, Texas :

: Abstract

“Various methods to detect abnormal subsurface pres-—

}Hsures ‘have bheen used at least since 1959. These methods

gave reliable answers in some areas, but proved to be less

, reliable in others. -

In this paper, a method is presented that used

" changes in slope of the vertical temperature profile to
“indicate .changes in subsurface pressure. The change and

. rate of change appear to be more significant than the
speclfic temperature or gradient.

It is proposed that migrating ground water moved by
pressure gradients alters the temperature distribution in

~ the subsurface. It is proposed that a decrease in perme-

ability caused by the high apparent viscosity of the water

- adsorbed in fine-grained shales or clays traps or seals

pressure in low resistivity shales. Cement formed in shales
and/or within the sand reduces permeability, thus trapping

"or sealing pressure in the high res;stivity rocks._

Charts, graphs and plots of temperature vs. depth and
temperature vs. pressure tend to confirm the above. A plot

"of temperature vs. pressure for the first well in several
reservoirs studied is linear, indicating a reasonable rela-

tionship between temperature and pressure.

A chart is presented that may be used to estimate the
relative pressure in a zone from the temperature snown on
the electric log heading for that zone.

Most of the other methods propose’ that an increase in

' apparent porosity indicates possible high pressure; whereas
- the temperature method suggests that changes in porosity are

not important, but that a reduttion in permeability may trap
pressure,




Introduction (

The first known use of log-derived data for the -
detection of geopressure was by George in 1959 (Fig. 16).
By 1964-1965, the technigque was in general use. This method
uses the electric log response from shales in association
with sands to indicate the presence or absence of high pres-
sure. It was observed that shale resistivity, shale conduc-
tivity, shale sonic velocity or travel time and/or shale
density could be used to indicate zones of abnormal pressure.
Refer to the "Discussion" in this paper for the where, when, -
how, and why pressure is trapped. Gretner (1969) provides a
general discussion of the geographic and geologic occurrence
of geopressure. =

, In this report, geopressure, overpressure, abnormal
pressure, high pressure, and superpressure means a subsurface
formation. fluid and/or gas pressure that is greater than the

» . weight of a column of water of average salinity from the

-subsurface depth in question to the surface. -In South
‘Louisiana, this averages approximately 0.465 pounds/square
inch/foot of depth, or has a pressure gradient of 0.465.

Temperature measurements in the earth's crust have
been made at least since 1664 (Plummer, p. 73). 1In 1968, the
American Association for Petroleum Geologists started a
program to systematically measure and record subsurface
temperatures for all the North American Continent for the
purpose of establishing regional geothemmal gradients. In
between these dates, many workers have studied the variations
in temperature of the earth's crust. In 1931, Plummer and
Sargent studied the lateral and vertical temperature distribu-
tion in the Woodbine zone in northeast Texas and related
their findings to the geology of the area. 1In 1944-45,
" Guyod used an electrical model to predict the temperature
distribution in and around a salt dome and extended his study -
to include other geological problems. In these studies,
ground water movement was not considered.

In 1964 and 1966, Schneider studied the effect of
moving ground water on the subsurface temperature distribution
and concluded that it alters the temperature distribution
significantly. o

Pu se

The purpose of this paper is to (1) help reduce
drilling costs and hazards by helping recognize zones of high
pressure, (2) stimulate thinking or to arouse curiosity so
that others may improve or develop this hypothesis or by
further study, reject it. ,



o Limits

= This study ‘is limited specifically to South Louisiana
onshore and offshore; however, examples from other areas are
presented for comparison. This study is limited to the
writer's own observations or experience and to published
material; therefore, it must be considered as an introduction
to the method or:as a progress report. It is not intended

" that this paper is "the" answer. .The principles upon which
'~ ‘this paper are based are well documented in -the literature,
‘but the conclusions drawn from these principles are the
‘writer's ‘and, therefore, may be questioned.

: .- It is not suggested nor implied in this paper that the
maximum temperature shown on -the electric log heading for
each log run is the geostatic temperature for that depth.

- ‘However, Schoepple (1966) ‘suggests, ‘after examining more than
50,000 well logs, that this temperature is within 5 to 8 per
cent of the undisturbed temperature. The change and rate of

" “change in the vertical temperature profile with depth appear
to be more meaningful than the specific temperature. The

'section of.the hole near the bottom of the well is exposed to
the cooler circulating mud for a minimum of time and all logs
are run under this condition; therefore, it is believed that
these temperatures are reliable enough for this study.

. Sl
Methods

7. Hundreds of well logs from the area of study and from
other areas in the Gulf Coast were studied and only those
wells with a number of log runs were used in order to obtain
a temperature profile as representative of-the area as ‘
possible. oo U S Ry e
©o .7 Temperature at depth as shown on the log heading was

plotted on simple graph-paper. - A horizontal temperature

scale of 40°F per inch, starting with a surface temperature
- of 809F and a vertical scale of 2000 feet/inch was used.

The temperature points were then connected, giving an approxi=-
. mate vertical temperature profile for the well. A diagonal
line was also drawn to represent the average rate of tempera~
ture increase for a sand and shale sequence with normal
pressure ‘in the area of study. - This average rate of increase
is -approximately 1°F per 100 feet of depth. This average
line Yas included so that we may compare the profile with the

normal.

.7 < For Figures 3, 9, and 10, the minimum shale resistivity
for each hundred feet was also included for comparison with
the temperature profile in that well. For Figures 3 and 9,

- the ‘horizontal shale resistivity scale is 0.2 chms per inch
and for Figure 10 is 1.0 ohm per inch.




Where pressure measurements from tests were available,
they were shown at the test depths. If pressures were not

'”available, mud- weights were shown to imply high pressure.

Examgles»

SR Figure 1l is the approximate average vertical tempera-
ture profile for the;northwest Gulf of Mexico.shown with the
average rate of temperature increase with depth for normal
pressured sand and:shale sequences in the same area. This
continuous profile is shown so that we may -better understand
the profiles made from logging depths in wells. It is
obvious that the more logging points we have, the better
these points represent the real temperature profxle.

"Figure 2 is a prof;le from log points in a well off-

‘shore South Louisiana which was drilied down the flank of a
- shallow piercement salt dome. ‘Note that the well- penetrated

approximately 2200 feet of salt overhang. Temperature is
higher than normal -above the salt and lower-than normal

~~ below the salt. This is the response predicted by Guyod

(1944-45) .- Salt is a much better conductor than the sedi-
ments next to it so heat is withdrawn from sediments down the
flank and is piled up on the less conductive sediments above,
a temperature "halo" effect. This effect will be referred to
again later.

Figure 3 is from a well that penetrated a high pres-
sure zone from approximately 16,000 feet to total depth.
For this example, the minimum shale resistivity is also
shown since shale resistivities have been used for a number
of years to locate zones of high pressure. Note the shale
resistivity decreases below the average trend and the mud
weight increases just under the limy high resistivity "cap”
at approximately 15,800 feet, both indicating an increase in
pressure, The temperature begins to increase above normal
at that point and stays above normal to total depth. This
also indicates high pressure. Note how suddenly the mud
weight had to be increased from 10.5 lbs. to. 16 lbs. The
sudden increase in pressure below the high resistivity zone
suggests that this high resistivity zone is sealing or
helping to seal the pressure. This is the zone referred to
by Rochon (1967) as "the mineralized zone that traps fossil
pressure.” This high resistivity zone will be discussed

ater, ' -

Figure 4 could be called a classic profile because
its shape conforms to the hypothesis of this paper. The
temperature for the first four log runs plote on the 1°F per
100 foot line on trend with a surface temperature of 80°F.
Note also that the mud weight was increased betwesen 12,000



and 13,000 feet.  This well was drilled before we were able
to recognize high pressure zones from logs. It was a
standard practive to raise the mud weight below approximately

- 10,000 feet in anticipation of high pressure. The large

increase in mud weight and the significant increase in

' ' temperature above normal between 12,000 and 13,000 feet, both

indicate a rather large increase in pressure.

) ~ Figure 5 is a profile that suggests two zones of high
. pressure; a zone of moderate pressure from approximately
. 11,000 feet to approximately 13,000 feet and a zone of much
higher pressure from approximately 13,000 feet to total depth.
The writer is familiar with this area and with the drilling
foreman responsible for drilling this well. There are two
zones of high pressure in the area, but they vary in depth
from well to well so the practice is to set protection pipe
and raise the mud weight before the zones are drilled. Note
also that the temperature is below normal from approximately
5,000 to 13,000 feet. The shape of this profile is quite
similar to Figures 1 and 2. This will be discussed in detail

~ later.

A ~ Figure 6 depicts a well with pressure data from a test.
The pressure estimated from the temperature profile and from

- tests agrees rather well. Mud weights would indicate that
there is a pressure increase in the lower part of this well,
but the temperature profile shows the pressure to be near

.normal. This well was drilled a number of years before logs
were used for pressure estimation. o

oy ~ Figure 7 is from an old well as in the previous
example., Note that the temperature profile and tests indi-

~cate that the well had near normal pressure but the mud
weight was raised "just in case." = : :

. Figure 8 is from a recent well drilled after the
- industry had learned how to use logs to locate the top of a
“high pressure zone. There is very close agreement between
the increase in pressure shown by the temperature profile
~ and the increase in mud weight. This, too, could be called
‘a "classic profile." = LT -

"All the previous examples have been from wells which
penetrated sand and shale sequences such as found in South
Louisiana. The next two examples are from Hidalgo County
near the southern tip of Texas. They are not in the specific
area of study, but are included to show that shale data from
logs may not be too reliable except in the ideal environment.
But even here an increase in temperature above the normal
_gradient for that area indicates an increase in pressure

above normal. R ' S




: Flgure 9 1is a. proflle that penetrated,an upper zone
(6500 to 9400 feet) of thick, low porosity, limy sands and a
thick, low resistivity shale (9400 feet to total depth).

High pressure was encountered in both of these intervals,
indicated by the mud WELth. For this example, the shale
resistivity profile is also shown. Note that in the massive
"limy" sands, both pressure and shale resistivity increase.
In southern Louisiana, the shale resistivity decreases as
‘the pressure increases. But in the lower section from 9400
- feet to total depth, the response is the same as in southern

 Louisiana. Apparently, there are two mechanisms which seal

- or trap high pressure--low resistivity shale and limy sands.
For further details on this, see the dlSCUSSlon section.

B Figure 10 is" from a well that penetrated a zone of
thick, llmy, low por051ty sands and thin, high resistivity
shales. The thick sands contain high pressure. The shale
resistivity profile is also included to show that shale
resistivity alone in this environment is not useful as a
high pressure indicator. The shale resistivity scale had to
be changed from 0.2 ohms to 1.0 ohms per inch to keep the
profile on the graph. Two zones were tested in this well.
One at 9,150 feet had a gradient of 0.71 psi/ft. and the
other at 11,400 feet had a gradient of 0.83 psi/ft. The
temperature profile indicates high pressure, whlle the shale
resistivity profile does not.

The next three examples are from wells not in our
area of study. These wells penetrated zones of limestone,
dolomite, and/or anhydrite. These examples are included to
show the temperature profile that may be expected in this
environment and that care must be used when attempting to
predict pressure from the temperature profile- without first
establishing the rock type.

Figure 1l is a profile from a low pressured well that
penetrated massive limestone, dolomite and anhydrlte zones.
Note the temperature response from the massive anhydrite zone
(8,000 to 11,000 feet) and from the highly porous and
permeable dolomite zone (11,000 to 12,200 feet). Tempera-
tures are above normal in the anhydrite zone and below normal
in the dolomite zone. This will be discussed in more detail
later. ‘ _

Figure 12 is from a well that penetrated & normal
sand-shale sequence to approximately 9,000 feet and then a
dense limestone section with two porous zones at 12,000 and
14,500 feet that had pressures slightly above normal. The
temperature response from the porous zones is not the
response'fbr a pressure increzse observed in a sand-shale
series in South Louisiana. Our previous examples had a
temperature increase with an increase in pressure. This

10



example shows a temperature decrease with an increase in
pressure. Why? Refer to the discussion for a possible
explanation of this.- ' . o o

Figure 13 is from a well that penetrates very limy
tight sands and shales to approximately 10,000 feet and
dense limestone from 10,000 to 15,000 feet where a porous
limestone with high pressure was drilled. The mud weight
increased from 10.5 to 17.5 when the porous zone was pene-

trated, indicating a sudden increase in pressure. This area

" has one of the highest temperature gradients for normal

pressure (to 15,000 feet) observed in this study. As the

' pressure increases above normal, there is a corresponding
increase in temperature above the normal gradient for that

- area. , Co L .

~ Figure 14 is a plot of pressure from tests (vertical

scale, 1" = 2,000 lbs.) and temperature (horizontal scale,
1" = 409F). 1In wells not in association with salt domes,
the points plot almost exactly on the diagonal; or, for an

-increase of 50 lbs. in pressure, there is an increase of 1OF
in temperature. Wells in association with a salt dome plot
too hot on top of the salt and too cool down the flank of
the dome just:as Guyod (1944-1945) predicted, Wells in an
old field plot in the low pressure range, implying that
pressure ‘is depleted much faster than the temperature can
change. Super-~pressured wells that are pressured by leakage
up the fault plane from below also imply that the pressure
changes in nature are much faster than the temperature
changes if the pressure changes are induced by faulting or

~ by production. AU R o

s Figuré_ls,is,a chart that may‘be‘used_to,appréximate
formation pressure from its. temperature by using the apparent
~ -linear relationship of temperature and pressure from Figure

14. ; S o : : _

Discussion : .
-~ High pressure has been found in almost all parts of
- the world where wells have been drilled in the search for
oil and/or gas. It occurs most often in geologically young
rocks, in sand-shale sequences such as found in South Louisi-
- ana. High pressure is sometimes found in the intermediate

age rocks if porous zones are sealed in or between limy
sands and/or shales, where the cement forms very fast and

. - early (Newman 1968, Dowlen 1968 and Runnels 1969), such as

the massive Frio sands shown in Figures 9 and 10. High

- pressure is frequently found in association with older rocks

~such as limestone, anhydrite, marl and/or salt because they
- are ideally impermeable to bsgin with (Hubbert and Ruby 1959,

11




Pp. 151=-52). Sometimes pressure is trapped 1n older sands ; .
“because the weight of the overburden has reduced the original \  /
porosity (Atwater . 1965 and Thompson 1959):and the silica

thus released reforms as cement to trap pressure.

It is pr0posed that there are two separate and dis~
tinct methods of sealing high pressure. Type one is low
resistivity shales or clays (Figures 4 and 5). Type two is
highly cemented sands, shales, limestones, anhydrites, and/or
evaporites (Figures 10-and 13); a combination of the two
- types (Flgures 3 and 9). It is also proposed that type one -
occurs in the geologically young rocks and that at some
point in time it begins to lose its effectiveness and then
"type two begins to become effective. There are some over-
lapping of types in the zone of change and in the exceptional
case the two types are reversed as shown by the examples in
' Flgures 3 and 9.

A theory of why pressure is sealed by low res;st1v1ty
type sediments is proposed. Type one is a mixture of clay
types along with varying amounts of other fine-grained
" material (Figures 10 and 13). Therefore, its efficiency as .
a pressure sealing trap should vary greatly. Some of the
reasons for these variations are shown on Table 1 in par-
ticular: (1) size range, (2) surface area range, (3)
relative resistivity range, (4) layers of bound (adsorbed)
water, (5) viscosity of bound water, (6) density of bound
water, (7) relative permeability and (8) relative plasticity.
It is apparent from the above that "shale" is a complicated
mixture that is highly variable, and is not to be overlooked
if we wish to understand what is happening in the subsurface.
The grain- size of a rock may decrease without appreciably
changing the porosity but as the grain size decreases, the
pore size between the grains decreases appreciably. When the
grain size decreases, there is a drastic increase in surface
area. Note in Table 1 the tremendous difference in the
surface area of one gram of kaolinite (approximately 50 sq.
m.) and montmorillonite (from 700 to 800 sg. m. and more).
Also, Eubbert and Ruby (1959, p. 178) quote Archie, "an
increase in porosity of about 3% produces a tenfold increase
in permeability." The reverse of this is also true--that is,
a decrease in porosity produces a drastic decrease in per-
meability. 1In discussing the rate of flow of water across
shales buried in the depth range of 3,880 to 13,080 feet,
Hubbert and Rudy (1959, p. 179) est ate the rate of flow to
be about 7.0, 0.8 and 0.2 x 104 cm3/cm2/yr. from the top,
middle and bottom of the 1nterval. The above estimates were
made using the viscosity of normal water in the calculations.

Water in association with shales and clays within

the shales, may not have the same prqpert;es as normal water.
Grimm (1962) says that "apparently adsorbed water on clays



is up to several hundred times more viscous than normal

water and at times appears ice-like." The presence of this
peculiar water has been known for several years. Recently,
Derjaguin (1962) and Dresner (1969) have obtained enough of

- this "thick" water.or "polywater" to analyze in the laboratory.
' This peculiar water, formed in quartz capillaries, has a
viscosity approximately fifteen times that of normal water

and a density of 1.4 gr/cc. and yet, it was still pure water

'~ and nothing else. Dresner (1969, p. 70) says "the existence
of polywater in clay might also explain the plastic quallty

- of that material--it's been supposed that polywater may in

'lfact be the more 'natural' form of water, . . .

Shales contain varying amounts of very fine quartz
grains, so we may expect this form of water to be present.
This is the water formed or adsorbed on to guartz. Are there
- other forms of "peculiar" water formed by the other minerals
in shales? 1It is possible. .

‘Now if we recalculate the flow rates through shales
- as Ruby did, but this time use the viscosity of polywater,
‘we begin to understand why and how these low resistivity,

~fine-grained shales or clays seal or trap pressure.»

It is suggested that the efficlency of the adsorbed

- polywater seal increases with depth of burial and decreases

“when the temperature increases above a critical value.
Powers (1967, p. 1241) cites Burst and others and suggests
that as montmorillonite is converted to illite in the sub-
surface, part of the adsorbed water is desorbed and returns

-° to normal water, and that the conversion is dependent on

depth of burial and/or temperature. - If this is the case,
the desorbed water would revert to its original lower
viscosity and again begin to migrate, thus lowering the
pressure, -Also, when the layers of molecular water decrease
to a critical number, the rock is no longer plastic, but
‘becomes -a competent rock (Grimm 1962). When this happens,
- any distortion ‘or movement caused by compaction oxr by
- tectonic actxvity ‘will cause the rock to crack, or break,
thus opening “"other* flow channels for water to escape,
'ﬁfurther reducing the trapped pressure. ,

‘ There is evidence (ermm 1952, Lang 1967) -that the
rigidity and therefore the viscosity of the adsorbed water
on montmorillonite decreases away from the clay grain. The
effect of pressure with depth of burial would be (Lang 1967,
'~ P. 468) "to alter the size and strength of hydration
- envelopes surrounding the clay parti*les and therefore alter
- the reservoir permeability. MY L

,  The start of the water desorpticn, or as Powers (1967)
end Burst (1969) suggest, the star: of the conversxon of
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montmorillonite to illite would be the end of type one seal ; :
~ and the beglnnlng of type two. : , : _ \ Fi

-~ If the escaplng:or mlgrating water moves out of a
sand and through a shale, the shale may become cemented or
mineralized as seen in the 15,000 to 16,000 foot zone in
Figure 3. If the escaping water moves into or- through a
sand, the sand may lose porosity and permeablllty from the
formatzon of cement as shown by the example -in Figure 9.

Is thls the reason high pressure is- seldom found in o
the intermediate age rocks? Type one seal loses its effi-
ciency because the adsorbed water is being desorbed and type
two seal has not yet become effective because cement has not
‘formed in quantities large enough to destroy the permeability
of the rock. This would be the reason for an overlapping of
‘the two types. There are exceptions to be sure, but this
appears to be the rule. . R

The highest pressure observed in type one environments
has a gradient ‘range of 0.7 to 0.8, whereas pressures trapped
- by type two seals approach 1.0. Hubbert and Ruby - (1959, pp.
155-56) state, "in the Guam Field, Iran, pressure gradients
range from 0.9 to 1.0 in 10 of the 15 wells that penetrated
the Farrs formation sealed by or occurring between marls,
limes, anhydrite or salt." This implies that type two seals
are more effective and that their effectiveness is not
destroyed by high temperature as 1mp11ed by Powers (1967) and
Burst (1969). ,

A high pressure zone must be sealed in all directions
or the pressure would "leak-off" to its normal gradient for
that ‘environment. This implies that the sealing rock has
very little, if any, permeability. It has been observed in
this study that as the permeabxl;ty decreases to form a seal,
the temperature increases or is higher than the 1° per 100
foot gradient for that depth for both type one and type two
seals, whereas logs show a decrease in resistivity and a
decrease in sonic velocity for type one seals and an increase
in resistivity and sonic velocity for type two seals. Logs
have not been too useful in locating type two seals because
there are many "other" factors that may increase the apparent
‘resistivity and sonlc velocity besides the reduction or loss
of permeability. :

It has been observed that if the shale resistivity
decreases significantly below the 0.1 ohm increase per 1000
feet normal gradient for South Louisiana, pressure will be
trapped by type one seals., If the shale resistivity increases
significantly above the 0.1 ohm per 1000 foot gradient,
pressure, if any, will be trapped by type two seals; and for
a2 normal rate of increase, there probably will be no high
pressure,
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In trylng to estimate the pressure sealing capacity
of the "cap" in gas storage reservoirs, Thomas et al., 1968,
p. 181, says "threshold displacement pressures for low

o permeabillty samples of porous media can be predicted if

their permeability, porosity and formation resistivity

factors are known, . . . threshold pressure is not a function
of time ., . ." (and p. 177) ". . . the lower the permeability
.-of the core, the larger the pressure increment.” This

implies that the lower the porosity and/or permeability, the
~higher the formation resistivity factor and the better the _
. seal becomes. This is the response of type two seals, but as .
stated before, logs are not too reliable in predicting the
occurrence of high pressure in type two environments. 1In

. type one environments, logs respond opposite to what the

above implies. What then causes the abnormal log response

in type one environments? 1Is it because the shales in a

type one environment have hlgher porosities?

‘ Johnston (1965, p. 719) says "if a given lithology
such as a shale is investigated, the acoustic log response
will be essentially a response to porosity variations,"
whereas, Overton (1969, p. 3) in discussing log response
from shaly zones says "in shaly sands, the water salinity is
. lower as seen by the SP curve, since dispersed clay has the
;'abillty to bind both water and ions onto its surface. This
water is still conductlve, however,-and causes the solid to
conduct.” -

‘ Table 1 shows that there is a dlfference in shale
resist1v1t1es, probably ‘from variations in surface area and/
. or in variations in the quality of the adsorbed water. Lang
(1967, p. 462) found that when pressure up to 7000 lbs. is
applied to clay-water mixture, kaolinite shows a very small
decrease in resistivity; however, when the same pressure is
“applied to a bentonitic clay-water mixture, there is a
significant decrease in resistivity and the decrease is not
linear but is in steps and he says (p. 461) "It therefore
seems logical to attribute the abnormally large pressure
influence on resistivity in the lower portion of the curve
to a pressure-induced breakdown of a viscous and more highly
‘ordered adsorbed water." " In discussing the effect that

- temperature has on this resistivity decrease (p. 463), he

says ". . . the structural characteristics of the adsorbed
water diminishes with an increase in temperature and, there~
,fore, became less susceptible to pressure breakdown.

It is proposed that’ the low-resis*zvity, low sonic~-
velocity shales in association with high pressured zones is
. the result of the above and is not becuasze these shales have
~a hicher porosity as assumed by Johnson (1965, p. 719).
Let's exazmine a section of a log from 2 medium-high pressure
zone and notice how the curves respond (Fig. 17}. This
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example shows a slightly shaly sand zone from 10,930 to R .

10,985 feet and a shale zone from 10,985 to 11,100 feet. 1In Lo

- addition to the induction-electrical log curves, a computer-
derived continuous porosity curve made from the sonic log

(dotted curve) and-the density log (dashed curve) is traced

~ on the example in the conductivity track. Aall scales are

included for reference.

, In the sands at 10,930, 10,935, 10,947, and 10,959

feet, note that there is good agreement between the two
- porosities. The difference of from 2 to 5 porosity per cent - .
_is probably due to varying amounts of dispersed shale in the
-sand. Now refer to the shale from 11,000 to 11,066 feet and
note the difference in porosity from the two logs. Porosity
from the density log varies from approximately 20 to 22 per
cent over the interval. This porosity is approximately what
we would expect from this depth. But the sonic log porosity
ranges from 40 to 43 per cent in the same zone. The sonic
log's "apparent" porosity is approximately 100 per cent
higher, but is it measuring porosity or is it measuring or
"seeing" the peculiar nature of the adsorbed water in associ-
ation with the fine-grained, low resistivity shale discussed
above? R

Compare the changes in resistivity, conductivity and
porosity from the sonic log in the interval 10,985 to 11,100
feet and note that they are almost a duplicate of each other.
It has been shown above that a decrease in grain size with
its greatly ‘increased surface area decreases the resistivity.
Also, when pressure is applied, the resistivity decreases
further. The log section above shows this to be true. Now
if the apparent porosity from the sonic log follows this
trend, is it not reasonable to assume that it also is being
affected by these changes instead of porosity? The density
log indicates that there is little, if any, porosity change
in the zone; therefore, it is postulated that the changes
observed in the other logs are from a change in grain size,
surface area, and to a chandge in the quality of the adsorbed
water and not from porosity changes. :

In discussing subsurface pressure and ground-water
migration, Hubbert and Ruby (1959, pp. 151-52) say, “the
rate of flow of water does not depend upon the magnitude of
the anomalous pressure, but upon its gradient or rate of
change with distance. . . . Then, unless the rocks are
ideally impermeable, it follows that away from any region of
greater than normal pressure, the water must be flowing and
must continue to do so until the excess pressure is dissi-
pated.” 1In discussing normal pressure (p. 169}, they say
", . . the fact that the pressure varies with depth in 2
manner approximating closely that of hydrostatics implies in
this case also the existence, in spite of the very low
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" permeability of some strata, or an adequate'fréedom of

hydraulic communication: in the vertical direction over the

~ long time intervals involved. . . ." ~We may infer from the
' above that the rate of pressure change with distance is an
" indication of the rate of water flow or migration. -

L0t It has beenéshown, by the‘éiémplésvfidm‘Soﬁth Louisiana,

- that the rate -of temperature change with depth may be used to

infer the rate of pressure change; therefore, the rate of
temperature change may also be used to indicate the relative
rate of water flow or migration in the subsurface as stated

\';by Hubbert and Ruby above. " This is what we would expect in
© an environment of type one seals. . ' e .

There are several factors that héy,éltef-theftempera~
ture distribution in the subsurface; however, only two will
be discussed because of the large effect these two may have

~ uypon the temperature distribution. The two variables are

(1) the amount of water made available by the conversion of

~ montmorillonite to illite, -and (2) the effect that this
- desorbed water has on temperature when it migrates out of

the zone. - -

- - Power ‘(1967,11‘:.‘“'12'49) says " . . . it was said earlier

"that interlayer water, especially the last four layers, has
~a considerably higher density than ordinary water. There-

fore, the water must increase in volume as it is desorbed

- from the montmorillonite.” .He further states "If 1.4 gm/cc.

is used as”the average density of the last four layers of
water, the volume increase of the water upon transfer is

- forty per cent. . . ." 1In discussing the desorption of water
 from-montmorillonite by heat, Burst (1969, p. 80) says
‘"When the heat accumulation is sufficient to mobilize the

interlayer of water, one of the’ two remaining layers is dis-
charged -into the bulk system. . The amount of water in
movement should constitute ten to fifteen per cent of the
compacted bulk volume. . . ." Ny R N T

'© nhe above would represent a significant volume of

_ water that has reverted to its original viscosity and now is
- free to move. Aalso, since its volume. increases approximately
forty per cent when it is desorbed, it should be cooled by a

like amount; therefore, this cooler water would tend to cool

- the rock it comes out -of and the rock it moves through..

- In discussihgtthe role of ﬁigrating gtoﬁnd water in

_altering the temperature distribution in the subsurface,
- Schneider {1964, p. 209) states, "A logical hypothesis is
““that, owing to the circulation of ground water, the vertical
. temperature gradient in aguifer systems should be lower than
the average regional geothermal gradient, which is generally
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~determined for some depth in the earth's crust where fluid
circulation is negligible. Under certain circumstances, the
temperature distribution may be used to interpret some of
‘the essential flow characteristics of the aquifer."  On page
210, he quotes Olmsted, "The vertical temperature gradient
is steeper in rocks of low permeability than in highly
permeable rocks, and the areal pattern of temperature dis-
tribution can be explained in part by differences .in the rate
of ground water flow." Again, Schneider (1966, p. 192) says
. . 'hot' regions delineate discharge areas where there is

T a sxgnlflcant upward flow component. . . -'cold' regions or

" heat sinks generally coincide with areas of lowest. geothermal
gradients, and areas where significant recharge OCCUrS. o« « "
The flow is from h;gher (hot) or toward the lower (cold)
~temperature.

: Hot zones or cool zones in the earth's crust then,
‘would be controlled by circulating ground water just as

-7 circulating water in the cooling system controls the tempera-

- ture in an internal combustion engine. A restriction of flow
- in any part of the engine:causes the. temperature to increase
in that part, but not necessarily in all parts where adequate
circulation still is being maintained. Also, excess circu-
lation in one part will cause that part to be too cool.
Uniform circulation would maintain a uniform temperature
distribution in all parts of the engine. Differences in the
thermal conductivity of the various parts of the engine and
in its cooling system would have very little effect on the
temperature distribution of the system; however, the rate of
flow would be the most important variable.

It is proposed that the temperature distribution in
the earth's crust is modified more by ground water movement
than by differences in thermal conduct1v1ty. The vertical
temperature profile, then, is an approximate measure of the
permeability distribution or water flow distribution in the
earth's crust.

The examples presented show that (1) ideally imper-
meable rocks, such as limestone, anhydrite and highly
cemented sands are the hottest (Figs. 10 and 13); (2) ideally
impermeable rocks that contain porous zones (Flgs. 1o, 11,
and 12) show the temperature in the porous zone is dependent
upon its pressure; (3) in rocks with good permeability both
vertically and laterally (Figs. 4, 5, and 8), the temperature
profile is essentially equal to the straight line gradient
of 19F increase per 100 feet of depth and increases at a
greater rate as the pressure increases; and (4) the tempera-
ture may decrease below the normal gradient as in Figure 5
because of a lateral heat migration as shown by Figure 2 or
by lateral water migration, Figure 12, or by ccoling from an
increase in volume of water as it is desorbed (Powers, 1962,
P. 1245) in the change of mcntmorillenite to illite.
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. The moderate cooling for the porous zones in Figure 12
implies moderate permeability, and therefore, moderate water
movement and moderate pressure. These two cooler zones in a
- thick, ideally impermeable zone also imply that any water
migration must be lateral migration. The degree of cooling
in this environment would be controlled by the volume of water
moved and time as well as pressure, ' '

The drastic reversal shown in the temperature profile
in Figure 11 from 11,000 to 12,200 feet implies that this
zone has very good permeability and that much water has moved
through this zone and that very little has moved through the
‘hot anhydrite zone from 9,000 to 11,000 feet. The cold zone
‘also implies that cooler waters from above are moving through
this zone. For this to happen, the pressure must be below
_normal and the water moving laterally. Lost circulation is
quite a problem when drilling for oil or gas in Florida. :
The writer has seen wells that had fluid pressure at depths
much lower than the 0.433 gradient because the hole could not
be f£illed with fresh water. The fluid level would be several
hundred feet below the surface, indicating subnormal pressure
just as the temperature profile implies. .

- In the Gulf Coast study, it was observed that abnormal
pressures were accompanied by abnormal temperature. Manage-
ment decided to find out if circulating (flowing) mud tempera-
ture changes would show the top of the temperature-pressure
-zone.  In January 1968, equipment was installed on SO&G Well
No. 12 in Eugene Island Black 175 Field, Offshore South
Louisiana, At the time the test was started, the well had
been drilled to 9844' and protected pipes had been set. The
high pressure zone had already been entered since a mud
weight of 16.1 lb. was required. The rate of penetration
(drilling time) was limited to 10 to 15 feet per hour by
alternately drilling and then circulating. The mud weight
had to be raised to 17.6 lb. at a total depth of 10,700°,
indicating a further increase in pressure. One hundred and
fifty-six hours were required to drill this 656 foot interval
but only 39 hours were drilling and 117 hours were circulating
time. The results of this test were not too conclusive and
no further tests were made, : ‘ o

The maximum temperature for log runs show an increase
from 148° at 9505 feet to 182° at 10,200 feet or a rate of
increase of approximately 4.8° per hundred feet which clearly
implies & significant pressure increase.

It is suggested that changes observed in the mud flow~
line temperature may indicate the top of the temperature-
pressure zone if the neasurements are started far enough
above the pressure zone to establish the normal gradient.
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conclusions

. An increase in temperature above normal indicates an

- increase in pressure above normal in the young, low resis-

- tivity sand and shale sequences such as are found in South
Louisiana. Colmeios :

The average rate of temperature increase for normal
pressured zones in this area is 1°F for each hundred feet of
depth. Aan increase of 1°F above normal indicates a pressure
increase of fifty pounds pressure above normal.

. In older rocks outside South Louisiana that consist
of high resistivity shales and highly cemented sands, the
rate of temperature.increase is greater than 1° per 100 feet
of depth, but the same rule applies. An increase in tempera-
ture above the normal gradient for that area is an indication
of pressure above normal; however, an estimation of its
magnitude is not as accurate as in South Louisiana,

~In jdeally impermeable rocks such as limestone,
anhydrite, marl and evaporites, temperature gradients are
the highest and pressure trapped in porous zones within .these
rocks tend to have higher gradients, often approaching a
gradient of 1.0 pound/foot of depth. Here, again, the
temperature profile tends to follow the pressure, but with
less reliability. It also usually shows a larger rate of
change for a pressure change than the other rocks. In normal
pressured porous zones in these older rocks, the temperature
decreases toward the normal gradient and may decrease below
. normal if pressures are below normal as has been observed in
some of our examples.
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SOME OF THE VARIABLES IN SHALES
(from Published Material - Several Sources)

HONTMORILLONITE

KAOLINITE ; ¢ ILLITE
Relative 2.6 - 2.68 2.7 - 3.0 2.0 -2.7
Density Range ‘| Avg. 2.63 Lo Avg. 2.76 Avg, 2.2
Structure Balanced 2 Layer | Balanced 3 layer | Un-Balanced 3 Layer
Non-Expanding Non-Expanding Expanding
Particle Shape | Flakes Flakes Flakes .

Particle
Size
Range

20 to 1 Micron .

‘o;oz ~'0,001 MM

20 to 1 Micron

0.02 -~ 0,001 MM

20 to 1 Millimicron or 1
Angstrom and less
0.02 - 0.000001 MM

Surface Area
Range

§0 - 68 M approx.
per gram fo

A varisble
Approx. 50

700 ~ 800 square M per
Gram and more

A sphere 1 MM in diameter
.~ particles 10~% MM in size

filled with equal

can contain approximately 1

sized spheric
015

particles with a totel surface area of more than 105 square MM,

27

Relative | .
Resistivity 1 0.6 0.16
Relative Water
Adsorption Slight ‘Moderate Very large
Molecular 1 to 3 (1 Approx, 3 From 3 to over 40
Layers of Layer = 2.9 8.7 Angstrom 8.7 to 116 Angstroms +
Bound Water Angstroms) : A we S :
Resistivityeof - |~ - - ,
Bound Water . Unknown, but should have a wide range.
Dielectric )
Constgnt of 1 Approx. 3 "Approx, 3+ From.3 up to 80

| Bound Water b R R

{ Viscosity of - Up to several hundred times Normal Water--
Bound Water at times, eppears ice-like,
Density of , ; ' ' o ”
Bound Water variasble--ranging from 0.73 to 1.7 and more
Acoustical ' ' )
Properties of Unknown, but should have a wide range.
Bound Watex ' s : , ‘
Bwelling in 5 - 60% 15 - 120% Calcium 45 - 145%
Per Cent Sodium 1400 - 1600%
Relative 7 :
_Permeabilxtyf lLarge : Moderate Very slight
Relgtive ! : Calcium - Large
Plasticity Slight Moderate Sodiun « Very large
Base Exchange | . ., ' '

- - - 0
Capacity Range 3«13 $ - 40 60 - 15
TAELE I
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ABSTRACT N
A general equation for penetration rate normalized for changes in these vari-
rate in shales is formulated, and the con- ables is found to decrease with increasing
stants in the equation evaluated by a re- | differential pressure and with increases
-gression analysis of penetration rate data in a tooth wear index. The drillability
- { from six Offehore louisiana wells. The - of ghales ~- defined ag the drilling rate
correletion assumes that penetration rate - at some standard operating condition -
i is proportional to weight on the bit, -decreases with increasing depth but in-
!“rotary speed, and a hydraulies termm, each creases when the pore pressure increases
raised to 2 fixed power. A penetration - because of the reduced compaction.
References ana illustrations at end of
PAPEY.
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PREDICTION OF PORE PRESSURE FROM PENETRATION RATE

The equation predicts the penetration
rate with -a standard deviation of 29 per
cent. If the other parameters are known,
it predicts the pore pressure with a
: standard’ deviation of about 1 1b/gal.
The penetration rate increases when the
.| pore-pressure increases because of the

reduced differential pressure and the in-

creased ‘drillability of the shale.
INTRODUCTION

A formal procedure for using penetra-
tion rates in shale to detect the begin-
ning of abnormal pressure was rgsented
recently by Jorden and Shirleyg They
presented field data which demonstrate
that penetration rate decreases with in-
creasing depth in normal pressure sections
and that a reversal in this trend occurs
when abnormally pressured shale is en-
countered. In oxder to define this re-
versal most clearly, they recommend rais-
ing the mud density when 1000 to 1500
feet above the expected top of the abnor-
mal pressure and then drilling with con-
stant mud density, rotary speed, weight on
bit, hydraulics, etc., until the reversal
is detected. Although a correlation be-
tween & normalized penetration rate, "d-
exponent”, and differential pressure is
presented, the scatter of the data is so
wide that it does not seem suitable for
quantitative prediction of the pore pres-
sure in the shale being drilled.

A method of predicted pore pressures
from penetration rate would be invaluable
because it would allow one to drill ahead
without stopping to log until the pore
pressure reached the value desired for
setting casing. Then the well would be
logged to confimm the pére pressure and the
casing run. The ideal situation would be
Eo ::oid both unnecessary logging runs and

icks.

‘The work of Vidrine and Benit® carried
the technology another step in this direc-
tion. They analyzed data from eight South
Louisiana wells and concluded that pene~
tration rate always increases with a de-
crease in differential pressure in each
well, but the percent change in penetration
rate for & given change in differential
pressure is greatest when 2 large bit

eigh t is used. At bit weights of 4,000
o ,000 ‘1b/in their data agree well "with

- wear.

the res nUMEYous 1aboratory
studles They suggest that the dif-
ferential pressure can be controclled by
adjusting the mud weight so as to maintain

1§s of

-a constant penetration rate after correc-

ting for bit wear. This would allow one
to predict the pore pressure if the dif-
ferential pressure which is being main-
tained is known, e.g., from the differen-
tial pressure used to drill the last part
of the normal pressure section. This
technique assumes that the drillability of
the shale does not change significantly
with depth or pore pressure. They con-
cluded that this assumption was true for

the range of these variables covered in

each well. However, they concluded that

a general equation for drilling rate could
not be developed because of variations in
shale drillability between wells and over
large intervals in the sdme well.

It seems likely that the strength of
shales and, therefore, their drillability
are related to the extent which the shale
has compacted. Thus, it should be possi-
ble to relate drillability to depth and
pore pressure as has been done for resis-
tivity’s8, sonic velocity’, and bulk den-
sity’. This paper proposes an empirical

- mathematical model for penetration rate in

shales in which the penetration rate is a
function of depth, pore pressure, differ-
ential pressure, weight on bit, rotary
speed, hydraulics, and an index of tooth
The constants in the equation are
evaluated by a regression analysis of data
obtained from six wells in the Offshore
Louisiana area. The characteristics of
the equation and a procedure” for using it
to predict pore pressures from penetration
rate are discussed.

DATA COLLECTION AND REDUCTION

Drilling rate data were obtained
from 1000 to 4000 feet above the top of

‘the abnormal pressure section to total

depth in six wells in the Offshore louisi-
ana area. These wells ranged from the
South Marsh Island to the South Pass areas.
The first five wells are straight, explor-
atory wells and the sixth is a direction-
ally drilled platform well. Contimuous
rate of penetration, ROP, charts were
available for most of the footage covered,
and the operating conditions were recorded

SR 2168 ‘%
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Tsm engineer on the tig.
‘| typical of what 1s now readlly avallahle in

- | charts were often in error.

k)

‘| the drilling time charts.

on the ROP charts by the drlllers and
Thus, the data arc

the fléld.:

, Shale intervals were chosen From the
ROP charts since it is assumed that logs
will not be available when applying the
results of this study to drilling wells.
In the few sections where ROP charts were
not available, logs were used to pick the
shale intervals. The rate of penetration
was actually computed in either case from
The author has
observed that both the scale factor and
zero setting on the instantaneous ROP -
rts » ‘Each data -
point represents the average drilling rate
over a minimum of 10 feet of shale. In
long shale sections a maximum of 30 feet
was used per data point. On the average,
one data point was obtained for each 65
feet of hole that was drilled. The weight
on bit, rotary speed, flow rate, bit
nozzle sizes, and depths when the bit was.
run and pulled were taken from the ROP
charts and the drillers tour reports. The
mud density, plastic viscosity, and yield
point were taken from the drillers tour

reports and the mud engineers reports. .
These were plotted versus the depth at
the time they were measured and smoofh
curves drawn through each plot. " Values
for each data point were read from these
curves.

‘Pore pressures were estimated from :

a resistivity correlation developed for

wells in this particular area but essen-_

| tially the same as that given by Hottman?.
| Since there was at least one point . ‘
1in each well where the pore pressure was

known from kick data and formation tests,
the resistivity data were used, in efféct,

| to interpolate between these known pore
‘pressures., -
| pressure estimates should be quite good.

The accuracy of the pore

'A11 of the above data were placed on

| punched cards for processing on a digital
j.computer.

The computer program calculated
the bit wear index T, Eq. (4), and the -

| equivalent eirculating mud density using

standard eguations for laminar and turbu-
lent flow of Gingham plastic fluids.
Henceforth, the mud density will be taken
to mean the equivslent ci“culating density.

G. D. COMBS
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The meabured depths in the directional
well were converted to: true vertical

~depths.

) DATA (.HARACTERIST 1CS

Since the correlatlon to be devel-

~oped-is empirical, it will be most accu- -

rate when the various variables are within
the range covered by these data. Some of
the characteristics of the data are sum-
marized in Tables ‘I and II. - Most of these
data are at depths from 8,300 to 15,000

‘feet and about two thirds are in abnor-
mally pressured sections.

The weight on
bit, rotary speed, and the hydraulics term
all decrease as the bit size is reduced.
Although ‘'some data for diamond bits are
shown in some of the figures, these data .
were not used in the correlation and the
data in Table I are only for the part of
the hole ‘drilled with conventional bits.

DEVELOPMENT OF A MATHEMATICAL MODEL

~ The following general form was

assumed for the penetration rate equation

R=R \5—~3z065) \300)- |oD—3
;(Dh soo) A(ﬁﬁ) : (Dh°Dn )

¢ () “H(T) @)

where R! is the drillability of the shale¥

This is defined as the penetration rate
with a sharp bit, zero differential pres-

sure, 3500 1b/in bit weight, 200 rpm °

rotary speed, and a value of 3 gpm/(in °
1/32 in) for the hydraulics term. The

‘next three tems give the effect of

wei ght, speed, and hydraulics. The terms
and £(T) represent functions of

)
f%brentxal pressure and a bit wear

' jindex T which will be defined later.

. Equation (1) assumes that the effect of
“‘the various variables. can be separated,
~i.e., the exponents on weight, speed, and

hydraulics are independent of the value

fjof the other variables and the differen-
' tial pressure and bit wear functions are
“the same for all operating cond{tions.
" This assumption is necessary if 2 reason-
‘| ‘ably simple equation is to be obtained

- even though it cannet be exactly true.

‘¥Nomenclature given at end of paper.
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PREDICTION OF PORE PRESSURE PROH PENETRATION RATE

The drillability is assumed to be a
function of depth and pore pressure of the
form

R=e@ - €69 @)

because this worked quite well for the re-
sistivity data. In order to handle the
regression analysis by standard least- -
squares techniques, it is convenient to .
work with the logarithm of Eq. (1).

| Furthermore, the author has chosen to de- '
fine the final drilling rate parameter so
that it increases with decreasing drilling
rate. Thus, )

x log (1000/3) = 3. - log (R)
=A- awlog(W/Dh . 3500)

R anlog(N/200) aqlog(Q/Dh Dyp* 3)
+ £ @)+ (69 +E(R)
+. f' (T) (3)

where the depth, pore pressure, d1fferen-

tial pressure, and bit wear funct:.ons are
redefined as required, i.e., '

£ (H) = -log {f (n)}

If each of the unknown functions is assumed
to be a polynomial in the given independent
variable, this equation can be fitted to
the data and all the functions evaluated
simultaneously.

Equation (3) was first fitted to only
the nomal pressure data with the idea
that this would best define the base line
or trend line to be expected until abnoxmal
pressure is encountered. The leading con-
stant, A, was assumed to be different for
each well. In other words, the correlation
-{could be shifted to fit the normal pressure
data for each well while retaining the same
equation for all of the functions. Equa-
tion (3) was then fitted to a set of data
made up of all the abnommal pressure data
pl,us’the last 1000 to 2000 feet of normal
pressure data in each well. This correla-
tion should be the most accurate for actu-
ally predicting the pore pressure once the
top of the abnormal pressure is located.
In this case a single value was used for the
leading constant A in all wells.

.velocity beneath the bitd

The detalls of the reasons for se-

| lecting these weight, speed, and hydraulics 7
: \ 77;'

terms and the spec1f1c form of the other
functions are given in the following sec-
tions. In each case, the result obtained
from the two correlatmns Just descr1bed
is presented. , _

Y'Effect of Wezght, Speed, and Hydraulics

The use of weight per inch of hole

_and rotary speed raised to a power is
common in empirical penetration rate equa-

tions3»10 and needs no:vfur'ther discussion.
The hydraulics tem, Q/Dy ° D,, was se-
lected because it controls the cross-flow
, and the author
feels that this should control the bottom
hole cleaning action.. The term actually

‘represents the momentum flux or 'hydraulic

impact' per unit area of hole.

agﬂz a:—eg—-z
c (wtm)

Three different assumptions were tried
for the exponents ay,, anp,.and ag. First,
they were simply left as unknowns and
evaluated from the data along with the
other functions. Second, values of 1.0,
0.6, and 0.3 were assumed based on the
results _of previous field and laboratory
studies3:12,13, Finally, a simple linear
equation was assumed with a,; = 1, a5 = 1,
aq = 0.

Hydraulic Impact -
Unit Area -

The accuracy of Eq. (3) in each case
is shown in Table III. The standard devi-
ation of K is given for the individual
data points and when the error was averaged
over 200 feet intervals. The accuracy of
the equation is relatively insensitive to
the choice of values for the exponents,

but the linear equation seems to be least
_accurate while the values determined by

the least squares fit to the data are most
accurate. Because of the small differences
in the accuracy of the three choices, the
author has chosen to use the values (1,
0.6, and 0.3) suggested by the more care-
fully gontrolled studies of Vidrined and
Eckell These values also seemed to give .

tions. The rest of this discusSion assume

more reasonable values for the other fune-{ |
sj ;
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that these exponents are used to normalize

. {the data to standard conditions of 3500 -

1b/in, 200 rpm, and 3 gpm/(in+1/32 in)f
Bit Wear Function |

2 In otder to account for the effect of
bit wear while drilling, i.e., before the
bit is pulled and inspected, it is rieces-:
sary to define a parameter to which the
amount of tooth wear.or the decrease in
drilling rate can be related. This para-
meter should be defined in terms of the
variables which are readily available.

The assumption used here is that the tooth
wear is related to the number of times

hole

e B R,

where Ry is the penetration rate in shale
for the interval AHj. ‘ Actually, T has
dimensions of hours and may be thought of

" ‘|as an equivalent mumber of rotating hours

‘at 200 rpm — computed as though the
formation were all shale. ST

tration rate in shales to calculate the -
equivalent rotating hours, there is. an
jmplied assumption that drilling a given
footage of sand will wear the teeth as
much as the same footage of shale. This
means that wear per tooth contact in- .
creases in a sand by the same factor that
the penetration rate increases. While
this assumption is not precise, it does .
allow for the increased abrasiveness of
the sands in a simple manner. :

~ The bit wear functions obtained from
the least squares fits to the data axre
plotted in Fig. 1. The normalized drill-
ing rate, R', relative to that with a
gharp bit, R., is plotted versus the

B equivalent rotating hours at 200 rpm. The
| 8o11d 1ine was obtained frem the fit to -

all the data and the dashed lines for the -
normal pressure data. The curved dashed
line was obtained when a s¢cond order
polynomiel was assumed for the bit wear
function. The emall difference between
this curve and the straight line obtained

with & lfrear £it 1a not considered

| significant; consequently, the straight

-ing in abnormal pressure, however, this is.

that the tooth contacts the bottom of the

RO)

Since the equation uses only the pene-

‘the curve obtained from the f£it to all of

lines are used to normalize the data for
bit wear in the final correlations.

While drilling in normal pressure, the
bit wear trends for previous bit runs in
the same well can be plotted and these will
probably be more accurate than a general
curve such as that given here. When drill-

not possible because the pore pressure is
also unknown and the effects of bit wear
and pore pressure cannot be separated. -In’
this case, one must assume the wear trend
that is established in the nomrmal pressure
section or from previous wells in the area
in which the pore pressure is now known.

Differenfiai' Pressdre‘ Euhétibh '

.. The differential pressure function
was ‘approximated by a third order poly-
nomial when fitting Eq. (3) to the data~
The results are given by the solid curves |
in Fig. 2. : The penetration rate decreases -
with increasing differential pressure, but
not as much _as was found in previous ‘
studies3»4:5,6, vidrined concluded that
the sensitivity of penetration rate to
differential pressure is greatest when
large bit weights are used. His results
for bit weights of $300 and 3500-4000
1b/in are also shown in the figure. The
curve for 3500-4000 1b/in shows about the
same response as this study, but the curve
for 5800 1b/in shows a mich larger change.
In addition, the curve for normal pressure
data only shows a greater effect than does

the data, and the average bit weight was
larger for the normal pressure data. All
of this seems to confirm the effect of bit
weight and imply that the differential
gressure function presented here should not
e used for bit weights significantly dif-
ferent from those used in the subject wells,

- Both of the curves obtained from the
Jeast squares fit have an increase in &lope
at differential pressures greater than 2000
psi. This is not considered to be signifi-
cant in relation to the accuracy of the
curve. The dashed lines are used as a more
realistic approximation teo this part of the
curve in the following sections. Also,
there were very few data points with nega-

tive differential pressures greater than
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250 psi, and these data indicated little
change in penetration rate compared to that
| at =250 psi.  Therefore, the penetration
rate is assumed to remain constant below
~250 psi in the final correlation. -

- | Variation of Drillability with
. | Depth and Pore Pressure

‘ Since shale resistivity and drill-"
ability should both be related to the com-

paction of the ghale, it was assumed that

drillability i{s best related to depth and

gor'e'pressure by the same form of equation
hat works best for the resistivity in-
these wells. Pore pressures were known
accurately at 12 points in the abnormally
pressured sections of these wells. These
data were used to test several different

| methods of relating resistivity to depth

and pore pressure. or conversely, to pre-
dict pore pressure from the resistivity _
data. The method of Hottman and Johnson’
was the most accurate. In general terms,
the form of the equation can be written

Reh = Ry ° (Rgh/Ry)

1
or

log(Rgh) = log(Ry) + log(Rgh/Rn)

vith log (Ry) = £(H) (5)

log (Reh/Ry) = £(@p~9) (6)

vhere Rgh is the actual resistivity and R,
is the expected value for normal pressure
ghale at the same depth. In other words,
tue resistivity is expressed as the product
of a function of depth which describes the
normal pressure trend and a function of the
pore pressure which describes the deviation
from this trend due to abnormal pressure.
The game general form was assumed for the
drillability as noted eaxlfer in Eq. (2).

The poze pressure function developed by
Hottman is shown in Fig. 8. This cuzve is

‘drillability.
. Examination of the data for pore pressures -

. Consequently, a second approximation was L

' the figure. This did improve the accuracy.

. increase, decrease, or remain essentially

nearly linear for pore pressures less than
15 1b/gal. Since most of the drilling rate
data were for pore pressures less than this
a linear relationship was assumed for

The dashed line in the fi
was obtained from the least squares fit,
and this line was used in calculating the -
standard deviations shown in Table III. -

ater than 15 1b/gal euggested that the
i11lability changed more rapidly at higher
pore pressures &s does the resistivity.

made in vhich the ratio between the two - .

curves (0.6) below 15 lb/gal was assumed to |

continue at higher pore pressures. This
gives the other curve for drillability in

of the predicted penetration rates at highex
pore pressures although there are insuffi-
cient data to test this assumption thor-
oughly. The curved line is used in the
final correlation.

The trend of the logarithm of drill-
ability with depth is essentially linear.
When higher order polynomials were assumed,
the resulting curve differed little-from a
straight line and there was little change.
in the standard deviation of the predicted

penetration rates. The normal pressure datg
gave & slope of 0.104 Alog (R})/1000 £t : - [

and the fit to all the data gave 0.097. .
The depth and pore pressure functions can
be combined to give a general plot of
drillability versus depth and pore pres-
sure as shown in Fig. 4. Note that in a
transition zone where pore pressure is in-
creasing with depth, the drillability may

constant according to the rate at which the
pore pressure increases. This may explain
why Vidrine® did not observe any signifi-
cant effact of depth and pore pressure in
the intervals which he studied.

APPLICATIONS

. The variocus functions which relate
penetration rate to depth, differential
pressure, etc., ¢an be used to predict the
pore pressure if 211 the cther variadbles
are known. In practice, the initial prob-
lem is to establiszh a trend line in the

L)

SEE 2162

normal pressurs ssction. The trend of :
drillability with depth and the differen- \
¢13) proscure functien in Pig. 2 can be

conbinad to give a genaral plot of

*
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penetration rate versus depth and mud den- -
gity as shown in Fig. 5. If the mud weight
being used at each depth is known, this
figure will allow one to easily trace the
expected trend of normalized penetration rate
with depth in normal pressure shales. If

| the actual penetration rates are corrected

to some standard operating conditions and

{corrected for bit tooth wear,; they should:

follow a curve which is parallel to this

as long as the pore pressure is normal. .
The absolute value of the penetration rate
is not critical since it is assumed that
the ‘drillability may be consistently lower
or higher in a given well as compared to
the average shown here, and that the trend

line can be shifted to compensate for this.

" An increase in penetration rate rela-

|tive to the expected trend indicates an -

increase in pore pressure. 'This increase

‘{ocecurs because of the decrease in differen-

tial pressure and the increased drill-
ability of the shale. These two éffects
can be combined as shown in Fig. 6 to give

. |the total change in penetration rate due
_{to an increase in pore pressure. -The rela-

tive drilling rate is plotted versus the
overbalance or differential pressure ex~
pressed as an equivalent gradient in lb/gal.
The curves apply only for pore pressures
less than 15 1b/gal where the drillability
varies linearly with the pore pressure. -
For example, consider drilling with 12

5 1b/gal mud density in normal pressure at

10,000 feet (3 1b/gal overbalance). ' If
the pore pressure increases to 12 1lb/gal,

" |the penetration rate will increase by a

factor of 1/0.525 or about 90 per cent ,
relative to the value expected for normal
pressure ghale. This change is equivalent
to 2.5 standard deviations based on the
value of 0.11 for the standard deviation of
K. Thus, such an increase would be ex-
pected in only one case out of 160 due to
the scatter of the data, and should be
clearly distinguished from the usual vari- -
ations about the trend line.. With this
much overbalance it is very unlikely that
ithe pore pressure would increase enough to

- jeause & kick before the increase in pore

pressure could be recognized. The gmaller
the overbalance, the greater the prob-

* lability-of taking & kick..

accuracy of the pore pressires predicted

_Ge D. COMBS . _ -

Figure 6 can also be used to juége the .

i e o

from the penetration rate. Since the
sensitivity of penetration rate to pore
pressure depends upon the amount of over-
balance, the error in predicted pore pres-
sure corresponding to a given error in
penetration rate will also change. Based
on a.standard deviation of 0.11 in K, a
depth of 12,500 feet, and a predicted over-
balance of 1 1b/gal, for example, one
standard deviation about the predicted
value would cover the range from 0.2 to
2.3 1b/gal overbalance and two standard

-deviations would cover the range from -0.3

to 4 1b/gal overbalance. One standard
deviation corresponds roughly to 1 1b/gal .
error in pore pressure. This may be com- -
pared to a standard deviation of 0.6 1lb/gal
which was obtained when using the resis-
tivity data to predict the known pore
pressures. . =

Prediction of Pore Pressure

~ A trend line can.be constructed for
any assumed. pore pressure once the mud den~
sity is known at each depth. The drill-
ability can be traced from Fig. 4 for the
assumed pore pressure. Then the effect of
differential pressure is read from the
curve in Fig. 2 which applies to all the
data - normal and abnormal. The effect
of drillability and differential pressure
are combined to give the predicted pene-

' tration rate at each depth for the assumed

pore pressures. - :

The results of such a calculation are
shown in Fig. 7 for well number 2. The
pore pressure and differential pressure are
shown by the curves on the right side of
the figure. The expected normalized pene-
tration rates for each pore pressure are
shown by the light lines. The observed
penetration rates are indicated by the
dashed line. This curve is a 'moving, 200-
ft average' of the individual data points.
The -entire set of trend lines has been
shifted slightly to give the best agreement
with the observed penetration rates over
the interval from 7400 to 8600 feet where
the penetration rate trendclearly indicates
normal pressure. The predicted pore pres-
sure is obtained by interpolation between
the given pore pressure trend lines. For
exampls, between 9,000 and 10,300 feet the
predicted pore pressure increases from 9
to 13.5 1b/gal. The actual pore pressure
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increased from 9 to 13.2 1lb/gal over this- i feet.

interval. The expected penetration rate
corresponding to the 'actual’go’re pressure
is indicated by the dark, solid curve.

Figures 8 through 12 show the ob-
served and predicted penetration rates
for the other wells. The format of
these is the same as for Fig. 7. In
each case the predicted curve is shifted
to give the best agreement with the ob-
gerved penetration rates over the last
1000 to 2000 feet of the normal pressure
gection. The trend line for mormal -
pressure is shown as a dotted line after
entering the abnommal pressure section.
In general the observed penetration rates
{ do follow the predicted curves but with a
fairly large scatter. The standard de-
viation of the error in K} is 0.11 for
the abnormal section plus the last 1000
to 2000 feet of the normal pressure sec—
tion. This corresponds to an error of
29 per cent in the penetration rate.

- There are several sections where the
deviation from the predicted curve is
particularly large. In well number 2,
Fig. 7, the penetration rate was much
larger than predicted below about 15,000
feet. The last gand in this well was at
14,200 feet, and the shale below this
depth was apparently deposited in a 'deep
marine' enviromment. Consequently, it is
possible that neither the resistivity nor
the penetration rate correlations are
applicable. The last known pore pressure
is at 12,500 feet.

The penetration rate-did not indi-
cate the top of the abnormal pressure in
well 1, Fig. 8. Although the pore pres-
sure gtarted to increase at 11,800 feet,
the penetration rate continued to follow
the trend line for normal pressure until
about 12,600 feet., The pore pressure had
increased to 12 1b/gal at this depth;
consequently, if one had drilled intoc the
sbnommal pressure with less than 12 1b/
gal mud density, the well would probably
have kicked. '

In well S, Fig. 11, the penetration
rate with the 6-in bit between 14,300 and
14,850 feet was much glower than predicted.
This entire interval was drilled under-

balanced &nd a kick occurred at 14,850

R4

The pore pressure increased very
rapidly in the interval from 12,000 to
14,000 feet in well number 6, Fig. 12,
and the differential pressure was gener-
ally decreasing. The reversal of -the
normal trend toward lower penetration
rates with increased depth is quite dra-
matic in this interval. The normalized
penetration rate increased four-fold -
whereas it would nommally decrease by
about a factor of 0.63 if the pore pres-
sure were constant. The hole was side-
tracked because of stuck pipe and the
interval from 12,000 to 12,800 feet re-
drilled with essentially the same differ-
ential pressures. The individual data
points have been plotted over this inter-
val to demonstrate the repeatability of
the observed trend in the penetration rate.

FUTURE WORK

The accuracy with which pore pressure
can be predicted from penetration rate can
be improved by reducing the scatter of the
data and increasing the sensitivity of
penetragion rate to differential pressure.
vidrine” has suggested that the sensitiv-
ity to differential pressure is increased
by high bit weights. If this can be con-
firmed and any other changes in operating
conditions made as needed, considerable
improvement should result. The most pro-
mising technique for reducing the scatter
of the data is the use of modern instru-
mentation to contimuocusly record the rate
of penetration, weight on bit, rotary
speed, pump rate, mud density, and a nor-
malized penetration rate. Such instru-
mentation is becoming available and should
soon provide more accurate data for
correlations such as that praoposed herein4,
Finally, improved knowledge of the rotary
drilling process plus better field data
should lead to the development of more
comprehensive penetration rate models.

-wCWSIONS

Analysis of field data on penetration
rate in shales in terms of an empirical
model indicates that: ‘

1. The accuracy of the model is not gv

highly sensitive to the choice of
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2.

8.

4.

S.

6.

exponents on weight, speed, and
hydraulics. The least squares fit
gave values of 0.68, 0.39, and
0.39, respectively; however, val-
ues of 1.0, 0.6, and’°0.3 gave more
realistic values for the effect of
other parameters.

Penetration rate decreases with
increases in differential pressure,
and is most sensitive to changes
in differential pressure when the
differential pressure is near zero.

Penetration rate decreases as the

mmber of equivalent rotating hours |

on the bit increases.

The drillability of shale, or the
penetration rate at some fixed
operating conditions, decreases
with increasing depth and increases
with increased pore pressure. This
is consistent with the behavior of

‘other shale properties which in-

dicate a reversal of the nommal
compaction trend when abnormal
pressure is encountered.

Although the scatter of the data
is large, 29 per cent standard
deviation, the effect of each of

~the parameters agrees qualitatively

with the results of laboratory
studies or what may be logically
predicted. This indicates that the
model is realistic and that improv-
ed accuracy can be expected as more
ag;urate field data become avail-
ablie. T

With typical operating conditions,
the correlation predicts the pore
pressure with a standard deviation
of 1 1b/gal. §

NOMENCIATURE

A
eﬂ,an.aq

REPE

Constant A
Weight, gpeed, and hydraulics
exponents

fole dismeter, in

Bit nozzle diamster, in

Depth, 1000 £t

Log (2000/R)

nn

ftrun

2.

-

x% = Log (1000/RL)
K. = Log (1000/R)
N = Rotary speeg, rpm
- Pg = Differential pressure, psi or
1b/gale1000 £t = '
Q = 'Flow rate, gpm ~
R = Penetration rate, ft/hr
R' - = Normalized penetration rate,
: - ft/hr g
- Ry .+ = 'Nommalized penetration rate—
- ‘'sharp bit, ft/hr.
R}, = Drillability or normalized pen-
~ etration rate--sharp bit, zero
: differential pressure, ft/hr
Rgh = Observed shale resistivity
Ry = Shale resistivity in normal
pressure
T = Bit wear index -~ equivalent
S ~ rotating hours
-V = ' Nozzle velocity -
W = Weight on bit, 1b , ,
Cn = Equivalent circulating mud den-
o sity, 1b/gal - '
& .= Pore pressure gradient, 1b/gal
g = Standard Deviation

Log (1odo/n' )
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Well No.

TABLE 1

SUMMARY OF THE DATA

For those data points used in the final correlation.

Total.

Bit Size
C312-1/4
§-1/2 == 9-7/8
$-3/4 = 6-5/8

TABIE II =

AVERAGE OPERATING CONDITIONS

VERSUS BIT SIZE

_Average Operating Conditions

Numbers W/Dh N
Data Poinmts 1b/4n e
101 3270 1e3
278 3170 153
137 2660 ‘110

45

-

* Dy
g

32 in

3.39
3.17
1.98

1. ) -6 Average
Data Pts. ~ Normal . .. 38 17 68" 30 45 18 216*
~ Abnormal 49 109 60 84 21 67 390*
~ Depth Range - From 8,260 7,280 8,240 8,350 9,060 8,540 8,300
- To 15,020 16,230 16,000 - 15,000 14,730 13,900 15,150
Top of Abnormal Pressure 11,850 8,900 13,800 10,800 13,850 10,160 11,550
| ; : N [
Max. Pore Pressure, 1b/gal  14.7 16.7 15.5 ~ 16.5 14.0 18.1 15.9
Differential Pressure, ‘ & IR 4
1b/gale1000 ft - Max. 47 43 63 40 21 53 44
- Min. 2 =5 5 0o . -30 -2 -7
Avg. W/Dp,* 1b/in 3,280 3,390 3,640 3,530 4,760 1,750 3,040
Avg. N,* rpm 162 154 149 139 220 174 155
ge o __EPD___ 2, 2,7 - 2.9 2.9 4.8 2.6 2.9
Ave B, * bn’ In - 1/32 in T 2.9 .
Bit Sizes = 1 12-1/4 12-1/4 12-1/4 9-7/8 9-7/8  9-7/8 -
- g-1/2 8-1/2 8-1/2 6~5/8 6 8-5/8 -—
-3 - - s-7/8 o




'TABLE IIX
EFFECT OF WEIGHT, SPEED, AND
mmmcs EXPONENTS

Exponents Standard Deviation of K
&y an ag Individual Data 200 ft
Point Average
Normal 1 1 o 0.116 0.108
Pressure 1 0.6 0.3 0.112 0.100
Normal and ) 1 [ 0.158 0.134
Abnoxmal 1 0.6 0.3 0.151 0.128
Pressure 0.681*  0.301* 0.386* -0.140 0.119
* From the least-squares fit.
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ABSTRACT ) used by geophysicists and geologists for many
y : years to help define subsurface structure, it
The reflection seismograph has long been the most| is only recently that engineexrs have begun to
important means for cbtaining subsurface infor- | - discover useful applicatioms. .
mation prior to drilling. Interpretation of the o - L o ,
seismic data is normallymade by geophysicists to | One of these applications is the use of routine
define subsurface gtructure, FHowever, consider- seismic f£ield data to predict both the depths

able information of great value to the drilling to sbnormal pressure formations and approxi-
engineer i¢ also contained in the geismic infor- mate pressure magnitudes,l The predictive

mation. This paper discusses how the drilling | method results from the fect that velocities
engineer can use these data to estimate depthi " between subsurface reflecting layers can be

and magnitude of subsurface formation pressures, obtained from seismic field data using well
predict gross changes in 1ithology, and warn of | knowm' geophysical techniques, Differences in
possible drilling problems, Techniques are also interval velocities between these layers can

presented for predicting relstive drillability be used to develop an average interval travel
and fracture gradieénts in rank wildcat areas. time (reciprocal of interval velocity) profile,
’ o which 18 in effect an acoustic log averaged
The predictive techniques described have been over fairly long (500' - 1000%) vercical inrer~
used with good results over a wide ares along vals,
the Texas Gulf Coast including Continentsl Shelf { T ,
locations and might possibly be applicabh to Analysis of. numerous well velocity surveys re-.
any sedimentary basin. - , ; “wealed a close correlation between intervel
wvelocity (interval travel time), and factors
INTRODUCTION : : ‘ such as lithology and degree of rock compaction

| end that interval travel time varies exponene
The only means of obtaining subsurface informa- | tially and predictably with depth. Departure
tion other than from drilling is by geophysical from this normal trend signifies abnormal pres
prospecting, Although the sezismograph has been gure or gross lithologic changes. ‘

: References and 1illuseracions at
\ /| end of paper ;
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Additional data such as relative drillability
and estimates of fracture gradient complete the
information required by the drilling engineer to
assure that the proper casing can be available
at the drillsite, optimm drilling mud weighting
schedule and hole size selection can be made and
the proper rig can be chosen,

Drillabilicy 1nformation is customarily obtained
from bit performance records of mearby wells, ~
Methods of measuring pore pressures from well
logs have greatly improved the accuracy of down-
hole pressure predictions in areas where thege
are sufficfent wells for adequate control
Empirical fracture gradient correlations for
normal pressure formations have been developed
from experience in known geological’ areas.4 1In -
areas of poor geological control deep wildcatting
can be extremely hazardous and costly for lack
of adequate pressure and fracture gradient in-
formation.

ROLE OF VELOCITY IN SEISMIC WORK

The reflection seismograph measures time between
the earth's surface and various subsurface re-
flecting horizons. If average velocity of
seismic energy through the sedimentary column to
& reflecting horizon is known, depth to the re=-
flector can be detexmined., Thus, if enough re-

the same elementary reflecﬁipn problem, as fol-
lows:

\

In Fig. 1, let SS represent the earth's surface

Assume the shotpoint 0 to be at the surface.
When explosives at the shotpoint are detonated,
acoustic energy is created in the form of com-
pressional waves. This seismic energy moves

- equally in all directions. ~The vertically

traveling energy strikes the subsurface plane,
RR, and is reflected back to the surface, SS,
along vertical path OPO. Energy from the shot

"also propagates along innumerable diagonal

paths to the plane RR in the subsurface, (e.g.,

. path OT) and is reflected back to the surface

on path TW., The time required for the energy
to travel the two ray paths is recorded by
geophones at point 0 and W, separated horizon-
tally by distance X.

With this information, depth to the reflecting

horizon can be calculated and the average veloc-

.1ty in the medium between the surface and the

reflecting horizon as follows:

to = travel time along path OFO

tx = travel time along path OIW

V = apparent average velocity from surface
to reflecting hor:lzon

flection information is available, knowledge of |- From the relation that Distance = Average ve-

subsurface structure can be obtained,

Well Velocicz Survey

Techniques for determining velocities are well
known in geophysics. The method most commonly
used is the well velocity survey. Shots are

| detonated near the well, and travel times are
recorded for energy to travel from the surface
to & geophone placed at successive depths
(usually 500" « 1000' increments). Difference
in arrival times at the various geophone loca-
tions can be used to develop an average interval
travel time or wvelocity profile.

Computed Velocities

A second technique is a more indirect method,
which uses data from seismic field records to
compute interval travel time profiles, In this
method every shot in a routine seismograph sur-
vey provides data for velocity determination
end {s the basis for the predictive techniques
discussed in this paper. Noteworthy improve-
ments in accuracy of such measurements and re~
sulting calculations have been attained with the
advent of new field procedures, digital record-
ing and machine data analysis.

ELMNTARY REFLECTION PROBLEM

Severzl methods of computing interval velocities
from seismograph data exisr..s All are based on

locity x Time

OPO.VXtO e e & 8 o o o s o o b (1)
om‘vxtx c.‘..o...‘.v (2)

After extending the line OP vertically down-

ward to the image point 0', from elementary
laws of optics:

oW =0'W
OF0 = 0'0

TP = 0702 + W2 €))
Substituting Equation 1 and 2 in Equation 3 |
Fe? = @t)? +x2
Pl -td) = 2

® 8 e ® & ® e o ¢ o

PRI (2

Depth to the reflecting bed may then be found
by the relation:

- [
z vx"i' 2 8 & @ o @ o § o o (5)
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VELOCITY PROFILES FROM SEISMIC FIELD DATA

By making similar time measurements to other re-
flecting horizons in the subsurface, it 18 pos~
‘gible to develop a curve of V vs various values
of to. The final desired curve, interval travel
time vs depth for 1000-foot increments of depth
can then be readily ob:ained.

In practice a geophoneris not usually placed at
the ghot location, but there are ways to achieve
the same result by extrapolating reflection hy-
perbolae to the zero x distance, Also, to min-
imize multiple events and enhance accuracy, data
from more than ome shot are usually combined for
each velocity computation., The significant :
point to be brought out here, however, is the -
| fact that sufficient data are available in re-’
cords obtained during every routine seismograph
survey to compute an interval velocity profile
beneath the seismic line. R

METHOD OF SIUDY

Interval travel time-depth rele:ionships of
wells drilled through sand-shale sequences, pre-
dominately Tertiary sediments, of the Gulf
Coast Basin along the Texas and louisiana coast
were studied. Additional data in limestone and
chalk formations of inland Cretaceous zone wells
of South Texas were obtained fop the stidy of
the effects of 1ithology on velocity. - Con-'
fiming data were obtained from wells in Cali-
fornia end Louisiana.

Interval travel time vs depth der.a from well
-velocity survey logs were plotted on logarith- -
mic paper. - Analysis of these cuxves determined
‘the significance of the variation in interval -
travel time due to discreet variables such as
degree of compaction, lithology, geologic age
or geographic Iocation, end abnormal pressure.

Abnermal pressure infomation was obteined - from
-bottom-hole pressure surveys, wireline forma-
‘ tlon tests and, in some instances, induction
and ‘acoustic well logs. Well velocity surveys
from 350 welle in the Gulf Coast Basin were
used in this study.  Of these wells 148 had
encountered abnormal pressure before reaching
:otal dept:h.

Bit: run records were analyzed for a large fum-

ber of wells in which velocity surveye were con-
‘ducted te determine correlation between drilling
rate and interval travel time, log-log plots of

‘| average drilling rate based on drillers’ re-

ported bit runs and interval travel time from
the velocity surveys wete made for each well
as a2 funcr.ion of depth.

VARTABLES AFFEC'I‘ING TRAVEL TIME

The affect of depth on velocigyfxgs lon ge gn
v have

tecoguized by yop hysicists,

generally agreed that interval velocity varies
exponentially with depth according to some power
law of the form: :

v = Klzn " . . L] L] L] L . * @ L) . L] * L] (1)
Whexe: V = Interval Velocity, Feet per Second
K3 = 'Constant
-2 .= ‘Depth in Feet

Or in terms of Interval Travel Time, T:
o= . 21
Tgxzznooo.v-ocnoooo'o (2)
Equations 1 and 2 describe a straight line on a
logarithmic plot where Ky is mumerically equal
to the interval travel time at a depth of omne
foot, and n is the slope. The power n has been
- proposed empirically by various investigators
between the values 4 and 17. 1In this study,
however, when data from sections containing ab-
normal pressure, intervals of an unusual amount
‘of shale, or formations other than sand-shale
sequences, were carefully excluded, the wvalue
n was found to be 4,

".lthe constant K3 ‘can be further expressed as
three independent factors p, 1, and a,

Or:

T = .".»-.»..‘...'-.' (3)

plaz
W'here:

P 1, and a are dependent, respectively, on
" pore pressure,’ lithology, and geologic age.

“Although Equation 3 was empirically derived
from data obtained mostly in one area, there is
no reason to believe that the same relation
should not hold in other areas.

Equation 3 is significant. Ic scates that a:
any given location in a sedimentary basin, the
interval travel time will normally decrease
linearly with depth when plotted on log-log
paper; the slope of this line will be 1/4. A
sudden change in any one of the constants will
manifest itself es a lateral shift in the line
sand will appear as an anomaly, Gradual changes
such as geologic age (constant &) would not
appear as an anomaly, but as a lateral shift in
the entire plot.

'EFFECT OF ABNORMAL PRESSUR.. g(:ONSTANT p)

- Gecphysicists have long been gware of low-veloce.

ity acomslies ir the fnterval velocity-depch
trend in certain areas, ¥For ipstance in the
well of Fig. 2, interpreters would have noted
that the interval travel times decrease in a
gtiormal fashiosn to about 8500', then bezin to
increase, 'rhe beginning of these "velocity
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~ | posed lines of equal pore pressure,

inversions" were observed to coincide with the
tops of certain formations, such as marine Frio,
Vicksburg or massive shale sectioms.

These inversions define zones of abnormal pres-
sure. Velocities are abnormally low because the
formations are. uncompacted, :

The degree of departure from a "normal" interval:
travel time-depth line is directly proportional
to the abnormal pressure. Fig. 3 shows this re- :
lationship. A transparent overlay of the lines
of equal pore pressure gradient (vartations in.
constant p) serves as a convenient means for
measuring ebnormal pressures from the interval
travel time-depth plots. To measure pore pres-
sures the overlay is placed over the plot and is
moved laterally until the normal pressure (9 1b/
gal equivalent pore pressure) line coincides with
the data in the normal pressure formations. im-
mediately above the velocity anomaly. Pore pres-
sure graedients are then read from the superim-

In Fig. &4
for instance, at 10,000', 18,6 lb/gal equivalent
pore pressure is noted.

Pore pressures so determined should be within 1.0
1b/gal of the exact pressure. Eowever, better
accuracy can often be achieved.

EFFECT OF LITHOLOGY (CONSTANT 1)

Shale, because of its characteristic low velocity
will produce an anomaly similar to a zone of ab-
normal pressure if it occurs in long intervals
(Fig. 5). Undoubtedly the interval from 3000' to
5000' in the Gonzales Co, well was abnormally
pressured at one time in its geologic history,
but drilling experience indicates that the pres-
sure is no longer present. These zones can
{usually be identified by their characteristic
apparent 14 1b/gal pore pressure reading.

limestone appears to compact at the same rate as
sands and shales, but follows a "limestone com-

| paction 1line" displaced to the left of and par-
allel to the "nommal" sand-sghale compaction line.
Dolomite is a harder, more demse rock, and usu-
ally transmits energy faster than limestone;
therefore it is displaced further to the left,
as in the Kendall Co. well, (Fig. 5).

Abnormal amounts of limy orrcnlcateous sands and
siliceous shales alsc decrease interval travel
times. In many arecas of South Texas and
Louisiana a section of calcarecus sand and shale
overlies deep abnormal pressure zomes. This
material shows up on the interval travel time~
depth profile as an anomaly of lesser interval
travel time. Thicknesses have been observed to
vary from several hundred to as high as 6000°,
Examples are shown in Fig. 6.

- wards the Gulf,
- travel times were located imland,

_same depth in which Well B, offshore Louisiana,

_Cretaceous and Paleozoic age (150 =~ 250 million

FRACTURE GRADIENT ESTIMATES FROM SEISMIC DATA

In example A such a zone occurs between 8000'
and the top of the abnormal pressure zone at
12,500'. . To measure pore pressures in such a ¢
case the normal pressure base line of the over-k
lay must be shifted to the left to coincide
with a new base line established immediately
above the abnormal pressure zone.

EFFECT OF GEOLOGIC AGE (CONSTANT a)

It was noted that the wells with generally
greater interval travel times were located to~-
Those with lesser jinterval
Intuitively
this shift from inland, older sediments, to more
recent, less compacted sediments closer to the
Gulf is expected, The lateral shift can be ob-
served more readily by noting the depth at which
the line crosses a given vertical reference line
such as the 100 microsec/foot lire, Thus a
broad measure of depositional age is the depth
at which formations of 10,000 feet/sec velocity
are found.

In Fig, 7 Well A, Nueces Co., Texas, penetrated
Lower Pliocene and Upper Miocene formatioms of
estimated 8 to 10 million years of age at the

found much younger beds. Slopes of the com~
paction lines for the two wells are the same,
but overall interval travel times for the -
Louisiana well are greater., The sediments have
had less time to compact.

Much older formations are present in Fig. 5.
The Kendall Co., Texas, well penetrated beds of

years). Note the depth at which we find beds
of 100 microsec/foot interval travel time -
1,000 feet, compared to 10,000 feet for the
Louisiana well, . The formation at 1,000 feet in
this well is therefore interpreted to be similar{
ly compacted as the formation at 10, 000 feet in
Louisiana.

A family of curves showing the relationship of
age of burizl to the interval - velocity - depth
trend in normal - pressure formations of the
Gulf Coast area established by this study is
shown in Fig. 8.

The most critical phase in drilling an gbnormal
pressure well {8 setting protective casing in 2
pore pressure which will permit the use of sub-
gequent higher mud weight without fracturing and
losing returns, Fracture gradients have largely
béen determined empirically. Experience has
shown, for imstance, that formations break down
undey substantielly lower mud weights, and thered
fore surface casing must be get deeper in Sout’
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Louisiana then:in'IExes., The lower frac gradient
in Louisiana is due largely to the lower over-
burden weight of the younger beds,

From a knowledge of the ovetburden gradient and
basic rock mechanics one can find the
frac gradient at a given location using the
relation:
Frac Gradient = K (Overburden Gradient - pore
- pressure) + pore pressure .(5)

| overburden gradient - Weight of the,ovetburden
acting on a formation at a.given depth.is a
function of average bulk demnsity of the rock and

the depth. Bulk densities of sedimentary rock .
are roug ¥iy proporticnal to their degree of com-
paction, _Since velocities also depend on rock

compaction, a predictable relation between bulk
density and velocity can be . expected, For in-
stance, in Pliocene - Pleistocene formations of
southern Louisiana (100 microsec/ft. interval
travel time at 9000' - Fig. 8) overburden gra-
dients would be low compared to those occurring
in older formations such as those found in South
Texas (100 microsec/ft. at 5000'), Figure 9
shows how this variation with depth changes with
geologic age. : :

Factor K 1is the effective stress tatio, end can
be estimated empirically from hydraulic fracture
data. It is the ratio of the effective horizon-
tal stress (computed from the instantaneous ‘
shut~in pressure after a frac job) and the ver-
tical stress (computed from the weight of the
overburden), Basically it is a function of an
elastic constant of the rock (Poisson's Ratio)
and long term deformation or creep which tends
to equalize stress in all directions, It is
quite possible that the latter effect will cause
K to vary not only with depth but alsc with
geologic a age, or location as rveported by Mathews
and Kelly.™ However, it is believed that over-
burden gradient, which is in itself influenced
by geologic age, is the controlling factor. For
the estimating purposes proposed. ‘here, the X
factor vs depth relation (Fig. 10) 18 aaSumed

to be the same for all areas.

ESTIMATING FRACTURE GRADIENT FROM SEISMIC DATA

4 To es:tmate fracture gradients. for a given Ioca-
tion first note the depth at which the seismic
interval travel time ~ depth curve crosses the
100 microsec/foot reference line. This will de-
fine the proper curve in Fig., 9 for estimating
the overburden gradient at that location. Find
K from Fig. 10. Compute fracture gradient from
Equation 4. . ; ' .

DRILLABILITY ESTIMATES FROM SEISMIC DATA

A3 a general rule, penetra:ioﬁ rate tends to de~
cline with depth., Primarily this decrease i3 2

-8z, increases accordingly.

~ As pore pressure, p,, increases under abnormal

_in physical strength properties.

‘speeds, adjustments are made in the estimates

result of increased compaction with depth, which
increases the mechanical strength properties of
the rock. As discussed previously, the compac-
tion force, which is the weight of the overbur-
den, acts on the rock end its contained fluids,
or

(5)

gzrrl:'s.z'.'pro:-.'----_uouce
where
'"§; = Total verﬁic31 1oad (gross stress)
8, = PRock frame stress
‘ po - Pore pressure .

As overburden gradient Sz increases with depth
and geologic age under constant hydrostatic
pore pressure conditions, the rock frame stress,
Drillability of -
rocks of a given lithology should therefore vary
generelly in accordance with variations in Sz,

pressure conditions, the rock frame stress, S.,
must decrease, thus an 1ncrease in drilling rate
results., .
Gross changes in lithology can be expected to
affect drilling rate because of the basic change

Fig. 11 shows that drilling rate decreases ex-
ponentially with depth and lithology in a man-
ner gimilar to interval travel time. The well
was drilled with constant bit weight and rotary
speed to 8,500 feet in sands and shales. A re-
duction in drilling rate was noted at the top of
the calcdreous sand and shale interval, followed
by & further reduction at 10,000 feet when rotary
speed was reduced from 140 rpm to 70 rpm. At
13,000 feet & sharp increase in drilling rate
signala top of ahnormal pressure.f

A study of similar data from wells drilled in
formations of different geologic ages resulted
in the series of drilling rate - depth curves of
Fig. 12 showing reduction in drilling rate with
depth a8 a function of location as revealed by
the interval :tavel time profile.

To {llustrate the use of this chart for predict-
ing potential drilling rate, two geismic inter-
val travel time « depth profiles are shown.
The seismic interval travel time profile ob-
tained at Location A intersects the 100
nicrosec/foot reference line at 2,000 feet,
Therefore drilling rate of a well drilled at
this lccation should follow line A-A', Similarly
2 well et Location B should follow line B-B',
At 10,000 feet, Well A should drill in 2 normal
and-ahale sequenze at the rate of 6 ft/hr and
Well B, 70 ft/hr, For other weights and rotary

a3suning direct dependence of drilling rate on
those two paramaters.
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Estimates thus made are only approximate, but
Lwhere no other data are availsble,

FIELD EXAMPLE - WELL B

A routine survey was conducted consisting of a
pattern of seismic lines running approximately
northwest-southeast and north-south (Fig. 13).
Shotpoints for the survey were spaced every 400
feet. For each shot, 24 geophone patterns were
located 400 feet apart along the line, starting
400 feet from the shotpoint and extending out to
9,600 feet. Two of these lines, 3-29 and 3-33,
helped define a deep-gseated structure with its
apex directly beneath shotpoint x65-1279 on line
3-29, ' ,

The structure was found to dip to the east toward
§line 3-33, a strike line running north and south

. | zon beneath 1line 3-33 is 400 feet downdip from
- jthe high point, Shotpoint x65-1279 on the high
point of the structure and on the dip line 3-29
was "selected as the location for Well B.

Information on the depth to sbnormal pressure and
maximum expected mud weight required to drill to
16,000 feet total depth was desired., Also infor-
mation concerning frac gradients was needed to
help plan the casing program,

Unfortunately, field records of the portion of
the line directly over the proposed location were
missing, so data were selected from seismic re-
cords about 3/4 mile down the line as shown. Due
to the steep dip along this portion of the line
and the presence of diffractions from a nearby
fault, good reflections sbove 11,000 feet at this
location were limited, EHence the excellent data
from strike line 3-33 are preseanted here, Con-
clusions substantiated the first survey but pro-
vided more detail.

Fig. 14 presents the results of the computations
‘made from the geismic record representing sub~
surface coverage from shotpoints x55-3889 through
%65-3905 on line 3-33, Each point plotted on the
curve is the average velocity for reflection

- Jevents at various times, The final interval
Jtravel time - depth profile obtained from these
data is plotted for 1,000-foot vertical incre-
ments in Fig. 15.

An engineering interpretation of the seismic data
of Fig. 15 was made as follows:

Abnormal Pressure - It was estimated that top
of the asbnormal pressure zone would be at
10,500 feet, With the calibration overlay
shifted to the left to coincide with the nor-
- mal formations immediately sbove the abnormal

should provide useful data for planning purposes |

along the flank. The contour of the mapped hori-|

CASING PROGRAMS
Well B was drilled to 16,050 feet.

pressure zone, it was found that formation
fluid pressure gradients equivalent to the
following would be encountered

Depth - Ft Pore Pressure - Lb/Gal

11,000 12.0
13,000 17.0
16,000 18.2

Drillability ~ The travel time - depth curve
‘erosses the 100 microsec/foot reference line
at 4,000 feet. Therefore from Fig. 10 it

" was estimated that, assuming 4,000 1b/in bit
weight and 150 rpm rotary speed, drilling
rate would gradually decrease from 70 ft/hr
at 4,000 feet to 14 ft/hr at the top of a
2,000 foot calcareous sand-shale interval

_beginning at 9,000 feet, Average rate *
through this 2,000 foot interval would slow
down to less than 8 ft/hr. At the top of
the abnormal pressure zone a marked increase
in drilling rate could be expected.

‘Fracture Gradients =~ The position of the com-
paction line with respect to the 100 microsec/
ft reference line indicates that the well
would be drilled in formations of estimated
lower Miocene to upper Eocene age (Fig. 8).
Therefore a surface casing setting of 2,500
feet should be adequate,

Calculations (Eq. 4) confirmed that the forma-
tions immediately below the surface casing
should safely withstand 14 1b/gal mud weight
while looking for the 12 1b/gal protective cas-
ing seat.

With protective casing set at 11,100 feet in
12 1b/gal pore pressure, the frac gradient
immediately bélow the casing was estimated'

Frac Gradient = .85 (19.9 -~ 12.0) = 12,0
= 18,7 1b/gal

Therefore unless trouble developed, a liner
would not be required to reach 16,000 feet.

COMPARISONS OF PREDICTED AND ACTUAL MUD AND

During come
pletion operations accurate subsurface pressure
measurements were obtained, Actual drilling
rate, mud and casing programs, and formation
fluid pressures are compared with the eatimates
based on seismic data in Table 1,

Fracture gradients measured during hydraulic
fracturing operations through perforations at
11,535 feet was 19,2 1b/gal, Measurexents ob-
tained during abandonment operations in open
hole below the liner seat at 11,640 feet showed
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a gradient of 19.7 '1b/gal, .The calculated
fracture gradient based on seismic data was
18.7 1b/gal at 11,100 feet and 19 S lb/gal at:
13,000 feet,

LD’IITA’I'IONS

The degree of accuracy demonstrated may not be -

experienced 1in all areas, " However, less accu-

racy may be ‘ddequate for planning purposes, for :|:

which the predictive technique 1is designed.
- Accuracy of the velocity computations depend

on quality of the original seismic records and

on careful data playback and analysis. 1In
general the more recent surveys using long
spreads and improved recording techniques are
superior, particularly where information at ex-
treme depths is required.

This method has been most successful along the
Gulf Coast, where ebnormal-pressure zones have
been accurately predicted at depths as shallow
as 6,500 and as deep as 12,000 feet. The
technique is limited to sedimentary basins in~
which the wvelocity changes with depth result
from compaction phenémena,

Other sources cf*iﬁfotmation, such as paleon-
tological data, log plots of nearby wells,
regional geology, and drilling experience in
the area should be used for comparison during
the planning phase, Density measurements of
cuttings, well kicks, penetration rate, tem-
perature measurements, hole instability, and
other indications should be watched while
approaching the pressure transition zone and
used to pick the exact casing depth tequired
for cptimum control.‘

1. Interval. 'i:‘ravél' time of seismic energy

decreases exponentially with depth in
normally compacted sediments. Any de-
parture from this normal trend is caused
by the presence of abnormal-pressure
formations or gross changes in lithology.

Methods are available for computing in-
terval travel time profiles from routine
seigmic data.

3. Engineering interpretations of these
seismic profiles have been used ex-
tensively and successfully to estimate
appreximate depth to abnormale-pressure
zoneg gnd magnitude of the fluid pres-
sures therein, and to obtain estimates
of drillability and fracture gradients.
4, The correlations presented in this paper,
aichough developed under Gulf Ccast

-...conditions, should be applicable in
any sedimentary basin, Use in off-
shore areas should be particularly

" rewarding.:
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COMPARISONS OF . FPREDICTED AND ACTUAL MUD AND CASING PROGRAMS

Surface Casing Set at
Top of Abnormal Pressure
12.0 ppg pore pressure at
Protective Casing set at
Liner Set at-
Pore Pressure Gradients

10,525 ft

11,100

11,306

12,311

13,000

13,565
Maximewm Mud Weight
Drlg. Rate at 4000 fc,

~ Estimated Accual,

2,500 ft 2,505 ft
10,500 10,200
11,100 ~ 11,000 -
11,100 - 10,875

-- 11,640

- "10.6 ppg |
12,0 ppg -

hated . 1408

- 716.6
17.0 -

- 717.3
18.1 718,2
70 ft/hr 76 ft/hr
14 ft/br 19.5 ft/hr

Drlg. Rate at S000 ft,
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ABSTRACT o
T— ) : " Uniform shale-water influx may -

In some cases, when gas is produced produce a straight line P/Z vs. cum~
from a geopressured reservoir, water ; ulative plot which represents gas expan-
will appear in quantity, oecasionally to " sion and water influx. This gives an

. the exclusion of all gas. If a reservoir erroneous in-place ‘estimate on the
I contained only gas, the P/Z vs. cumulative . high side. 1In some cases the shale-
‘ * production plot should be a straight line water influx varies with the pressure
‘threughout its producing life. Extrapols differential causing the P/2 vs. cum-
-ation to P/Z = 0 should indicate the ori~ ulative plot to be curved. Sometimes
ginal gas in place. In those cases where the drive is sufficient to equal the
water appears, this relaticnship may or effect of withdrawal. =
may not hold., Often the reservoir fails A , . o
~ to produce the calculated recoverable i Casesrwith presSure—depth ratios
reserve by a substantial margin. This from .5 to .9 are examined. ‘
margin may be water which entered the - . ‘
reservoir. : , '~ This condition has been called
: ) : : ‘ "retarded water drive', "partial water
. The Gulf Coast area contains many : drive", and the ‘like. ,Thz true source
~t§1ck sections of undercompacted shales of the water is the shale which bounds
with interspersed geopressured sand © the reservoir. This activity can be
lenses. When pressures within tb§3° anticipated and calculated if sufficient
:::s::m;:2tiﬁgugggczisg‘;nizggﬁgzegn" S infermation sbout the general conditions
! ' are known, - If not, the early pressure
by a state approaching equilibr%um. ls, history should give 2 strongyhgnt of
ngiitfzde:;eiiigm;;cﬁ‘:h: :;:::tinto the ultimate outcome, but in some cases
the space formerly occupied by the gas ‘ no accurate estimates can be made.
i ‘ and ultimately reaches the well bore,
References gnd fllustrations at end of paper.
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. INTRODUCTION

In this paper we are limiting our
investigation to so-called "volumetric" -
reservoirs; those having sandstone
porosity surrounded by shale, containing
gas, condensate, and salt water, all
under conditions which, at least in the -
beginning, exceeded a pressure-depth
ratio of .465 psi/ft. All examples are .
taken from fields in South Louisiana
and are of ages ranging from Oligocene
(Frio) to Miocene. We have included.
reservoirs which produced gas, conden-
sate, and varying amounts of water.-
Some produced 100% water, some lesser
amounts or no water at all; and the
most problematical of all, those in
which water influx is only suspected.

A column of sea water has a pressure-
depth ratio of .465 psi/ft. This is’
 considered the normal hydrostatic pressure.
Larger ratios require special explanations.
It bas just happened that the majority
of our cases have pressure-depth ratios-
of .8 plus. Only one case of .9 plus
was available, although there are others
in the area. Examples with much smaller
ratios are included to illustrate certain
points. We are concerned with the case
of the gas well which "watered out"

(100% water) but still had a substantial
amount of surface pressure. The very
low topographic relief in Louisiana
precludes any appreciable pressure "head"
derived from the elevation of the surface
outcrop of a sand. So, greater pressure
ratios require special investigation.

In an early phase of this study we
noted that several reservoirs went though
a more or less definite pressure drop
before salt water appeared with the gas.
This pressure drop was often in the
neighborhood of 1000 psi. There were
both variations and exceptions. The
expansion of that investigation has become
the basis of this report. Our attempt
o make a series of simple predictions
changed into & list of complicated

qualifications. The appearance of water
or its fallure tc appear in wells follows
a definite pattern of conditions which
we will discuss in the following pages.

In text books the flow of water into
reservoirs is termed "water influx" snd
Craft and Hawkins (1953) ir "Applied
Petroleum Reservoir Engineering” have a
chapter on the subject and numerous
references elsewhere. We guote:

"The water which encroaches' into
a reservoir upon a decline in
pressure may be due to one or
a combination of the following:
(1) artesian flow, where the
water-bearing strata outcrops
at the surface, (2) expansion
of water in the aquifer, (3)
expansion of known cr unknown
accumulations of oil and/or
gas in the aquifer, and (%)
compaction of the aquifer-
rock.”

The conceptvof the water coming from
the surrounding shale was apparently not
anticipated in item "(4)". We, (Wallace,

-1962) presented a paper concerning the

water production from abnormally pressured
gas reservoirs in which we were primarily
concerned with unuswal reservoir space
arrangements of gas and water, and the
expansion of dissolved methane. It

is interesting to note that we downgraded
the. effect of shale compaction as a source
of much water. Today we have reversed
our stand and feel that shale compaction
is a source of the majority of this water
with the mysterious origin.

Other references to shale as a
source of limited water drive have been
rare. Gordon Atwater (1965), in a paper
before the American Association of
Petroleum Geologists, questioned the
possibility of water from shale creating
a "partially effective water drive" in

'a gas field near New Orleans.

The writer has taken the opportunity
whenever possible to discuss with experi-
enced engineers the source of water influx
into abnormally pressured reservoirs.
Frequently the reply has been that the
water probably entered as a result of faulty
cement jobs, parted or leaky casing, com-
munication with other well streams, break-
down of geological barriers, such as
fault seals, and the like. Recently there
has been much new literature on shale
compaction and water escape as related to
drilling and casing problems. Compacted
and undercompacted shale have been related
to reservoir pressures through conductivity
and resistivity logs, density logs, sonic
logs, and the rates of bit penetration.
There has been very little tendency to
relate this and the poséible floods of
escaping shale water to the "water influx"
deseribed in engireering textbeoks. Of
course, much of this reported water is
sormally pressursd, even so, much of it
probably is compressed from shale.

{
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ABNORMAL PRESSURES

Abnbrmally pbessu;ed‘reservoirs have
been found in many of the oil and gas
provinces of the world. The list now

includes the following states and countries:

Louisiana, Texas, Arkansas, California,
Oklahoma, Wyoming, Pakistan, Trinidad,
north Germany, Burma, Colombia, Argentina,
. -Iran, France, Rumania, Venezuela, Algeria,
Netherlands, New Guinea, and Iraq. Two
fundamental papers on the subject were
by Dickinson (1953) and Thomeer and Bottema
(1861). Of outstanding merit are the .
papers of Hubbert and Rubey (and Rubey and
Hubbert, 1859).. This joint effort con-
tains a vast amount of observations and
deductions on cempaction, pressures, and
the behavior of fluids in subsurface envir-
cnment from a mathematical point of view.
It is unfortunate that this "gold mine":
of material should have appeared under -
a title including the words "Mechanics of

Overthrust Faulting". Most of the hasic
concepts are introduced or reviewed in
these papers. Engineers interested in

a broad study of subsurface pressures and
their causes should seek ocut these papers.

The sourceé of aBnorﬁalfsubéurface
pressures are usually attributed to one
of the following: .

1. The very rapid deposition qf
large quantities of sands and shales, with
shale predominating, may result in sand
bodies which are completely surrounded
by shale. As the compaction process
progresses, water from the shale will be
expressed into the available sands. Any
water unable to escape, is forced to help
support the growing overburden. This
increasing cverburden is the source of
the pressure. The lack of escape routes
for the water may be lensing of the sand
bedy, faulting, and impermeabxlity due
to mineralization or other causes. The
process of deposition is taking place
faster than the adjustment of the 1ncludedf
fl“ids . X RN i

2. Abnormal pressures are alsc
reported from areas of high topographic
rellef where the cutcrop of the pres-
sured sand iz at an elevation sufficient to
result,.n an artesian head.  This condition
.is veported in some of the clder fields :
of Iran, with pressure-depth ratios of
.8 and .9+,

3. A third category involves thick
g3 ceps in otherwise normally pressured
conditions. 3t is customary %o refer o
the pressures at the water/gas interfaices
tc aveid ¢onfusion on this point. :

4. There are other miscellaneous
causes such as reverse osmosis, (Young
and Law 1965) mineral decomposition,
release of water of crystalization
(Powers 1867) and others which we do not
believe have an important bearing on the
subject of this paper.

The exact number of abnormally pres-
sured reservoirs in South Louisiana is
not known. Accurate data has never
been compiled. Gordon Atwater (196S5)
made a rough compilation for producing

_ reservoirs from DT-1 Reports for December

1962, with the result that 11% were judged
to be abnormal out of a total of 2059.

The number of abnormally pressured reser-
voirs to be counted will increase as
deeper drilling continues.

SHALE COMPACTION

_Shales consist primarily of clay
minerals, which have small grains with

. flat or tabular shapes, with an unusual

affinity for water. The initial
deposition takes place as soft muds
with water contents ranging up to 90%.
As these muds are buried by more mud
and sand, a gradual compaction takes
place.. The mineral grains are pressed
into more intimate contact with each
other .and the water in the ‘intervening
spaces is expelled. . The quantity of
water expelled is ‘ultimately larger
in volume than the resulting shale.
The rock in the final stage has almost
100% mineral solids and . 0% water.
Inthe early stages the shale has

high values of porosity and relatively
high permeability.  The escaping water
flows to the channel of escape with
the least pressure, usually a porous
sand layer. Both porosity end per~
meability decline with increasing
depth of burial except when compaction’
is slowed by limited escape ‘conditions.
A firmly compacted shale has usually
been reduced by 50% in thickness at
about 5000', ell due to water loss.
Water-wet shales retain their per-
meabillity to water long after the
surfaca tensicn has blocked the
fur*her ga*sage of uadzssolved gas.

Ultimately a state of equilibrium
is reached, the pressures being apprex-
imataiy equal in all directions. This
state deperds on the availability of
ascape ro zes, ugually the presence
or absence of blanket sands, the type
cf alays present, and gother factors.
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In the compaction of sand, the
grains reach a stage of direct contact -
with each other almost from the begin-
ning. = Compaction of sand at this
relatively early stage is essentially
complete. Two more types of direct
porosity reductions may occur: (1)
the Forced rearrangement of individual
sand grains by extreme pressure, and
{2) the solution of the grains at the
points of contact. These require
high pressures, vast amounts of time,
or both. v .

Shale particles, although flat in-
general, have relatively "springy"
contacts with each other. The compac-
tion process takes place gradually over
a great range of pressures and other
conditions. In the early stages, the
grains touch lightly, if at all. Many
of the minerals are in the form of
stacks of thin sheets with layers of
oriented water molecules attached to
each sheet. [Each sheet is the crystal
surface of a clay mineral. We do not
feel that we have space here to enlarge
upon the details of clay mineralogy
and associated water phenomena.

It is fundamental to our explanation
to understand the relation of the dif-
ferent internal pore pressures. A col-
umn of sea water will exert an internal
supporting pressure of .465 psi per
foot of depth. The rock load, including
liquids, is approximately 1.0 psi per
foot of depth, thus the remainder .535
psi per foot of depth, is supported by
the direct contact of the minerals with
each other. This concept is explained
in detail by Hubbert and Rubey (1959).

If conditions are abnormal, and
this can occur in both directions, the
internal pore pressure may be either
greater or smaller. For example, most
of the cases reported in a later part
of this report originally had a pres-
sure~-depth ratio cf .8+ and there are
a few known cases of .%+. In the
case of the former, the load of 1.0
is supported .E by pore pressure
{fluid or gas) and .2 by the contect
of the rock minerals (€0% versus
20%)., In a depleted reservoir the
reduction in pressure may leave &
ratic of .3. Thus the support of
the pore pgressure is .3 and of the
minerals .7 (30% versus 70%). The
latter case may result 2n subsidence,
which has occured in many instances.

_occasionally occur.

A recent article by Marsden and
Davis (1967) reviewed the case of

" Goose Creek (Texas), Long Beach

(California) and others.  In general,
the withdrawal does not result in
any noticeable surface subsidence
although actual subsidence does

In the problem
being covered in this paper the
subsidence which would be applicable
would be due to water squeezed from
shale and the loss of thickness of
that shale.

. Shales surrounding abnormally
pressured aquifers and reservoirs

_ contain pore pressures of equal

abnormality. In theory, the com-

‘'paction process has been interrupted

or arrested at some time in the

past when the depth of burial was
less. Meanwhile, added loads of
sediment have increased the degree
of abnormality. Vast quantities

of water would therefore be avail-
able if the compaction process should
be resumed. ~This process may be
resumed if gas or water are withdrawn
from an abnormally pressured "volu-
metric" reservoir and associated
aquifer.

WATER INFLUX AND VOLUMETRIC RESERVOIRS

We are, in this limited case,
concerned with the water expelled-
from shale. We will consider as
"volumetric" those closed porous
sand lenses which will change little
in total volume with internal pressure
reductions of several thousand psi.
Textbooks contain corrections for the
compressibility of water, variations
in temperature and solubility of
methane in brine. TFor our purposes
we will neglect these and other well
known corrections, which serve to
improve the reliability of material
balance calculations. We are concerned
with water which comes in from outside
the sand body. ‘

Every square inch of the shale

_surface surrounding a sand body will

give up some water if the pressure
differential is large enough (Chilingar

and Knight 1960). When there is

withdrawal of gas or liquid, the

principal pressure drop is at this

shale-sand boundary. Any fingers or {
layers of shale between the sand

layers, or within the gross borders

of the sand body, will also give up
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water, being a part of the shale-
sand boundary. Thus the water will’

come from both the upper and lower
‘surfaces and from above as well as
. below the gas-water interface.  In
complex cases, the water may appear .

in unexpected places and not neces-
sarily as_an evenly developed rise

of the level of the gas~water ;nterface.
The individual complications of :
_interfingering may prevent complete =
.. gravity separation of the water... =

" This explains some cases of wells in
higher structural positlons which
watered-out.first. In the case of a
uniform blanket .sand of good permeability,
the water may accumulate uniformly and
. rise steadily as if flowing from beneath
.. the gas cap.‘ TR

; urPorosityuis the percent of space in a
-zpock, . In-effect it represents the percent i
of water filled space or available water.
.Pata on shale porosity are scarce inasmuch
-8s more. interest is pcinted at the porosity.
- of sands. However, recent interest in log-:
ging techniques, as applied ‘to reservoir

. pressures, has made much information avail-'
~-ables- "It has been-found that undercompacted
- shales, that is, shale with more water than’
~is normal for their depth of occurrence,
have the following characteristics or iden-:
tifying assocxatxons" n

: 1. Res;stzvity logs. register dow
resistivities, frequently .5 ohm/meter. or
less, Similarly, conductivity values .

often exceed 2000 millimhos, and on occasion
. exceed 4000 millimhos. . :

. 2.» Density logs report shale densitzes
, lower than normal for the depth.

3. Sonio or acoustic 1ogs give
a velocity 1nvers1on. -The velocity
-of gound in shale is 1ess than normal.
.. for the. depth.

u. The high water content of

- undercempacted shales permits faster

drill bit penetration. -These "water-
logged” shales are notable fer high
speed bit penetration, dramatically
‘differert from the rates for normally
coapected shale.

5. The pressure~depth ratio of a
reservoir {s cften known. This number
is directly proportional ‘to the.watar
content of the shale. Underpressured
_ reservolrs are sometimes found, most
_baing the result of hydrocarbon or =

water withdrawal. Shales adjacent to

iones'vitﬁAiowered pfeeéubesAare un-
doubtedly unuerg01ng active adjustment._

The prev1ous five categories 1nd1cate
five sources of quantative data on water
available to be forced- from shale into
an aquifer.

The volume of water to be expected
is further related directly to the
areal extent of the aquifer and reservoir
combined, including interbedded shales;
more precisely, the area of the shale-
sand boundary which we have mentioned
earlier. This area is the "cross
sectional area of the rock", a part of
Darcy's Law (Craft and Hawkins, 1959,
p.259). - It follows: that a quantity of .
gas contained in a porous sand with.

“the minimum shale boundary area will,
-when withdrawn, develop only limited

water production. . A case of this type.
will be described later. If the gas
reservoir is of modest size and the
aquifer: is extensive as to the shale
boundary area, a water influx condition
will develop almost immediately. Craft
and Hawkins (1959) state that an

aqulfer 99 times larger than the reser-
voir will act as if of infinite

‘size.” They were referring to water

compressibility and other factors.

This probably is true whether the
aquifer is normally pressured or not,
We have examples in the "Cases"

section of this paper of several abnor--

_mally presSured, productive gas reser-
~voirs in which the reservoir pressure
" has become stable. One must conclude that -

the rate of gas withdrawal is precisely equal
to the rate of water influx. These special
cases are examples under which a quantitative
measurement of exact cond;tions of influx

can be made.

There 2re many instances in which

-~ the aquifer limits cannot be determined
" because of leck of data. We have, in

many cases, suspected responsive water

" influx because of the ‘very low slope -
‘¢f the P/Z vs. cumulative plot, when:
“yiewed in relation to geolegic limi-

T¢ tations of the reservair, A comparision

of ‘the ‘gaclogical dimensions of the
reservoir gpace will make possible a-
measuremert of water influx from the

: fmater‘al halance computations by deduction,
- 3.e., the difference. Thers ave cases of °

reversal of sicpe and variosus irre-

gularities. The wrirer belleves that
shale-water Influx is preseat in more
cases than is usually recognized and

“most, 1f not all, of the "Cases” cited.

One solution would be to put & precise
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pressure recordzng 1nstrumevt in the
reservoir and leave the wells shut in
for an extended period sufficient. to
measure the pressure increase due

to shale-water influx, A device which .
recorded one static pressure daily would
probably serve, Unfortunately, the
shutting in of gas wells for an extended
period creates many problems, economic .
and otherwise.  This would be analogous
to the wsll "buildup tests" of much
shorter duration. -

- There is a comment, often made, of the
production behavior of the abnormally pres-.
sured "volumetric" gas reservoir,:to the
effect that it is only necessary to "get
a straw in the barrel" to receive a fair
share. It is generally supposed that water
encroachment does not actually take place
in a "volumetric" reservoir. It cannot
by definition. It is the basic theme of
this paper that under certain conditions
it not only can, but does. -We will give
cases covering this point later.

An important point is to consider
whether a reservoir has or has not been
drained completely, when the single well
or all wells make 100% water. Several
such cases are described later. For
example, a well begins to -produce gas and
condensate from a reservoir of unknown
dimensions. The perforations are above
any known gas-water interface. Time
passes and salt water begins to appear.
The gquantity gradually increases, to say,
100 barrels per day, while the gas-water
ratio gradually changes. Continued
flow reaches the point of salt water.

What is the status of gas and fluids
in such @ reserveir? VWe interpret the situ-
ation as follows: (1) gas has been withdrawn
reducing the volume of the gas cap, (2) shale
water influx has occurred to the extent that
the gas-water interface has risen to, or
slightly above, the highest working perfor-
ation, (3) a gas cap will be present above
this gas-water interface, (4) the gas cap
will be reduced in pressure to equalize at
the gas-water interface. How much gas re-

mains? The answer is a "gas bubble" of
known pressure occupying the reserveir
“"head rocm" abeve the highest working per-:
foration. Part of this "bubble" will have.
already been preduced by gas expansion. If
the single well is low in the regervoir, 2
significant amount of gas may remain, if

~ the single well is kigh structurally, there
may be no gas left. Only geological dats
or additional walls can get the answer.

.Appendlx.,

' straight slope.

“are striking.’
‘the charts are plotted for two.values of

MATHEMATICAL MODELS

Bruns, Fetkovich, and Mietzen (1965)
have prepared a series of diagrams showing
the relation of P/Z to cumulative gas pro-
duction with varying degrees of water
influx. One series was prepared for gas
reservoirs with infinite aquifers having
varying water encroachment. Another
series was prepared for gas reservoirs
having finite aquifers with various sizes,
permeabilities, and water compressibllxtxes.
We have reproduced some of these in our
Pressures range downward from
The unaffected P/Z plot has a
Increasing degrees of
water influx range upward to complete
pressure maintenance.  In the case of the in-
finite aquifer, the intervening plots show .
various degrees of bending, all concave up-’
ward. The resemblance to some of our cases:
For the finite aquifer cases,

5000 psi.

water compressibility (3-x 107 ~6 1/psi and

'30 x 10~6 1/psi), a range of three values

of Ra/Rr (R=radius; a=aquifer, r=reservoir)

of 1.5, 5, and ‘10, and for aquifer permea-
bilities ranging from 1 to-10,000 millidar-
cies. All of these plots: exhibit straight
lines or some degree of downward, concave cur-
vature. Only one of the cases given in this
paper shows such curvature.

It is interesting to speculate on the
effect of both of these conditions in which
the water compressibility causes 2 downward
concave curvature and water influx alone
causes a concave upward curvature. - It is
likely when both apply equally that a
straight line P/Z plot would result, which
would give a completely misleading appear-
ance. In our Cases we have ignored water
compressibility effect but it is undoubt-
edly present to an unmeasured degree.

In our Cases with extreme upward
concave curvature, the effect of water com-
pressibility has been overshadowed by very
active, dominant shale-water drive.

In the mathematical models, the Ra/Rr
relationship bears some resemblance to our
speculztions on the size in area of the
sand-shale interface of the combined ;
aquifer and reservoir as a scurce of water
and the gas reservoir in terms of its effect
on pressure decline during withdrawal.

IN_PLACE ESTIMATES - DISCUSSICN

“Chieriei, Pizzi, and Ciucei (1967) {

reported on 5 gas fields in the Fo River
Valley of Italy, which had a corbination
of “partial water drive" and gas expan-
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.sion drive. The initial pressures ranged
from 1818-2630 psi. We cannot find any
~depth or indication of abnormality. SO
we assume that these reservoirs are nor-
‘mal in pressure. The problem is quite
clear in this paper, which points
out that when an unknown-quantity of -
water is entering a gas reservoir during
production, the estimation of gas in
place from reservoir behavior is hazardous,
to say the least.A : :

o ‘tn William Hurst’s discussion of

" this paper, the P/Z vs. cumulative plots
‘were prepared in a manuever similar to
the ones which we have used. His plots
are straight and give no clues as to
water influx. .In the field, the story
developed differently. A later tally
shows twenty-nine wells have been watered
out and abandoned with the reservoir
100% flooded with water. Three other
fields are reported to have the reser-
voirs flooded to variocus amounts, ranging
from 35-50%, 65-85%, and 60-80%. Al-
‘though the plctted data gives d straight
line, such & line is no proof that a
water drive is absent.

In the cases which we have presented,
‘the straight, or near straight-line plot,
is the rule rather than the exception.
Although we do not have proof of water
influx in many cases, we do in socme, and
are very suspicious of the rest.: -

“As far as we are concerned, it is
impossible to make a veliable.estimate :
of gas in place from the production’
history alone, inasmuch as a straight
line plot does not give a clue to the
presence or absence of water influx. -
In gome of our cases the water has not
been able to reach any of the wells and
arouse cur suspicions, :

In theory and with good permeability,

- line P/Z vs. cumulative plot regardless of
the withdrawal vates.. We have assumed that
-the peservolr pressure, when measured, had
*had the opportunity to equalize. In some
‘of our cases the rates if withdrawal have
‘been very uniform, as is customary. In a
few cases the rates have varied and so has

the plot. It seems evident to us that gsub-

firm the pressnce or absence of water
“influx. Ag we have pointed cut elsewhere,

a horizontal P/Z plot must indicate a water
influx rate equal to the gas withdrawal rate.
If tne originzl and current reservoir pres«
sures sre known, then the pressure drop
required to produce & known water dellivery
32 known., The initial reservoir pressure

the material balance should give a straight -

stantial variations in the rate should con-

“have ratios of .6 plus.

"when the wells are gas productive.
. water is produced in quantity, the surface
‘pressures are useless.

.8 single phase with the gas. _
‘which we are reporting is the salt or con-

represents a no water flow condition, thus .

- two points-on the water influx vs. psi curve
.are known. :

In the case of the larger -
aquifers the relation is probably linear.

CHARTS AND CASES - INTRODUCTORY REMARKS

In the section which follows, we have
included a number of cases covering the
productive history, partial or complete,
of reservoirs which have a bearing on our
subject. The number of each case is in-
dicative of the pressure-depth ratio of the
earliest measurement. For example numbers
8a, 8b, etc. have ratios of .8 plus; 6a, 6b,’
Pressures are given
on the left side, cumulative values acress
the bottom, and years are recorded on the
right. A solid line on the right hand side .
gives ‘the annual production of salt water by
calendar years. This is ‘not cumulative.
Estimated values are so noted. In some
cases water production is given for fraction-

al years.

* The Cumulative productzon is in standard

‘cubic feet, plus the barrels of condensate

at a fixed ratio of 1 mef per barrel. We
have taken an author's liberty on some
matters. Known cases of communication:of

reservoirs have been adjusted.: In the case

" of numercus pressure points close together,
‘we have plotted them as one.
suspected of being due’ to insufficient shut-

Low readings,

in-time, have been omitted. We have used

“gupface shut-in pressures,” in several cases,

to help estimate static bottom hole pres-
sures. - We believe this to be reasonable
-When

We have used sur-
face shut-in pressures, also, when wells

are 100% water productive. Strangely enough,

'many “such pressures go unrecorded.

‘We distinguish between salt water pro-

.‘duéed with the gas and fresh water recover-

ed by the low temperature separation equip-
tent. The fresh water we assume to be in
The water

nate water. We a&re aware that water mea-
surements in the field are indeed crude.
Much of the reported water {s estimated

and may irclude fresh and salt water. " These
errors, we belleve, are not critical to our
conclusicns. The “£irst water" reported

is, as well as we are able to judge, the

‘First sizeable quantity of salt water to

appear, usually after monthly veports of
one to five barrels of fresh water per mil~
lion cubic feet of gas.

- €9
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" We have chosen to leave the cases un-
identified. A number of companies have gen-
erously contributed data to this study with
the understanding that the locations and -
field names would not be published. The
response to our requests for assistance have
been most friendly and cooperative.,

- Note that the "Cases" are presented
according to pressure-depth ratios in as--
cending order by groups, i.e., .4+, .5+,
.6+, .7+, 8+, .S+, :

CASE ba (Fig. 1)

From three wells this reservoir has -
produced -over 20 billion SCF of gas in ele- .
ven years. It does not qualify as an ab-
normally pressured reservoir, inasmuch as
-the .initial pressure has a ratio of .457
psi/ft. of depth. - On the other hand, it
shows ‘evidence of being "volumetric” but
with gas expansion as well as shale-water
‘drive. Two wells are located well up in
the 200' gas column and 2 third has its .
lowest perforations approximately 12' above -
the initial gas-water interface. The three .
wells were salt water free during the pro-
duction of a cumulative of 17 billion.SCF
of gas before water appeared in the:lowest
well. Reservoir pressure decline at that
time from initial pressure was 1250 psi. .

There is enough subsurface data avail-
able to get an idea of the size of the gas
reservoir and its configuration. It has
been possible to estimate the amount of water
required to encroach vertically 12' to the
lowest perforation. If we assume 100% re-
placement of the gas, the volume of influx
water would be 1.5 millicn barrels. This
could equal 2,25 billion SCF in reserveir
space. These rough figures could change
the slope of the P/Z vs. cumulative plot
from 52 P/Z per billion to 59 F/Z per bil-
lion, a not inconsequential reduction in
the estimated recoverable gas. The reser-
voir area is estimated to be 1300 ac., the
aquifer 3000 zc. for a total of 4300 ac.

The water influx has been quite even,
as has the rate of withdrawal, and the in-
flux has been unable to equal the with-
drawal rate. This is for at least two
reasens: (1) the shale is normally com-
pacted -for the depth and initial reser-
voir pressure, and has already given up
wost of the available water and (2) the
actual reservoir pressure drep has only
been 15C0 psi (bottom hole static) during
the prodyction of 20 billion SCF. Water
encroachment in this reservoir will not
be able to catch up with all ¢f the three
wells before reaching the esonomic limit of

flowing pressure.

'CASE Sa (Fig. 2).

This gas-condensate reservoir has pro-
duced 6 billion SCF in a.period of & years
from a single well. The reservoir had an
original pressure of 6550.psi (.555 pressure-
depth ratio).  In a very short period the
pressure dropped to 5700 psi. All of the’
subsequent measured reservoir pressures
have been either 5700 psi or 5800 psi.

In effect, the pressure dropped to a level
and has remained the same or has been slight-
ly greater. The first salt water productlon
followed immediately after the 850 psi drop.-
Water production increased to the year 7-8
and has declined. To some degree this de-
cline may be related to the slight decline
in the annual production rate. .

The lack of measured reservoir pres-
sures reflects the hesitancy to shut in a well
which is producing water. Considering the
reservoir pressure relation to hydrostatic
water drive gradient this prudence is just- .
jfied. Presently it is not known whether
the pressure-depth ratio is below .u465 or not.

The question of interference from leaks
or communication with a normally pressured
aquifer can be raised. This well is a dual
and the other reservoir is presently sub-
stantially below normal so communication
with it can be ruled out.

We are without complete proof, but in
our opinion, this reservoir is limited by
faulting. - We suspect that it has an aquifer
many times larger in area than the gas reser-
voir which has already produced more than was
originally expected, Water drive of some
type is undoubtedly present. We estimate
a reservoir of 160 ac. and an aguifer of
4100 ac.

CASE 5b (Fig. 3)

This gas-condensate reser&bir has pro-

“duced almost 100 billion SCF of gas and 1

millfon barrels of water. Only one well is
still producing.  We have taken scme liber-
ties with our chart, in particular, we have
‘eliminated low resarvoir pressures, which
appeared to be the consequence of low per~
meabilities and ghort shute-in times, and
‘several other inconsistencies.

The original pressure-depth ratio of.
.547 was not far above normal. The pre-
sent reservoir pressure is below 3200 psi, =
drop £rom an original prassure of 5300 psi.
Water appearsd at a very =arly date and
increased to the 1i0th year. The decline
after ths 1lth year is a veflecticn of sev-
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eral wells which watered out.

Well control in this field is adequate
to determine a total aquifer plus. reservoir °
of 12000 ac. "boxed in" by faults. The
lack of leaks into the 2000 ac. reservoir
is proven by the current low reservoir pres-
sure. Any leak into the reservoir would
_"create a pressure increase. : .

" The plot of P/Z appears to be a clas-
sic example of gas expansion drive associ-
ated with a "volumetric" reservoir. In
fact, one million barrels of water have been
produced and a material balance calculation
using recovered products, pressure decline,
and calculated reservoir volume indicates

- a water influx of 30 billion barrels (in-

- eluding the 1 million which reached the
“‘surface). A shale-water drive developed but
‘it was never able to challenge the rate of .
withdrawal. The low original pressure-

" depth ratio of .547 indicates an almost
~normally compacted shale with little water
remaining to be squeezed out, despite the

very substantial drop in reservoir pressure.

CASE 6a (Fgg. u)

This reservoir produced a total of 5§
billion SCF of gas, approximately 4.4 billion
before .any salt water appeared. At the time
of abandonment the well would flow a stream
‘of 100% salt water with 250 psi. The total
productive life of the single well was 2%

. years. The initial pressure-depth ratio

- was 637 psi/ft. The P/Z vs. cumulative
‘plot consists of three measured points in .
a straight ‘line, “An estimated point, based
on'a 100% column of 79,000 ppm. chlorides
salt water (datum 12110'). gives a value
‘¢lose to, or slightly higher than, that
recorded when approximately 3 billion SCF
had been produced. This data suggests that
the reservoir pressure drop from 7700.psi
to 5800 psi was sufficieat to develop a
shale-water influx equal to the gas witb—
drawal rate.

The projection of the plot to an
econcmic limit indicates a recoverable
- total of 15 billion SCF. The role of
-shale-water here is quite evident. .
Although the well *watered out" clocse to
- a ratic of .k65 psi/ft. cf depth, it was
‘ot "rilled" completely but would flow 100%
salt water, removing most of the suspicion
of communicaticn with 2 normally pressured
aquifar, -

‘The reservoir and associated aguifer
er2 bounded by fauits, but the exacr dimen-
_sions are not koswn., Nor Is it known wheth-
er gny ga< cap rexalned unrecovered above

“only temporary.
" servoir pressure (and-the P/Z) between cum-

"Hu-SQ

the highest perforations."lf so, it had
been reduced in pressure by gas expansion
to a pressure ratio of .468 psi/ft. of depth.

.. -Our guess would be that a 200 ac. gas
reservoir was associated with an aquifer
4-6 times larger in area.

CASE 6b_(Fig. 5)

This reservoir has produced 32 billion
SCF of gas and 1.14 million barrels of water
from 4 wells in a period of 8 years. The
original pressure-depth ratio was .690, not
extremely high. Water production for each

. year is shown in the-lower right part of

the graph. The variations in water produc~
tion represent a series of recompletions:
intended to shut off the water from several.
sand stringers. Water reduction has been
The irregularities in re-

ulatives 15-25 billion are related to var-

" iations in water productxon and rate of

gas w;thdrawal.v

In this case the influx of abnormally
high pressure water is difficult to ques-
tion. It seems clear that the period of

reduced gas withdrawal in year 3-u4 resulted

in practically an aquilization of water
influx and gas withdrawal rates during year
Resumption of increased water pro-
duction caused a subsequent decline in
reservoir pressure. - From this example it

-may be inferred that controlled variations

in withdrawal may make possible better quan-
titative calculations of ultimate recovery.

Geologic data suggests the following
dimensions: sand thickness average net
32¢, gas reservoir area 1600 acres, aqui-
fer size not known.

‘This example gives a suggestion that ‘

‘a time delay is involved in the reaction

to change of rate of withdrawal of gas and

_ water.

CASE 7a (Fig. 6)

' This reservoir produced approximately.

900 million SCF of gas in a period of less

than two years without preoducing any salt
water. The initial static bottom hole pres-

_sure was 8585 psi, a pressure-depth ratio
" of .769 psi/ft.

The single well was-aban-
doned with a surface pressure of 590 pei
after a gas compressor was used to reach

.pipe line pressure during the final stages.

It is our opinion that this tiny reser-
voir, in & stray sand, had no aquifer of

.consequence associateu with the gas reser-
volr,

Thus there was l-ttﬁe o,pcﬂtun‘ty ‘
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for shale-water drive to develop. The
overall shale surface of this reservoir
was probably small, :

‘It is noteworthy that the P/Z plot
does show a slight, but definite, upward
swlng indicating that the extreme reser-
voir pressure drop of 6500 psi did start
some shale-water influx.

.CASB 7b (Fig. 7)

. . This reservoir has produced almost 8
billion SCF of gas in a period of 2% years
without -the appearance of any salt water
in the single well, Shut in surface pressures
help to supplement the dearth of bottom-
hole-static pressures. ‘

- On the basis of the pressure data and |
productive history but no geologic data it

is impossible to guess the recoverable gas from

this reservoir. A reduced withdrawal rate
may help determine definitely the rate

of shale-water influx. We presume that
water influx is giving the P/2 vs. cumu-
lative plot a misleading slope.

From subsurface geology the reservoir
has an estimated area of 625 acres with a
'gas column of S0' and a sand thickness of
85' (gross). -As usual, the associated aquifer
cannot be accurately defined except to say
that it has an area of 1250 acres, minimum.
The withdrawal rate of approximately 3 billion
SCF per year has been greater than the assumed
rate of shale-water influx.

CASE 7c (Fig. 8)

This reservoir has produced 15 billion
SCF of gas from two wells in a period of
¥ years. The reservoir pressure has de-
clined from 9600 psi to 8250 psi. An early
pressure of 9850 psi was measured but may
be inaccurate. Fressures such as this one
are often noted and represent either an
. early decline of several hundred pounds or
an error in measurement,

The gas sand iz approximately S50' thick
(an average of 25' net gas over 600 acres)
and covers an area of approximately 600 acres.
The assocciated aquifer is boxed in by
faulting and covers an additioral 5000 acres,
for a total of S60C acres for aquifer plus
reserveir,

If one gives & genercus 2.5 millien
SCF of gas per acre foot, a rough estimate
of gas in place would be 25' x §00 acres x
2.5 niilion SCF = 37.5 billion SCF. During
the p*cduct.cn of 15 billion SCF the drop
has been rsm 7¢9¢ 2/2 to 6550 P/Z or 30
Fs2 per billion. This would give 2 pro-

jected estimate of 233 billion SCF of gas
in place.

Although no water has appeared in the
wells, we feel that an active shale-water
1nf1ux is cancelling 60% or more of the
pressure drop which would be due to gas
withdrawal.

Abrupt changes in wifhdrawal rates should
give some measure of the water influx and
the time delay in response, if any.

CASE 8a (Fig. 9)

This 'is one of the larger gas condensate
reservoirs, having produced more than 200
billion cubic feet of gas in a period of 1l
years. The initial reservoir pressure was
estimated to be close to 12,000 psi with a

"~ datum of 14,400' or a pressure-depth ratioc of

.821 psi/ft. The present reservoir pressure
is approaching 7000 psi. This is equivalent
to the pressure-depth-ratio of .465 psi/ft.
Approximately 130 billion SCF were: produced
‘before any water of consequence was noted
and the amount was almost insignificant.
Definite quantities of salt water appeared
after 190 billion SCF were produced but

the amount is not large at .present, being

50 barrels of water per million cubic feet
from one well and 20 from another.

An unknown quantity of gas was lost in
blowouts in the earliest days of discovery
and development, ail prior to the period of
settled production covered by the P/Z vs.
cumulative plot. The extension of this plot
to zero reservoir pressure indicates a quan-
titiy of gas in place far in excess of the
geological estimate of reservoir space.

For example, the late slope indicates a
drop of 62.5 P/Z per billion SCF. At that
rate and at a 2000 psi cut off point the
reservoir is due to produce a total of

890 billion cubic feet of gas or 222.5
million cubic ft. per acre. Inasmuch as
this exceeds the actual space by a large
excess, we assume that a large but unknown
quantity of water has come from the sur-
rounding shale.

The approximate gas/water ratio of
areal extent of aquifer to gas reservoir
is believed to be 1:2 (4000 acres of reser-
voir/8000 acres of aquifer). The water
influx is actively cancelling & signifi-
cant amount of the pressure decline, but
is incapable of equalling the withdrawal
rate of gas, although the pressure loss
is now a2lmost 5000 psi (original reservoir
pressure 12,000 psi, now approximately
7000 psi). The large pressure drop is
directly across the face sf the shale
which is surrounding the aquifer and res-
ervoir. The water has enly encroached
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sufficiently to reach the -lowest wells.
Water is not being delivered in suf-
ficient quantity to drown the reservoir
prior to recovery of most -of the gas by
expansion drive plus shale-water drive.

A high per cent of recovery is predicted.
On .the other hand, the - shale-water influx
may cause an error - in calculations of
ultimate recovery of roughtly 1/2 of the
amount indicated by the P/Z versus cumu- -
lative plot. iy R

CASE_8b (Fig. 10)

This reservoir was abandoned after pro-

duction of nearly 6 billion SCF by two wells,
. Both eventually watered out but had substan-'

tial surface pressures when 100% water pro-
ductive, We have been unable to obtain a
record of these final pressures. We would
guess a residuyal surface pressure of 1000-
3000 psi. The first salt water appeared
in cne well after a total reservoir pro-
duction of gbout 2,5 billion SCF.  Water
appeared in the second well shortly after.

' The production versus time plot shows the

~ gradual increase in daily rate until the

water appeared and the reduction of rate
as the water increased. There were no

bottom hole static pressures taken during

the period of water preduction.. Lack of

‘information during this period is typical

of the concern over "killing" a water pro-'
duc;ng well. ,

"The high initial pressure—dépth ratio

‘of .847 psi would indicate an availability

“limited size to the aquifer is indicated

- more rapidly than the shale-water could

-the pressure can be dropped quickly.
- & larger gas cap the drop would have bean
- less.,

“is not yet cumplete,

of abundant quantities of shale-water. ‘A
by the rapid reservoir pressure decline.
The sand is about 65' thick and the reser-
voir covers slightly less.than 500 acres.
The pressure drop of 1350 psi is related
to the fact that the gas cap was removed :
respond. We would guess that the aquifer
occupied adout 4,000 acres (ratio 1:8).

- This is analogous to bleeding down a

small gas pocket in casing. The gas, if
very limited, can be removed much faster
than the water Influx can replace it and
With

- There is not sufficient information
to determine if at any time the shale-

- water imflux and gas withdrawal rates ware

equal, but it is very unlikely.
CASE 8¢ (Fig. 11)

The productive hisgtory of this resarvoir
In a period of tan
years, 21 biliion SCF of gas have Deen pro-
duced by 3 wel.a.' The ressrvoir pressure

. has been reduced from 17,200 psi o 9650

. the chart.

psi during the production of 11 billion
SCF. No bottom hole static pressures have
been taken later due to water production.
Of the three wells only one makes water.
This began after 6.2 billion SCF had been
withdrawn.

-The P/Z vs. cumulative plot shows remark~
ably little decline. This is assumed to be due
to a readily(responsive source of shale-water.
Note that the current bottom hole static pres-
sures are 4000 psi greater than normal artesian
gradient and a pressure-depth ratio above .8
psi per ft. probably still prevails.

It is impossible to estimate the
quantity of recoverable gas without a

‘measure of the rate of shale-water influx.

This might be determined by a period of
reduced withdrawal to reach experimentally
a gas withdrawal rate equal to the rate

of water 1nflux.'

The reservo;r appears to occupy 1000
acres with a gross sand thickness of 100'.
Water showed up in the 5-6 year of produc-
tion and is increasing.” But with the cur-
rent pressure no well has died. The water
which has been produced is evidence of shale-
water influx. The sustained pressures in-
dicate the influx of a substantial amount
of water whlch remains unmeasyred.

CASE 8d (Fig. 12)

© Only two bottom hole static pressures -
are available, giving pressure-depth ratios .
of .875 (initial) and .868, Seven shut in
‘surface pressures have made possible estim-
ated bottom hole static pressures ghown on
- Pressure decline in this reser- .
voir has been slight considering the 7.5 -

~billion SCF produced in & period of almost
- &5 years.

‘No salt water has appeared and
only .9 barrels of fresh water per million

SCF of gas has been reported.

The shale-water influx has been very res-
ponsive, apparently from the first day of pro-
duction. A material balance of water influx

_and gas withdrawal has existed almost from the
‘earliest production.

The .875 pressure-depth
ratio indicates readily available shale-water
subject to sufficient shale area. The geolo~
gical data indicates a gas reservoir with an

. area of approximately 3E0 acres, and aquifer

area of approximately 1450 acres or & ratic
of l:4. 7The reservoir and aguifer are limited
in ell directions by faulting. The gross sand
thickness is 150" ard gas column is approxi-
mately 200'.

Thae ccmbination of pressure-: epth
ratio of .875, aguifar plus gas Teserveir

of'153ci acres, and reservoir prassure
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drop of 100 psi apparently joined to
supply water from the shale at almost
the exact rate of gas withdrawal,

CASE 8¢ (Fig. 13)

- Two wells have produced 14 billion

SCF of gas in a period of 3 years. No’
salt water has appeared but the history of
the reservoir is not complete. Basic pres-
sure data is limited to two bottom hole -
static pressures. The initial pressure-
depth ratio was .88l. This is one of the

~ highest of which we have data avallable for
this study.

In addition to the very high pressure-
to-depth ratio, the production history in-
dicates a stabilized pressure (surface shut-
in) during the withdrawal from a cumulative
of 10.2 billion to 13.1 billion SCF. "To’
clarify, the reservoir space being drained
of gas was being filled with an equal vol-
ume of influx water; thus the reservoir
pressure has remained constant.

‘The P/Z cumulative plot will not truly
reflect the quantity of recoverable gas
unless the rate of water influx is known.

A reservoir pressure decline of 900 psi was

_ required to achieve stable and equal igflux
and withdrawal conditions. - In this case the
monthly withdrawal rate has been unusually
uniform. We feel that the achievement of
stable pressures is proof of active shale-
water influx.

From the geological data the gas reservoir
is estimated to have an area of 800 acres
while the aquifer has an estimated area of
1700 acres. The gas column exceeds 200' in
a sand with 2 gross thickness of 30'. The
water free condition, to a degree, is due to
the high position of the perforations above
the water/gas interface and to the limited
size of the aquifer. The total area of
2500 acres is completely "boxed in" by faulting.

CASE 8 £ (Fig. 14)

The production from this reservoir has
reached 38 billion SCF with the end not
quite in sight. Our productive history
covers 15 years and § wells, not all pre-
ducing at the same time. The exact time
of first salt water production is got known
but.the earliest well watered out when the
the reservolr had produced about 19 billien
SCF. In plotting the reservoir static
pressures we have eliminated low pressures
in wells having low permeabilities.

The plot of P/Z vs. cumulative shows
ne cbvious effect of shale-water Influx
althcugh the produced water indicstes that

" water is entering the reservoir while the -

reservolr is 1000 psi.or more greater than
the pressure/depth ratio of -.48S. :

For ‘a number of years it has been sur-
mised that the geologv of the area could
not be made to accommodate & gas reservoir
of the size indicated by the P/Z cumulative
plot. At this stage the remaining wells
face a watery grave after a brief perzod of
additienal production.

As will be noted, the rate of water

“influx never approached the gas withdrawal

rate although production declined in the
late years. The aquifer is believed to be
of a size 3 times larger than the gas re-
servoir ( 1700 ac. aquifer, 800 ac. gas).

CASE 8g (Fig. 15)

The behavior of this gas reservoir
caused the initiation of this project when
the well had a residual surface pressure of
3500 psi with 100% salt water production.
Because of the mechanical problems no bottom
hole static pressures were taken. A number
of shut in surface pressures are available
and from these bottom hole static pressures
and P/2Z have been estimated. The original
pressure~depth ratio was .8u47. @ Salt water
appeared after the production of 2.5 billion
cubic feet of gas and condensate. We are
unable, of course, to use surface pressures
during thé preoduction of water and gas. Ul-
timately the well produced 100% salt water
and continued to produce 1000 bbls. of salt
water per day for a month but no gas appear-
ed.

This reservoir was depleted with a sin-
gle well. The high sustained pressures sug-
gested a reservoir containing possibly 50
billion SCF. Consequently 3 offset wells
were drilled attempting to get into the re-
servoir. All found the sand filled with
water, The gas sand was just above the
total depth of the productive well with no
water level visible,

At the time of abandmment the well
would flow 100% salt water with a shut-in
surface pressure of 3500 psi. During aban-
donment the well got loose and filled the
adjacent rice field with hot salt water.

At that time the bottom hole static pressure
was estimated to be roughly 9000 psi equal
tc the estimated pressure at the time of

first water production § years earlier.

After a reservoir pressure drop of 1000
psi the quantity of water coming in matched
the quantity ef gas being withdrawn. This
steble condition of equal volume replacing
equal volume {s believed to have remained
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constant for 5 years.

\ ) 1 {We make "a crude estimate of water in-.

: ' flux as follows: (1) 1 million barrels of
water was produced during a 5 year period
together with 4.1 billion SCF of gas.” (2)

= This represents roughly 3.1 millioen barrels
of reservoir space which emptied. (3) The
water influx maintained the same reservoir.
-pressure, so the voided space was filled.
(4) The water which entered the resepvoir -
during production, including- the 1 million
produced barrels, was of the order of 4.2
million barrels. We estimate the reservoir
area to be 200 ac. and the aquifer 6000 ac., |
ratio 1 : 30, : S

| CASE h (sig. 1)

This small reservoir ‘hes produced u
billion SCF at the time of writing and
water production has: occurred enly during:
the past year. ‘Behavior has been typical
for the small reservoir of 200.ac. and =~
small aquifer of 700 acres. Both figures,
of courseg, are estimated. o

CASE 81 (fig. 17)

This case is defmitely cne of the
most uwnusual in behavier. The bottom hole
static pressures reflect a decline of 12,450
psi to 10,900 psi during the production of
about 8 billion SCF of gas. -At this point
water appeared in cne of the two wells.. : The
productivity curve then shows a sharp re-
duction in daily withdrawal. The pressures °
respended by increasing slightly but defi-

- nitely. The producing rate was then in-
cressed while the reservoir pressure
increased 100 psi. Water productiocn has -

. mot really been significent in quanti.ty,
but is noticeably increasing.

“The B/ plot is not a straight line.
We believe that it reflects the varied flow
rates and the very definite shale-water '
: ‘ influx. It is clear in this instance that
* .| wvaried flow rates can create a respense in
T - the P/Z plot, which may give helpful quam-
titative informatienm.

We have taken the nberty here of &3~
suning a common reservoir for these two
wells because of the identical pressure
behavior during the period of productien.
The geologlcal information suggests two
separate reservoirs. The reservoir area
is believed to be 1100 ac. The squifer

\ | area is unknown.

CASE 8§ (Fig. 18)

This peservoir shows unusual behavior
of surface shut-in pressures. An abrupt
drop of about 900 psi occurred when produc-
tion began. Half of this drop was regained
during the production of about 3 billion
SCF. We do not have detailed reservoir
pressures to determine exactly what happen-
ed. Apparently a drop in reservoir pres-
sure was followed by a rebounding shale- )
water drive which appears to be quite effec-

“‘tive. The straight line projected between

the two P/Z points does not give the details..

Again we see a situation with active,

'kabncrmallykpmssured water drive, the water
. influx being almost equal to the withdrawal

of gas and water. This reservoir will prab-
ably end with 100% water production and a
hzgh residual pressure. '

Reservoir is estimated to have an area
of 680 ac. ' The size of the aquifer is -~

known

CASE sk‘(r;g, 19)

This is one of the reservoirs which
has had sustained pressures, although water
productive, from an early date. Most of the

" water, some 350,000 barrels, was produced

during year 1-2 and the first quarter of
year 2~3, at which time the water produc-
tive well was shut in. Seven billion SCF
have been produced with a reservoir pres-
sure drop of 300 psi.  More data would
have been very helpful. The surface pres-
sures suggest variations in the reservoir
pzessure

‘We ‘fee’l that a very responsive shale-
water drive is present. The withdrawal of
gas and water have been very clocse to, but -

slightly greater than, the water influx.

Estimation of the gas in place cannot be
made from the productive history alcne.

The reservoir is estimated to cover
1325 ac. The aguifer size is unknown but

~is limited by faulting in three directions.

CASE 81 (Fig. 20)

"his gas ‘condensate reservcir Is in the
extremely high range with a pressure-depth
ratio of .881. ‘- Salt water appeared in year:
2-3 but the quantity is small. The water
productive well was shut-in i{n year 3-%. As
occurs in several cases, the reserveir pres-

. sure has teen almost stabilized after water

prcd: setion developed.

The dimensions of the gas reserveir
and aquifer are not known. The preduction
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of 33 billion SCF from those wells would
lead us to infer the presence of a large
aquifer or shale boundary area which devel~
oped a strong shale-water drive.

CASE 6m (Fig. 21)

This is our single example of a reser~
voir with down bending BP/S vs. cumulative
plot. We estimate a reservoir size of 720
ac.  The aquifer appears to have no deter—
minable limitations in size. The resem-
blance to Bruns, Fetkovich, Meitzen's (1965)
curves for water influx with reservoirs and
aquifers of finite dimensions and water
compressibility effect is striking (their
figures 5 +6,8,8). .

CASE ga (Flgr 22)

This gas-candensate reservoir is 1n an
area where extreme pressures have already
been reported. The pressure~-depth ratio of
.903-was recorded after a brief period of -
production. The original reservoir pres--
sure was probably greater.. Eighteen billien
SCF of gas have been produced in a peried of
less than five years from a single well.
There 'is no reported water production. The
unusual feature here is the decline in re-
servoir pressure from 12650 psi to 12050 -
psi and then a subsequent increase to 12275
psi.  If we assume that the measurements
were correct, it is only reasonable to con-
clude that shale-water drive or some other
type of extremely high pressure drive was
developed by a reservoir pressure decline
of 600 psi.

The dimensions of this reservoir and
aquifer are not known. An examination of
the data presented here gives no clue as
to the quantity of gas which is in place
or which would be recoverable. We guess
that the residual pressure will be extreme-
ly high when 100% water production ultimate-
1y oceurs.

CONCLUSIONS

1. Abnormal pressures in South Louisiana
have a single cause. The process of deposi-
tion of shale and sand 1s taking place faster
than the process of adjustment of the included
fluids. The rapidly increasing lcad must find
partial support upen the trapped fluids, This
entrapment is due to the decreasing poresity
and permeability of the ghale during the pro-
cess of compaction., Older sedimentary basins
usu2lly have had time for the pore fluids to
arrive at a state of equilibrium, except where
the extremely low permeability ef evaporite
sequences can maintain pressures over long
periocds of geologic time, i.e., 2bnormally

pressured zones of Cambrian age are reported
by R. Byramjee (1966). The only trapping
medium in South Louisiana is shale, evapor-
ites belng absent from the Tertiary sedi-
ments.

2. The process of shale compaction re-
sults in the squeezing out of vast quantities
of intergranular water and propertionally
lesser amounts of hydrocarbons. Where the
loading is more rapid than the escape process,
abnormally pressured oil and gas reservoirs
and aquifers result. In these cases, the
process of compaction may be described as
temporarily arrested. The process of shale
compaction may be resumed by withdrawal of
gas or fluids from the reservoir, thus
creating a pressure differential across the
shale/sand interface. This initiates a type
of abnormally pressured water influx drive
which we will call shale-water drive.

3. This shale-water drive is controlled
by the factors involved in Darcy's Law. i.e.:
(1) the permeability of the shale, (2) the
pressure differential across. the shale/sand
interface, (3) the cross sectional area of
the sand interface and (4) ‘the viscosity of
the water. The first three are variables over
a wide range. The penmeabi}ity of shale is _
closely related to the porosity of shale.:

‘ As porosity declines with compaction so does

the permeability decline, and dramatically

so (Hubbert and Rubey, 1959). . Since the
porosity is a direct measure of the fluid
content, the higher porosities (and permea-
bilities) have the most available water.
Pressure-depth ratios of .8 and .9 are indic-
ative of the highest water availabilities.

The flow of water is directly proportional

to the pressure differential across the shale/
sand interface. The higher abnormal pressures
make possible extremely high differentials

during the productive life of some reservoirs.

The third item, the surface area, may be
the one which exerts the most influence on the
quantity of water which enters. The flow is
directly proportional to the cross sectional
area. If we include the upper boundary, the
lower boundary, and the surface of interfin-
gering shale layers, the surface area may ac-
tually cover many, many square miles. The
unit of area used in Darcy's Law, the square
centimeter, literally becomes billions in the
case of the larger aquifers and associated
reservoirs,

4. The shale-water drive is propor-
tional to the area of the shale/sand interface
(square miles), the degree of under-compaction
{pressure/depth ratio), and the pressure 4if-
ferential (psi) developed by withdrawal during
the process of production. Early production
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data'plusﬁgeological datafshould,ihdicate

clearly the behavior of this shale water influx.
For some reservoirs, .withdrawal rates may need:

to be manipulated, .but. ultimately quantitative
data should result,
up procedures -described by Matthews and:
"Russell (1967) should, with modification, be
applicable with quantitative results. -

~ 5. " The ghale-water drive which we have
dwelled upon here in regard to sbnormal .
pressures also {s present.to a degree-in
the normal pressure range and to a lesser
degree in subnormal pressure conditions. ;-
Although the maximum amount of shale-water
‘‘available is present at pressure-depth:.
ratios in excess of .9, the compaction
process will mske water available at .
ratios less than .465 as well. Likewise,
the .condition ‘is not limited to-gas reser-
voirs alone.  In -conditions of lesser ratios °
the water continues to be available but is
proporticnately less per psi drep. ..o .

Case 4a has shown definite evidence of
water influx in spite of the fact that all
pressures, including the initial pressure
were below a ratio of .u65.

Case 5b has received an estimated influx
of 30 million barrels of water while the
ratios declined from .547 to .350.

Textbooks contain many references to
water influx in the range of normal and
‘subnormal ranges but few in the higher
ranges. Oil reservoirs in any pressure
range are also subject to shale-water
drive when sufficeint pressure differential
is present at the shale-sand boundary.

8. The pressures sustained cr.-increased
by shale-water influx affect three parts of
the complex recovery process. All are fa-~
voprable: S i

2. The cancellation partially or wholly

of the pressure drop due to gas withdrawal .

may defer or prevent retrograde condensation

- in the reservoir and the consequent loss of
valuable products.

b. The cancellation of pressure decline
will prevent sandstone porosity shrinkage
and help prevent reduction in permeability
due to such shrinkage. This should improve
percentage of gas or oil recovered. :

¢. The water influx will, as in the
case of artesisn water drive, sustain the
gas preassure to a favorable economic level,
if rot to the limit, atr least for a favor-
able peariod of time.

7. Aa unfavorable consequence of shale-

The draw-down and build-

" " the bedding will travel transversely.

_ the particle arrangement. -

"a long time interest in the subject.:
~'will be obvious that the author is not a

water influx will be the by-passing of some
of the gas. Any gas remaining below the gas-
water interface will not be recovered. It

is unlikely that the water sweep will be
completely effective. Gas in extremely.small
pockets or "dead end” situations either above
or below the gas-water interface, will not

be recovered due the high residual pressure
remaining when production is terminated. :

" There is a tendency to surmise that
a high re51dual pressure, at the stage of -
100% water production from the reservoir,

- ‘indicates a nearby gas cap supplying such pres-
. sure,

The presence ‘or absence of such a gas |
cap cannot. ‘be determined from such pressures '
irasmuch as the gas does not supply the pres-
sure. The residual pressure may not be due
to the gas remaining in the reservoir but

_rather to shale—water drive.

9, The sealing of high pressure reser-
voirs takes’ place in two basic stages. These
stages may be'in reverse order depending upon
circumstances. The escape of water takes
place along the directions of greatest per-
megbility. In sand beds and along bedding
planes the travel will be parallel to the
bedding. During this stage the water which
has no such opportunity to move parallel to
If
faulting should sever the- travel access
parallel to the bedding planes, the only es-
cape route remaining will be transverse to
it is only at
this stage that substantial pressure dif—
‘ferentials begin to accumulate.

.10. A normally compacted shale bed with
its extremely low permeability becomes the
seal for more permeable but undercompacted
shales below. A shale zone 100 feet thick
with a ratic of .465 at the top <an con-
‘tain a reservoir with:a ratio of .8 at the
bottom, the intervening shale being transi-

» tional.
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p PSR

$000 AQUIFER
PERMEABILITY
FUN MO SYMBOL  (MILLIDARCIES)
4000F 2. ° '
n . 10
# 24 [} 100
3000 28 . 1000
2 s 000

WATER CoMP2 2.0018°% 1/7p31
~ POROSITY=0.23

VISCOSITY2L0 CPS

RES RADUS»3880 FT.

PAY 160 FT.

—.h#—h—l—b;h—h——‘—‘
O —"Wo "TFai 300 a0 300 &0 106 W0 %4 1000
CUMULATIVE GAS PRODUCCD (8SCF)

Fig. 6—-Curves of p/s for gas reservoirs with water lnﬂnx,
van Everdingen-Hurst method, finite, R,/R, = 10.

=P/ T(P3IA)
l
PERME murv
RUN WO SYMBOL E%mm ES)
) o 0
» . 100

. WATER CouPx 20110 1/PSH
POROSITY=0.25
VISCOSITY=LO CPS
RES MADIVS 35680 FT
oY 100 FT

N
N oo .A_ NS T W
9 R R Too 800 $90 1000
i "CUMULATIVE GAS nowao escr)

Fig. o—Curves of p és for gas reservoirs with water influx,
van Everding urst method, finite, R,/R, = 1.5.

P/UPSIA)

5 |

MM Ne gYMDOL  (MLLIDACIES)
o
0 . ts
L
] . wo
At cours 0288 181
POROSITY%0.2%
WISCOSITY 1.0 CPS

RES AADWS 25880 FT.
COPAT 0 T

P 88 8

-—r.r-r——s——'—-‘m-—"*—m—w—‘*—‘. T 0 400 %53 %00 000
’ " GUMULATIVE GAS PRODUCED (RSCF)

8—-Curvu of n/: lor gas peservoirs whlx water inﬁnx,
Everdingen-Hurst method, finite, R,/R, = §

r.wm;su) :
o 8000,
H:muu"
N N0 PR QELLOACIES)
450 »n ¢ 10
t 1) » e
s . x4
30000 n . 190
. at » e
2000 »* -« 000
warea cour e sene? 1sen
POROSITYS 2]
1000 YSCOSTYR 9 £95
23 RADUS #5300 7Y,
. Lo LE4S )
- R 7T T R T N ]

e .
CIMLATIVE SAS PROCED (88CF;

Fig. 9-—Curves of p/s for gas seservoirs with wuter imflux,
van Everdingen.-Haret method, Goite, R,/R. = 10,

79




Cose 4e
Oovwm 11700

Yeors

2000 S
Iha 2 tector u close o 1O
Mwwel Woter Production B3/ X10000
20 1
woo's T 4 [} - 7] [ - - 20
‘ Billions Comvlotive  Ges + Cond ot 1MCFAMI.
Pig. 1.
o
o Years
9000 X L 0
Anavel Weter Prod.
8. X 10000 '
2
sooo} Cose 5b ‘
Dowum 12600" 3
4
7000 s
)
7
000 b
8
.
8000 0
"
”
2000
[} ]
3000 ¥ Exptonction ia Tert
m IS r's s Fy A i e A A
] 0 20 0 2«0 %0 %0 0 0 ] 100
. 8unens Cumulotive Gas ¢ Cond. of 1 MCF/t0!
( Fig. 3.

7000

8000

4000

4000

Cose 5‘\
. Dot (1700°
First Woter i veors
? Annwel Weter Preduction BisX D000 °
S % ) Y
N
? .
3
4
)
' [ ]
14
L
L]
; 0
[ | 2 3 4 ) L}
Biltions Cumulotive. Gas + Cond. o INMCF/DI
Pig. 2.
Cose b0
Datum 2116°
L wen
14
Annvel Water Prodvchion
» : dois X 10000
; V> v v
......... oot 20 1 Yeors
"y“
5'9: £, PR U Y. Sy o o
o’llg-,,. ost N
L} "o" -
/First Water 42
100% Woater l B I
4 4
L I i 'y i I 1 L A Q
[ 2 3 4 [ 6 7 8 9

Billions Cumulative

Fig. 4.

Gas + Cond. ot I MCF/bD] .




i8

. e P s — " "
° ] "o " 20 o » . )
‘Sflions . Comuistive Grs + Cond. o TAICE/ 004,
Fig- 5'
2000
af': - e Cose 70
el T Peservoir pg, Dowm 1062"

000G ¥
1000 }
SO0 |

m«‘“ Yeors

2= o
00 --.a-m.._k ‘.M' . 3

—— Goy e otves,
aow F - -~ J‘m 2
3
soouf No Woter Production
A A L A i A ;. ] A

toodg ‘ ? ’ “ N . ’ . s o

Bitons  Cumwlatrre - Gos- v Cons . of | MCF78DI

Fig. 7.

cose 2
Dotum ::C50°
~. 1 e
10000
Yeors
No Warer Production 40
4
A A 1 - s z
] 200 400 - 600 800 MMCF
Millrons. Cumuiotive ~ Gas + Cond of I MCF/bi
Fig. 6.
B Cose 7¢
. Dowm. 2170’
‘2 weis
Yeors
4 0
44
-+ 2
13
4 4
No Water Production
'l i L L A 1 B - 2
(] [} s [] 10 12 ) . " 20
Biilions  Cumulotive

Gos + Cond. of |MCF/bd!

Fig. 8.

.




e Yeors
” Cose 8o 1, Lase 3¢
Dotum 14400’ . ) R ‘ : Satum 28557
g » 9welis 1 ' ’ 2Weiis ‘
Hoee : Annvol Water Preducmen B0is X 0600
' 40 30 L4 -
4 2 e L
won b 13
4 s
SON0 < 8
4 6
Definite Woler,
8000 17
48
7000 49
<4 10
so00 g
Y Iy i 1 3 . i N I 2 " T Y 2 2 Y P A A
[} 0 0 80 0 0o 120 "o L 180 200 0 ot 2 3 4 L] [ 1 L} 3 B 0
Bithons Cumvlotive - Gos + Cood at IMCF/bM Billions Cumulotive  Gos + Cond. ot IMCE/N
Fig. 9. . Fig. 10.
0 Yeors
N o
Case 8¢ . 875 ) : . Jrse 22
\, . Dotum 11500° / Resorvorr PSI 5“3 - - e~ 37T
10000 Reservorr PS¢ ;_”, 3 Wells q2 wooo b G z ------ ———iy ;e .
SO\, —d !, | |
Anaval Water Produchion amwooo .
9000 } . —_—0 20 10 0, 10000 |
~ A? 5 Surfoce Staotic PSt
g O
so00 6 9000 |-
?
Pr2
N aans 8000 |
. ta00 8 ooz : Teare
r 3
s e - R 1
. o-\o‘fy”, Go
€000 ° 1000 F 28 Prodycssy, : 1
Tt ——L Y Yeors
*3 1" 47
) ‘ —
suvo | 4 6000 } 445 —— d.
-~ 4
'y A A A A A A A A A A 'l A i A L A A 4.
0 ? 4 3 [ 0 1] [ [ . 20 22 0 ' 2 3 ) s 6 7 . 9 n
Bithons Cumviohive . Gos + Cond ot | MCF/bbI Bithons Cumulotive Gas ¢ Cond ot 1 MCF/ Lo

Fig. 11. _ ‘ Fig. 12.




" Cose 8e.
(-] a8 doram 2300'
10005 2wl
o gttt
Sl &SP
wooo 3 .
| .
9000 ) w-f. ,"’“‘
*000 }
sy ‘. :
w00 } - ‘-_.‘-..-.2-----.; » i
S
e Con 44
“\%
powes 5 ‘ B Yoory » 2
;‘!—,m \
. 43
A A P L A Y A A )
[ FY . & 8 w0 " " [ 18 20
Bithows  Comwiotive Box ¢ Cond. of INCF/M ' o
o Pig. 13.
(7]
Cose 8y
Dotum 11800°
10000 G 1 welt
%"’0:»
DS/ £ - S
sovd } —-—— ———

aliver
1

. "

oy

& .

¥

3

. K3
Buitions  Comuteties 603 + Cond of 1MCF/DO!

Fig. 15.

8000
7000
6000

$000

I T 3

s

~

w

»

-

veory
-]
Cose &8/
Dot 11724° N
3 wells L
3
'}
]
&
y
8
.
L]
1}
C
1‘
.‘ .
8
<
[} 4 r'] 1 ] L A A L
L] s © 13 2 23 3 3% L] L) ¢
’ Billions ~Cumulotive . Gos + Cond.. ot 1 MCF/00 -
Pig. 1h.
Zese 5
Cotum 2228° q
1wt _
o
ot
!
Annvol Water Production bR XL
30 20 0 : 1l
4
First Worer 4
1
1
-
i
H
1
5 s I N i 2 M I i
2 3 4 3 6 ? L] 9
dillions  Cumviotive  Gos + Cond at |MCF/bbl

Fig. 16.

@




19000
Cose 8:
Dorum 14450°
2000 2 Wells
P51 736 756 Anwvel Weter Pred
11600 ~—-__‘.9___-o——--<»—————"° #% X 10000 v
2 w0 o[Teor*
40
4
2
3
4 4
. 4s
k ”I q’ O
e O \ 4
L
(4] Y
haad 2T
4
] . A [y A Iy 1 A & A
$e0 g 2 . . . 10 12 7) e T 2
Biitions Cemviotive Cos + Cond of 1 MCF/bbI
Fig. 17.
®
Case 5%
[ X Datum 12900°
Aosorvoir  PS/ I wolts
woeot ¥ —
o2
"wno b
Surfece_ Sht-in P31
9000 b .
r/2 Awvel Wewe Productive Sbi X 10000
— 30 20 0
000 - v v 0
4
1 b R
43
4a
2 'y N A 2 I A i '
° ] [ ] ] s [ T . .. 0
Biltiens Cumuletive Gos + Cond. ol | WCF/ON o
Fig. 19.

[ 4]

12000

11000

Case 8j
Dorum 12900°
1 well

Asovsl Weoter Proeduction  BNSX 10000
0 0 20 10

— v v

Yeors

| !,

13
[l A Il 2 L L 4 Y [y
) t H 3 4 s [ 7 [ [ []
Bittions Cumwlotive Gos + Cond. of 1 MCF/ b1
Fig. 18,
Case 8L
/.“I Dowm 13900°
E 3 I wells
- . Roservoir PSt
Asngel Weter Production
5 )%. X 10000
h b ) o078
40
41
E._—J_': 3
4{a
48
L 'l L [l 3 Y ' A
° [} [ [ F3 3] %0 3 0

Cumulative Gas + Cond. ot IMCF/ON.

Fig. 20, (

‘Biltions




#0600

8000

4000

L
&~~°

Case 8m
Donwm 13820°
1 Welt

i L i L A i

2 3
Biltions

4 [} O 7 8
Comutotive -~ Gos + Cond.. of | MCF/DB]

Pig. 21,

12000

11000

8000

Cose 9o
Lt Well

Fig. 22.

Yeors .
°
]
2
3
4
PIZ . s
L No Water Production
|72, 459
L A A A 'l i Fl 2 A
o 2 4 [ [ ] ] 12 “ 1] ] 20
Biltions Cumwiotive  Gos + Cond. of INCF/bo




856



AENORMAL, PRESSURES AND POTENTIAL GEOTHERMAL
RESOURCES IN THE RIO GRANDE EMBAYMENT
OF TEXAS1

by
Raymond H. Wallace, Jr.2

Abstract

Abnormally pressured deltaic and near-shore marine
deposits of Cenozoic age in the Rio Grande Embayment of
Texas contain large quantities of fresh to moderately saline
ground water in which dissolved solids are commonly less
than 10,000 milligrams per liter.

Vertical variations in geothermal gradients in zones
of geopressure range upward to 16°F. per 100 feet, and
gradients in excess of 2.59F. per 100 feet are common.
Isogeothermal surfaces at relatively shallow depths in the
Rio Grande Embayment probably reflect the shift of the
depocenter from south Texas to the Mississippi Embayment
during Neogene time., Igneous and metamorphic¢ activity along
the margins and within the Rio Grande Embayment is also
believed to have been a factor in the upward displacement of
isogeothermal surfaces.

A preliminary investigation of the Tabasco-Weslaco
area in Hidalgo County, Texas reveals that geothermal
gradients and isogeothermal surfaces are strongly affected
by growth faulting and diapirism; and that "deep basin"
hydrodynamic processes--~thermal diagenesis of clay minerals,
chemical and thermal osmosis, and redistribution of salinity
~~appear responsible for the hydrologic conditions.

lpublication authorized by the Director, U. S. Geo-
logical Survey.

Zceologist. U. &. Geological Survey, Gulf Coast

Bydroscience Center, MTF~-NASA, Bay St. Louls, Mississippi
39520.
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Geologic and hydrologic conditions in the Rio Grande
Embayment appear favorable for development of geothermal
resources; however, further detailed investigations are
needed, and engineering and legal problems must be solved
before the resource potential can be exploited.

g8

.



Introduction

: . The First Abnormal Subsurface Pressure Symposium
(April, 1967) included discussions concerning the relations
of geologic structure, abnormally high temperature and pres-
sure, and clay»bed phenomena responsible for observed hydrol-
ogic conditions in buried deltaic and near-shore marine
deposits of the northern Gulf of Mexico basin. . A sizable
water-resource and thermal-energy potential is ev1dent
,sapparently the result of dynamic evolutionary processes
unique to young sedimentary basins. To identify and evaluate

o the principal factors in this hydrogeologic process, the Rio

Grande Embayment area was selected for detailed investigation,
‘and research leading to this report was conducted by the

U. S. Geological Survey. ‘Later, studies will be extended
into parts of the basin that are characterized by less
advanced stages of hydrologic ‘evolution, as well as those

. more advanced. . The Rio Grande Embayment was selected

' because the results of geologic reconnaissance, correlated

" with regional data collected, reveal well-defined conditions

* of structure, temperature, pressure and water quality.

The most promlnent structural feature in the western
Gulf of Mexico basin is the Rio Grande’ Embayment (Fig. 1)
‘which plunges southeastward from-the Del Rio Ridge of Texas
toward the Gulf of Mexico. It includes within its flanks a
large part of southeastern Texas and parts of the Mexican
States of COahuila Nuevo Leén, and Tamaullpas (Mnrray, 1961,
p. 128).<.‘.

- The Sierra Madre Orlental which forms the southwestern
. boundary of the Rio Grande Embayment (Murray, 1961, p. 128),

: * arose from the narrow Mexican geosyncline during the Late

Cretaceous Laramide orogeny. Following this event, violent
diastrophism in early and middle Eocene time resulted in
numerous southeastward-plunging folds, the Cozhuila Marginal
- Folded Belt (Fig. 1), which trends parallel to the axis of

- and lies within the Rio Grande Embayment northeast of the
_Sierra Madre Oriental front (Alvarez, 1949, p. 1330; Humphrey,
195¢, p. 28; Fowler, 1956, p. 41). Volcanic activity also

. occurred at this time along the southwestern and upper north-
. eastern margins of the Rio Grande Embayment (Lyons, 1957,

~ PP. B8-9), and continued into Miocene time. Ash beds and
volcanic detritus in Tertiary deposits of the Gulf basin

. provide ‘evidence of the extent of this ectxv ity.

_ During periods of basinal subsidence, very thick and
extensive deposits of deltaic and delta-associated sands and
clays accumulated in the Embayment. These deposits were
contemporaneously deformed by regional down~to-~the Gulf
faulting (Figs, 1 and 2). Some faults have displacements
- exceeding 1 mile and can be traced for over 50 miles. These
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growth-faulted deposits (Ocamb, 1961, p. 139) characterize

the Gulf Coast side of the Rio Grande Embayment. Growth-

-~ fault systems such as the Mirando-Provident City, Sam Fordyce-
~Vanderbilt, McAllen and Willamar (Fig. 1), formed where

succeedingly younger deltaic sand masses overrode massive

prodelta and near-shore marine clays deposited during the

preceding deltaic cycle. Growth faults mark sed;ment facies

- boundaries.

cqmpartmentallzatlon of sand-bed aqulfers by faulting
contemporaneous with continued sedimentary loading restricts
the normal up-dip release of fluids (Fig. 3) from the com-
pacting, rapidly-buried sequences of sand and clay in the Rio
Grande Embayment (Jones, 1967, pp. 126~127). These water-
logged sands and clays form an abnormally-pressured belt
approximately 100 miles wide (Fig. 4) in the southeastern
Rio Grande Embayment; the top of the geopressured zone
(Jones, 196%a, p. 803) occurs at depths generally in excess
- of 5,000 feet.* Geostatic ratios reflecting fluid pressure
exceedxng 0.9 times the weight of the overlying deposits
have been observed in this zone.

Comparison of published and unpublished geothermal
gradient maps (Figs. 5 and 6) for the Rio Grande and Missis-
sippi Embayments reveals an apparent upward displacement of
isogeothermal surfaces in the Rio Grande Embayment. These
geothermal conditions may reflect the shift of the Gulf Basin
depacenter to the Mississippi Embayment area of the Gulf
Coast geosyncline during Neogene time (Williamson, 1959,

P. 25); or they may be the result of tectonic actzvzty in
the Rio Grande Embayment. Perhaps both factors are important.
Tectonic activity capable of providing the thermal energy
required is evident within and adjacent to the northern
margin of the Embayment, and along the steep southwestern
flank of this triangular slightly assymmetrical basin, Up~
lift of the Sierra Madre Oriental, for example, could have
been accompanied by isostatic upwarp of the upper mantle to
the northeast. This upwarp would bring the upper mantle
closer to the basal sediments in the Rio Grande Embayment,
initiating metamorphism and driving superheated water upward.
Another possibility is that dynamic and thermal metamorphism
associated with pre-upper Eocene folding, aided by aqueous
emanations, has cansed a rise of isogeothermal surfaces.

Rising temperature within great thicknesses of deeply-
buried water-filled deltaic and near-shore marine sediments
in the Rio Grande Embayment should (1) accelerate diagenesis

*All depths cited in this report are in feet below
mean sea level unless otherwise indicated.
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and dehydration (Burst, 1969, p. 90) of montmorillonite clays,

";»releaslng large volumes of “fresh" pore water to dilute
~ formation waters in adjacent sands; (2) increase thermal

conductivity while reducing porosity and permeability as
aqueous emanations move upward in the system; (3) decrease

. viscosities of interstitial fluids; (4) produce high geo-

thermal gradients and pressures immediately beneath beds

.+ "which are most effective in retarding the upward discharge
~of superheated water (Jones, 1969. pp. 71-72). ,

Deltaxc and near-shore marine. deposzts in the Rio

Grande Embayment including (1) extensive thick aquifer

systems which commonly contain water one-third as salty as
normal sea water {35,000 mg/l (milligrams per 11ter) dissolved

- solids] at depths in excess of 6,000 feet, and in which forma-'

tion waters freshen toward their down-dip pinch-out (Fig. 7):

. (2) a general decrease in the porosity and permeability of
~ sand-bed aquifers toward the southwestern flank, at comparable
~depths (Johnson.and Mathy, 1957, p. 212); and (3) increased
- - geothermal gradients in. the upper part of zones of abnormal

pressures.' :

- Salient features of a relatlvely small area w;thln

the Rio Grande Embayment are described and explained in this
paper, which is based upon preliminary f;ndlngs of a detailed
investigation of the hydrogeology of the Rio Grande Embayment,
and some preliminary observations are made as to the geo-

" thermal potential. The area of investigation covers about

425 square miles and is: located north of the Rio Grande in
southern: Hidalgo County, Texas (Figs. 1l and 8). "The eastern

‘and western margins are defined by the 98°00' and:98°30"
‘meridians (W’Longitude), respectlvely.

Geolggic Settlng o

Grawth faulting assoclated with the: build—out of Frio
"sands" over Vicksburg "clays" dominates the structural scene

'in the Gulfward part of the Rio Grande syncline. Four major

northeast-southwest trending, down-to-the-Gulf faults cut '
across the study area. (See Fig, 8.) From west to east,
these are the Tabasco-Monte Christo, Mission, McAllen, and
Donna faults, The Mission fault merges with the Tabasco~

Monte Christo fault northeastward, and the Donna fault joins

the McAllen fault system. - The Tabasco-Monte Christo and
McAllen fault systems, are traceable for many miles north-
eastward generally paralleling the Gulf coastline. Southwest-
ward into Mexico these fault systems adopt a more southeasterly
course (Yzaguirre, 1957, p. 195), possibly reflecting the
influence of Sierra Madre Oriental structures.v

‘The McAllen fault ‘and its splinter faults control the
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geologic setting in the study area. This is a classic .
‘growth fault exhibiting all the significant characteristics. ﬂ i

- Miocene beds of the Lower and Middle Frio formation* were

‘deposited contemporaneously with maximum fault movement and
thicken tremendously across the fault. Collins (1968, p. 82)

" states that maximum throw is immeasurable, but estimates

'5,000-7,000 feet of displacement in Lower Frio beds as

opposed to 1,000 feet in Upper Frio beds. The dip of the

fault plane decreases from 55° SE in shallow beds to 45° SE

at about 11,000 feet. Frio sands and clays show a marked -
"northwestward reversal of stratigraphic dip that increases -
with depth along the downthrown side of the fault plane.

The Shepherd fault downthrown approxxmately 2,500
feet to the northeast, trends northwest-southeast between
the McAllen and Donna faults. Thickening of beds across the
fault is greatest along the fault plane from east to west,
reflecting the structural dominance of the McAllen fault. A
myriad of smaller down-to-the northeast faults are into the
‘Pharr-McAllen field from the downthrown block of the Shepherd
fault, but these die out upward beneath a shale bed at a
depth of about 8,500 feet. According to Collins (1968, p.
82), the top of this shale bed represents a hiatus or uncon-
formxty in the Frio; below it, the pressure gradient
increases abruptly. » :

. The oldest beds penetrated by the drill on the up-
thrown side of the McAllen fault are in the Vicksburg forma-
tion .of Oligocene age. They are predominately shales that
were deposited gulfward from the very sandy shallow marine
facies of the formation (Holcomb, 1964, p. 24). Shales of
the Lower Frio deep-water marine facies are the oldest beds
penetrated on the downthrown side of the fault, with one
exception. A well in the Donna field logged the top of the
Vicksburg formation at a depth of 10,530 feet which is
stratigraphically 4,000 feet shallower than in surrounding
‘areas (Collins, 1968, p. 81). A piercement-type shale diapir
is responsible for this anomaly.

COntinental and marine sands and shales of the Miocene
Frio formation with cumulative thicknesses greater than
10,000 feet have been penetrated in the study area in the
search for o0il and gas. The top of the formation lies
approximately 4,000 feet below the land surface in the
Pharr-MchAllen field, and the formation dips generally south-
eastward. The sediments of the Frio formation are mainly
mediun~- to very fine~grained quartzose sand and montmoril-
lonite~illite clay. Immediately downdip froem the major

*The nomenclature used in this report is not neces-
sarily that of the USGS.
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'faults the degree of sorting is generally poor, reflecting
an extremely high rate of depos;tlon contemporaneous with
fault movement. With lncrea51ng distance from the faults,
however, the degree of sort;ng increases significantly,
presumably as a result of winnowing by longshore currents.

. The areal continuity of individual beds is poor; it gen-
erally is somewhat better in the direction of strike than in

. other directions. Individual sand and clay beds range in

. thickness from less than 1 foot to about 1,000 feet.
- According to Fisher (1969, p. 250), Frio sediments were
deposited by a "wave-~dominated high-destructive delta
system,” they formed in distributary channels, in extensive
shallow embayments subject to marine transgressions, and in
. strand-plain and coastal-barrier systems 51m11ar to those
of the modern Rhone delta.

Delta-lobe depos;tlon occurs in hlgh—destructive
.. delta systems as in hlgh-constructlve systems, but
- the lobes are less numerous (that is, the modern
Mississippi delta versus the Rhone delta) (Flsher,
1969. P. .260). . :

' The Anahuac formatlon of Miocene age ‘overlies the

”‘Q;Frio'formatlon in the eastern part of the study area. West-

ward, the Anahuac wedges out in the vicinity of the McAllen
fault. A maximum thickness of about 600 feet was penetrated

in & well in the South Weslaco field. The remainder of the
stratigraphic section overlying the Frio and Anzhuac beds is
represented by sandy deposits of the Catahoula, Oakville and
Lagafto-Gollad formations (Corpus Chrlstl Geologlcal Socjety,
1954

;szdrologz of Degosxts ' o BRI
Chemical analyses of more than 100 formation waters
fram ‘oil-test and production wells in the Tabasco-Weslaco
area (Fig. 8) show dissolved solids (salinity) ranging from
-about 2,000 to about 150,000 mg/l at depths between 5,353
and 11, 836 feet. The samples analyzed were collected during
drill—stem and wire-line testing of potential gas or oil
reservoirs. Reported results of many drill-stem tests where
- produced water was analyzed, and a number of reports involving
salinity estimation by taste indicated relatively high flow
.. rates of brackish and fresh water at the well-head. According
to Collins (1968, p. 84), hydrocarbons are presently produced
. from several "water-drive" reservoirs within the abnormally
pressured zone in the Pharr-McAllen field, - ; _

With few exceptzons ‘electrical and induction—electrical

.logs of wells in the study area show subdued negative or small
positive deflections of the spontaneous potential curve
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. opposite massive sand beds below a depth of about 10,000
feet, Calculations of interstitial water salinites show
that they are commonly less than 10,000 mg/l (dlssolved

sollds as NaCl).

Sallnzty-dlstrlbutlon maps have not been completed for
the Tabasco~Weslaco area, but preliminary investigation
suggests that there is a general decrease in formation-water
salinity with depth and down-dip--highly complicated by
faulting; also, that extensive "fresh" to brackish-water
aquifer systems occur at depths greater than 6,000 feet and
extendlng below 14,000 feet.

Low sallnlty waters in aquifers within the abnormally-
pressured zone are believed to be derived from bound and
intracrystalline water in the adjacent clay beds, as a
result of thermally controlled diagenesis of montmorillonite
(Fig. 9). This produces free pore water, as described by
Burst (1969, pp. 80-87). Some of the free pore water
appears to have escaped into adjacent sand beds. Jones
(1967, p. 164) states, "water released by clay dehydration
is fresh water and its volume may be egqual to 1l0-1l5 per cent
of the bulk volume of the clayey sediments." Movement of
"this "fresh" water into adjacent aquifers would tend to flush
out and dilute the original waters of deposition. Production
of fluids from these aquifers would lower the head in them
and cause release of additional free pore water from adjacent
clay beds. Continued freshening of aquifer waters could
thus occur. '

Formation waters of the so-called Frio brackish-water
sediment facies in this area (Corpus Christi Geological
Society, 1954; Johnson and Mathy, 1957, p. 207; Holcomb,
1964, p. 29; and Collins, 1968, p. 86) are commonly 25 times
more saline than waters from sediments dep051ted in "inner-
middle neritic" and "open-to-the-sea" marine environments.
Redistribution of dissolved solids has taken place in these
sediments since deposition (Fig. 9).

The brackish-water sediment facies in the Pharr-
McAllen field occurs just above & 100-foot-thick shale bed
" at a depth of about 8,500 feet, beneath which abnormally
high fluid pressures exist (Collins, 1967, p. 10). Avail-
able water analyses indicate that salinities decrease upward
across this confining shale layer, which is immediately
underlain by massive sands. Upward freshening of waters by
hyperfiltration has probably occurred (hyperfiltration is a
process whereby selected ionic species are allowed to pass
through clay-shale membranes while others are retained and
concentrated). Jones (1967, pp. 170, 172-173) considered
this process an important mechanism in salinity redistribu-
tion in Neoaene deposits of the northern Gulf of Mexico basin.
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, Porosity and permeability data presently available are
insufficient to permit reliable conclusions regarding their
relation to the hydrologic setting. General indications are
that in the abnormally pressured sand beds, porosity is about
20 per cent at depths of about 11,500 feet; and that permea-

bility is highly variable, but generally lower than in the
overlying normally-pressured deposits. Low permeability is,
‘however, offset somewhat by low fluid viscosity of relatively
- fresh water in the geopressured zone. As shown in Figure 10,
. fresh water at 2500F. is about 40 per cent less viscous than
a brine containing 240,000 mg/l dissolved solids. Effective
- permeability and the specific yield of wells would be
! increased by the relatlvely high temperatures ‘of the geo-
" . pressured zone, . . . , o

Geothermal Regime

- Bottom-hole temperature measurements recorded on
‘electrical log headings for approximately 150 deep 0il and
-~ 'gas test wells were used in preparation of isogeothermal and
~rvgeotherma1 gradient maps of the Tabasco-Weslaco area. Extra-
polated data were used only where the observed temperature

was within 109F. of the isogeotherm mapped. No correction
ffactors were -applied to the log-heading temperature data.

Consxderable skeptlcism has been expressed concerning
the accuracy of nonequilibrium bottom-hole temperature read-
ings made during drilling operations, and there is a general
reluctance to use these data. Recent research by Ramey

- (1962, p. 427 to 433) and Schoeppel and Gilarranz (1966, p.
672) indicates that without correction log-heading tempera-
tures provide valuable information for regional temperature
studies, The merit of bottom-hole temperature information
is further attested by a decision of the Research Committee
~of the American Association of Petroleum Geologists, in
April, 1968, to use this data source in its Geothermal Survey
of North America. The use of log~heading temperatures is
. attacked mainly on the grounds that the measurements are
- made before the bore-~holes have reached themmal equilibrium
and, therefore, do not represent true geothermal conditions.

. There is general agreement that bottom~hole temperatures

measured during drilling operations will be lower than actual
- temperatures at bottom~hole depths. However, Schoeppel and

- @Gilarranz (1966, p. 672} state that "observed temperatures

are likely to be within 5 percent of the fbrmatxon tempera~
ture.
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Temperature Distribution

The depth of occurrence of the 200°F. isogeothermal
surface (Fig. 1l) in the Tabasco-Weslaco area, with reference
to mean sea level, ranges from about 6,000 feet, immediately
downdip from the Tabasco-Monte Christo fault, to about
10,760 feet at the eastern margin of the area. Maximum
relief on the 200°F. isogeothermal surface thus exceeds
4,100 feet. The surface usually occurs between depths of
. .8,000 and 10,000 feet, and slopes generally southeastward.

The McAllen, Shepherd, and Tabasco-Monte Christo
faults appear to control subsurface temperature distribution.
The northeast-southwest alignment of isogeotherms between
the McAllen and Donna faults reflects the myriad of smaller
faults extending northward from the downthrown block of the
Shepherd fault. The effect of these structures on subsurface
temperature distribution is best illustrated by a northwest-
southeast cross-section (Fig. 12). Continuing movement
along the McaAllen fault with time has resulted in a westward
migration of structural apexes (Collins, 1968, p. 83). 1In
most instances it is evident that structural highs and
thermal highs are coincident (for example, between wells 2-3,
6-7, 10-11, 11-12, 12~13). The geopressuring or capping
shale bed (see Fig. 12) appears to be a relatively effective
thermal barrier in the vicinity of the line of section.
There are two areas, one between the McAllen fault and well
3, and another beneath well 7, where the 200°F. isogeotherm
_is above the capping shale. Lewis and Rose (1969, p. 1)
state "wherever flowing heat meets an obstacle (an insulator)
there is a build-up of heat against its face. The tempera-
ture rises on this face until a higher temperature gradient
exists across the obstacle. Enough heat will then flow
through the insulator to balance the flow of incoming heat."
It appears that heat transmission is achieved most efficiently
by temperature buildup beneath the highest point on a struc-
ture. Upward continuity of bedding type and the geometry of
fault planes are also factors that combine to determine
geothermal gradients and isogeothermal surfaces,

The depth of the 250°F. isogeothermal surface (Fig.

- 13) ranges from about 8,160 to 11,900 feet below sea level
~.and its average depth of occurrence is about 11,000 feet.

Regionally the surface dips southeastward and maximum relief
is greater than 3,700 feet. The pattern of the '250°0F, -
isogeotherm reflects the same general structural controls
indicated for the 200°F. isogeotherm-~but regional anomalies
are more apparent,

The elongate northwest-southeast-trending high at the

Shepherd~-Donna fault juncture is the isogeothermal expression
of a piercement~type shale diapir. The 250°F. isogeotherm
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_occurs at its shallowest depth‘in thie area--within 8,150
feet of the land surface. One well in this vicinity has a
; recorded temperature of 340°F.;at a depth of about 10,000

Geothermal highs on the map of the 200°F. isogeotherm

M'Qare also 'geothermal highs on the 250°F. isogeotherm with few

.exceptions. = However, the 2500F, isogeotherm has about 400
feet less relief than the 2000F. isogeotherm and appears to
be less irregular, probably because the latter is nearer the
: top of the abnormal pressure zone. This relief difference
- -is caused pr1nc1pally by the shale diapir anomaly mentioned

~.above, and it is reasonable to expect that, at progressively
. - greater depths below the confining 1ayer, temperature dis-

tribution should. become more unlform. R

S

?}lﬁeothermal Gradients;

Geothermal gradlent maps publlshed by Nichols (1047,

“fvp; 44) and Moses  (Fig. 6) show. lsogradlent lines in the

- Tabasco-Weslaco area,.the gradlents increase inland from
"1.99F. per 100 feet to 2.1°F. per 100 feet. This is'a

. reasonably  accurate representatlon of conditions above the
. -zone-of abnormal pressures-n-above a depth of about 8,000

<. feet ‘in the study area.. A geothermal gradieht map of the
depth interval between the 200° and 2509F. isogeotherms
(Fig. 14) indicates a geothermal gradient generally higher

. -‘than 2.5°F.-per 100 feet for the interval. This thermal

interval occurs mainly in the upper part of the abnormal
. pressure  zone, where maximum geothermal gradients would be

.- expected. Nichols' and Moses' maps are probably adequate to
' describe subsurface temperatures under normally pressured

- conditions,: but the gradients they show should not be
extrapolated lnto the abnormally pressured zone. '

: Geothermal gradxent patterns in’ the TabascoAWeslaco
area appear to reflect two alignments; one northeast-south-
west attributed to the effect of growth faulting; and the
other, a series of northwest-~southeast trending "highs” with
intervening “lows" interrupted by faulting. The northwest~
‘southeast orientation conforms with the general alignment of

.- the folded province northeast of the Sierra Madre Oriental
..~ front - (Fig. l) and with ‘the. general axis of deposition in

the area.uv~

§7a;Effecte'of7Lithongz oh‘ceotherwalysradient5>
T Studies were made to. determine the effect of lithology

‘~ljoh the geothermal gradient in the depth interval hetween the

200° and 250°F. isogeotherms.
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The maximum geothermal gradient in the area (see Fig.

A14) ranges upward of 10°F. per 100 feet; the maximum recorded i 7
~'gradient, 16.79F. per 100 feet, occurs above the shale

diapir in the vicinity of the Donna field. 1It can be seen

(Fig. 15) that the percentage of sand in the depth interval

between the 200° and 250°F. 1sogeotherms is greatest in the

. areas of maximum geothermal gradient. In the Donna area,

" the sands are very fine grained and have good porosity but
very low permeabilities.  This loss of permeability appears
to be caused by precipitation of calcium carbonate in the
sands.  Adjacent shale beds have also become -indurated by

- precipitation of calcium carbonate. Water, or possibly gas
~-which has 25 times the insulating effect of water--appears
to be locked within the interstices between the sand grains,
reducing or ellmlnatzng convective heat flow and restricting
“thermal conduct1v1ty to that of the mineral grains and
trapped water, Since structural hlghs are the most favorable
areas for heat and fluid release, it is suspected that
waters of different chemical species, channeled by faults .
‘and driven by diapiric movements, have mixed in the sands i
above the diapir, the reactions and changes in the physical
conditions (temperature and pressure) resulting in cementa-
tion (Runnels, 1969, pp. 1188-1201). If the observed geo-
_thermal gradients continue downward, sericitization-of clays,
which occurs at temperatures on the order of 5709F., could be
in progress at depths-as 11,000 feet in this area. Unfor-
tunately, mo information on conditions at depth below these
zones of maximum gradzents is available.

An isopach map of the depth interval between ‘the 200° -
and 250°F., isogeothermal surfaces (Fig. 16) shows the
distribution of thickness reflecting differences in the
thermal conductivity of the deposits. These differences
identify areas with high insulating values. Areas with
lower geothermal gradients have lower insulating values.

The data generally conform to heat flow theory as presented
- by Guyod (1946, pp. 5-39) and by Lewis and Rose (1969, pp.
1-8). Areas of maximum geothermal grad;ent are also areas
of abnormal pressures.

Geothermal Resources Development

; Thermal resources of deep geosynclinal ba51ns are not
dependent upon recharge and deep circulation of meteoric
water; their thermal waters are derived from the sediments
themselves, and fluid depletion occurs with energy release.
However, the very large amount of water in storage makes
possible a continuing large-scale rate of energy production.
Development of the resource must result in dynamic compaction
of the sediments of the geothermal reservoir and subsidence
must occur with pressure depletion-~the rate and extent of
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~the subsmdence depending upon the physical dlmens10ns and

dralnage functlon of the reservoxr

AR Potent1a1 uses of thxs resource have been dlscussed
by Jones (1967, p. 173; 1968, p. 1l24; 1969, p. 88): they
include production cf electrlcal energy by flashing super-
heated water to steam to drive generators; self-distillation

‘0f low-salinity waters to produce fresh water; extraction of

industrial chemicals precipitated as a result of distillation;
and injection of superheated water or steam from geopressured
..zones into pressure-depleted reservoirs at shallower depths,
for secondary recovery of 011 or gas.. "Two of these processes
are patented ¢ L e

Geothermal energy productlon does not result 1n air
pollution, and concentrated brines can be pumped back into
saline aquifers in the hydrostatic zone. Therxe are, however,
many engineering and legal problems which must be solved
before this resource can be developed.

Summary and Conclusions -

The Rio Grande Embayment is an area of increased
geothermal flux. Rapid sedimentation across regional growth-
fault systems in a subsiding basxn produced large-scale
stratigraphic’ separations of deltalc and near-shore marine
sand-shale sequences. Upward drainage of these deposits has
been restricted; as a consequence of this restriction,
“coupled with rapid sedimentation, broad areas are underlain
by deeply buried, undercompacted sediments with high inter-
stitial fluid pressures. Restriction of drainage from water-
filled sediments in an area of high geothermal flux has,
because of the insulating effect of the water, resulted in
subsurface temperatures which are higher than those in
nearby better~drained areas.

High geothermal gradlents within geopressured zones
have apparently hastened thermal diagenesis of swelling
clays, creating large reservoirs of low=salinity water.
High temperatures also decrease viscosities of interstitial
fluids, but associated geochemical effects reduce porosity
and permeability as formation water moves upward in the
system.,

The geothermal regime within the upper part of the
geopressured zone in the Tabasco-Weslaco area appears to be
dominated by the structural controls. Faulting and diapirism,
by altering spatial relations and physical characteristics’
of confining clay layers as well as the aquifer sysetems,
have greatly affected the hydrology ¢f the system. Therefore,
structure directly or indirectly influences fluid migration




(and hence salinity dlstrlbutlon): it defines areas of ther-
mal and fluid release; it facilitates mixing of chemically
different waters with p051t1ve or negative effects on the
permeability of reservoirs; and it brings superheated
aquifers closer to the surface, where they can be more
econcmlcally exploited.

An accurate appraisal of geothermal resources in the
Tabasco-Wéslaco area and in the Rio Grande Embayment is not
possible at the present time. Preliminary studies indicate,
however, that geological, thermal, hydrological, and
hydrodynamic conditions in the study area favor geothermal
development. Future detailed research efforts will define
more fully the geothermal resource potent;al of the Rio
- 'Grande Embayment o
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study arez for this report (modified from Bartcn, 1938
and Murray, 196l1). ‘
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‘Schematic cross-section through deltaic and near " ehore
marine deposits showing the effect of faulting on
normal up-dip release of fluids (anes, 1967).
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' 'CHANGES IN THE CLAY-WATER SYSTEM WITH
~ DEPTH, TENPERATURE, AND TIME

Lo ‘bYLf«Y
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4 School ‘of Ceramic Englneerlng
in cooperation with-

A Water Resources Center

ﬂéeorgxa Institute of Technology '
S Atlanta, Georgza 30332

  Abstract7o ‘e';“

Mineraloglc studies of muds and shales have shown

- thatlthe clay minerals are modified by deep burial. Side
wall core samples from 4,223 to 16,450 feet in the Gulf of

Mexico (courtesy Chevron Oil Co.) and from the surface to
24,003 feet in the Anadarko Basin, Oklahoma (courtesy Shell

- 0il Co.) were studied in order to obtain additional 1nforma-
;»tion to the processes involved o 4J‘r‘

| With depth the montmorlllonlte in these montmorlllonlte-

e rich shales is altered to mixed-layer illite-chlorite-
~}=;montmorillon1te; the regularity of the mixed-layer phase
- tends to increase with depth. Much of the interlayer
- ‘hydroxy material is Al and Fe, acquired before deposition.

K is acquired from the river and sea water, and after .

: - .deposition, from K-feldspar. Increase lattice charge in the
- montmorillonitic layers (largely beidellite) is due to the
- reduction of iron in the octahedral layer ‘and the 1ncorpora—
-~tion of additional Al in the tetrahedral layer. .It is
. suggested that the latter phenomenon is caused by the migra-
-tion of interlayer Al into the hexagonal holes in the oxygen

sheet. The oxygen tetrahedra rotate sufficiently to incor-

| - porate the Al into the Si-rich tetrahedral layer. Most of
,1the loss of expandabln 1ayers occurs by 12, 000 feet.

With inc:easinu ‘depth and temperature kaolxnite is

iidestroyed and the Al 1s deposited between the expanded layers

&s hydroxyl-Al to produce layers of dioctazhedral chlorite.
Both discrete dioctahedrzl chlorite and mixed-layer illite-
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dioctahedral chlorite-montmorillonite (ultimately mixed-
layer illite-chlorite) is formed. During regional meta-
morphism the sequence is kaolinite and mixed-layer illite-~
montmorillonite > mixed-layer illite-dioctahedral
chlorite KMd.Fey nyscovite + chlorite.

. The cation population of the interstitial waters of
the Pliocene-Miocene muds of the Gulf Coast is approximately
twice that of sea water.  The cation concentration increases
to 10,000 feet, abruptly decreases by 20 percent, then
remains relatively constant. Na and K are more concentrated
than sea water; Ca and Mg less. K and Mg increase with depth;
this is presumably a function of the increase in temperature.
In the shallow samples the Na concentration increases as the
pore water .decreases. In deeper samples the ratio remains
relatively constant. The pore water systematically decreases
to 10,300 feet; abruptly increases by 10,530 feet and then
systematically decreases. The abrupt change in pore water
content coincides with the -top of a high pressure interval.

The anion concentration is HCO3>S0,>Cl. Cl system-
atically decreases with depth and is one-~fourth the concen-
tration of sea water by 10,000 feet. This is presumably due
to selective flushing. Over the same depth interval S04
increases by a factor of 6-7, comparable to the decrease in
- pore water, suggesting concentration by selective filtering.
HCO3 increases in concentration to 10,000 feet and then
remains constant. The high HCO3 values are due to the
decomposition of organic matter and calcite. -

The total exchange cations (Na+K+Mg+Ca) averages 30
meq/100 gms down to approximately 8,000 feet; deeper samples
average 20 meg/100 gm. The C.E,C./Al,03 values decrease to
10,000 then remain constant, confirming the X-ray interpreta-
tion. Na is the dominant exchange cation in the shallow
samples and Ca in the deeper samples. Most of the exchange-
able Mg is used to form dolomite or is flushed into the sands
vwhere it combines with montmorillonite to make chlorite.

- The Al03 content of the bulk samples ranges from 9.94
to 17.47 percent. This is equivalent to approximately 55 to
75 percent clay minerals. The Al703/K20, Al03/Mg0O, and
Al,03/Fey03 values of the Chevron and Mississippian (except
for Al,03/Mg0) samples indicate a deficiency of K, Mg. and
Fe with respect to the Paleozoic and Precambrian shales.
There is no increase in these cations with depth. These

nontmorillionite~rich clays cannot be converted to the typical

illite~chlorite clay suite of the older shales without the
addition of these ions from external sources. Dioctahedral
chlorite, both as discrete chlorite and as mixed-layer
illite-chlorite, is present in most Paleozoic and Precambrian
shales and will be even more abundant in deeply buried
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Tertiary shales unless cations are added from outside the
system. The data indicate that in areas where the conversion
of montmorillonite~-rich clays to illite-chlorite clays
occurs the geothermal gradient is relatively high and K, Mg
and Fe are added from below. The possibility exists that
geothermal gradients were higher in the Paleozoic and Pre-
cambrian, particularly preceding the middle Carboniferous
break-up of the continents.

: The release of interlayer water may be necessary but
not the controlling factor in the development of high pres-
sures in the Gulf of Mexico. Loss of permeability appears
. to be more critical. In the Chevron well the top of the

high pressure interval occurs at the top of a thick mud
section, underlying a mixed sand and mud section.

Expandable layers exist to temperatures of at least
200°c, .On the basis of certain assumptions it appears
that through the top of the high pressure zone interlayer
water decreases to 0.8 percent and pore water increases by .
S percent; there is no abrupt mineralogic change through
this interval. The increase in pore water correlates with
an increase in Aly04 or clay content. It is suggested that
ions migrate through the permeability barrier even though
water does not.
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 THE DIAGENETIC ISOPLETH!

by
J F BurSt

. Technlcal Dlrector
‘General Refractories Company-
_Philadelphia, Pemnsylvania

Dzagenesis is allve and well--lt llVES, among other
pPlaces, in .the Gulf Coast of the United States and apparently
contributes effectively to the economic importance of the
area by prov1ding a medium for the accumulation of petroleum
hydrocarbons. This, in itself, should be sufficient basis
for our interest. Diagenesxs,vas a precurser to meta-
morphism has been recognized in geologlc history for many
decades, 1Its use, however, as a tool in petroleum geology
has been limited to the past two’ decades when techniques and -
instrumentation for measuring low-level energy responses in
sediments were developed. Although Winkler has established
the upper limit of diagenetic reordering as 300°C, its use-
fulness in petroleum exploration appears to be limited to
the lower half of that temperature range. Evaluating rock
- changes which have occurred below 150°C (302°F) limits
investigation essentially to liquid, gaseous, and’ semi-solld

. phases. Interesting contributions regarding low temperature

thermal history are also possible from measuring the
\opacification of pollen exines by progressive carhonization.

Running. quickly through the alternatives, it doesn t

. take long to figure that the three-layer clay minerals, with

their capacity for absorbing and desorbing water in response
- to their environment, offer an opportunity to evaluate
diagenetic impact. . All things considered, the clay minerals
must rank as the diageneticists prlncipal working tool.

~ lmmig ie the text of Dr. Burst 8 oral presentation,
for references cited see J. F. Burst (1969) "Diagenesis of
Gulf Coast Clayey Sediments and its Possible Relation to
Petroleum Migration,"” AAPG, Bull.. v. 53. 73-93. ;
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Clay mineral changes aren't limited to water content / ,
readjustments, of course, they run the gamut from slurry to & /
slate, tripping over the diagenesis--metamorphosis boundary
somewhere in between.  The changes are environmental reactions
which develop a characteristic mineral population. The
natural population of organics and inorganics with which we
are familiar at the earth's outer surface is stable to an
elevation of about 10,000 ft. above sea level. Finding
limitation not in elevation per se but in environment,
principally temperature and atmospheric content. By coinci-
dence, perhaps, the same population is stable to burial .
depths of about 10,000 ft. (perhaps a bit less). Dependent
once again, not on burial depth, but principally on condi-
tions of temperature and atmospheric content. Research work
in the relatively shallow subsurface indicates a general
populationsalteration wherein clays densify principally
through the loss of water, solid organic material adjusts

its carbon-hydrogen ratio in a coalification process and

- simple ligquid and gaseous hydrocarbons mature to character- -
istics which resemble petroleum. Other secondary effects,
such as unusual adjustments in formation water salinity and
thermal gradient fluctuations have also been observed. An
interesting aspect of these various chemical, structural, :
and volumetric changes is that they occur in close relation-
ship with one another withip rather narrow and well defined
burial limits related to energy input. A plateau seems to
exist in the subsurface wherein the balance of many surficial
chemical and physical systems is broken and these systems
begin a re-equilibration to their new energetic environment.
The plateau lends itself to subsurface contouring. The
re-equilibration zone can be isopached and within it the
second stage of clay dehydration can be selected as a level
of equivalent energy input which I refer to as the diagenetic
isopleth. I have found it useful as a subsurface marker.

Geopressures, which occur within this zone, represent
a portion of the subsystem which is unable to re-equilibrate
and exists therefore as a disequilibrated anomaly. Character-
istics of the diagenetic isopleth are much less obvious than
the more familiar indicators of metamorphism and they require
more sophisticated tools for recognition. The geologic
importance of the diagenetic isopleth may be equally as
great as the common metamorphic markers however, and its
significance with respect to petroleum geology may be
considerably greater. '

Pressure, time, and temperature are the three agencies
responsible for diagenesis--as well as, I presume, most every
geologic zlteration. Unfortunately, somewhere along the way,
popular dimensioning of the effects of pressure and tempera-
ture led to the erroneous conclusion that overburden preesure
produced diagenetic changes.
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More recent work argues that temperature is the
principal agency with pressure and time minor contributors.
Examination of the kinetic formulae for reaction rates
clearly demonstrate the exponential effect of temperature
and the fractional exponential of time which relegates it to
a relatively ineffective role in diagenetic processes.
Equally clear is the greater effectiveness of temperature vs.
pressure. A 10% rise in temperature is equal to an increase
of overburden pressure equal to several thousand’ atmospheres.
Even using the classic rule of thumb that a 10°C rise in

-~ temperature doubles reaction rate gives us some idea of its

relative effectiveness over pressure and time as we can
equate such a temperature rise to an appropriate overburden

- pressure. 1ncrease on the basis of geothermal gradient

(109 rise = 189F rise = 1000 ft. of sediment in Houston area)
'vand to- time on the basis of sedlmentatlon rate.v

: The relative effects of these various parameters may
~also be judged from direct observation.” Figure la shows the
effects of squeezing hydrated Wyoming bentonite at 40,000
psi and room temperature. Alterations are confined to in-

- £illing of air space. - In Figure lb, a similar cylinder of
semihydrated montimorillonite clay sgueezed_at the same
pressure but, at a temperature of 50~C shows lineation and
micaceqQus flakes forming. Further heating showed more
pronounced flake develoPment»(Fig. lc) . X~-ray investigation
showed that the swelling capacity of the flake material was
reduced about 25% indicatlng a permanent loss of interlayer
- water. S - B _ . . _

, In the subsurface, where countless nucleation centers
occur in the form of clay platelets, diagenetic growth
generates crystal building such as the delicate lath develop-
“ment in Figure 2 shows and it encourages the extension of

Qrystal faces such as indicated by the transparent border on
the blotite flake shown 1n P;gure 3. e T

: This type of reaetlon 1s generated by the partial
‘reduction of the ferric iron components of mica lattices in
T oa muscovite to biotzte type transition: o
2K (Mg)?e"‘3) 814010 (OH) 2 ® K(Mg,Mg,Fe+2) (Fe*‘351) 3 010 (0H) ,
+ ‘ ‘
55107 + K" * 0y

' -(Dioctrahedral celadonite plus Heat and Pressure = Triocta-
hedral Lepidomelane + Quartz) :
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- The reaction, which has been confirmed in the
laboratory, accounts for deep burial biotite formation, the
development of siliceous binding agents in shale members and
a source of potassium for the illitization process. .

Actually, this process begins toward the end of the
diagenetic sequence and continues through the metamorphic
stage. More pertinent to our considerations are the pre-
recrystallization changes effected principally by mineral
lattice water loss. This subsurface reaction expresses
itself in a variety of measurable dimensions. Interlayer
water is non~-saline, probably as a result of an anion
repulsion in which the net negative charge of the clay
lattice prevents the Cl- ion from entering the particle. A
simple demonstration of this phenomenon can be observed if a
quantity of dehydrated, but still active, montmorillonite is
" mixed with saline water. As the montmorillonite absorbs its
. normal complement of water, the salinity of the remaining

-ligquid phase will rise in linear proportion.

Considering what must obviously happen in reverse as
waterloaded montmorillonite dehydrates during early diagenesis,
a freshening of subsurface waters in the diagenetic isopleth
should be apparent.

Subsurface salinity measurements usually reflect the
character of sandstone pore brines. This limits confidence
in any measurement taken in strata under hydraulic gradient,
because they may be transporting water unrelated to the
immediately adjacent dehydrating shales. It also makes
salinity measurements near evaporites or salt plugs of
questionable value.

In spite of these difficulties, anomalies resulting
from shale dehydration have been reported. According to Timm
and Maricelli (1953) salinity values are an inverse function
of shale volume and degree of compaction. The authors note
that connate waters in younger sediments (Miocene-~Pliocene)
in the Gulf Coast were generally more saline than those in
older (Eocene and Oligocene) sediments and that in sediments
of the same age, salinities are often higher in the updip
sections than in more deeply buried downdip extremities.
Their general assumption appears to be that this situation
is normal for Gulf Coast sediments and not an isolated
phenomenon.

On the basis of more recent interpretations of the
water escape properties of shales, the higher salinity
measurements in younger sediments can now be expressed as an
inverse relation between connate brine szlinity and the volume
of interlaver water expelled from an adjacent shale,
Similarly, Timm and Maricelli‘'s second conclusicn now can be
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. thought to suggest that the dehydration p01nt -at which inter-
. layer water is released presently occurs above Eocene sedi-
- ment burial depth and often traverses dlpplng strata of the
'esame age. .

- As plotted in their report, the Timm and Marlcelll

‘;;‘data appear to be subdivided into several unrelated groups,
"~ each containing a few data points. A replot of their data,

referenced to the calculated level of clay dewatering in the
area under study, shows that the salinity anomaly may be ,
more specifically associated with shale dewatering than the

casual sallnlty-shale volume relatlonshlp reveals.

oL Figure 4a shows that the Timm and Maricelli points

. are . not necessarily divided into isolated groups but may all

- be related as a function of their distance from the calculated
- clay dehydration point. The relationship between salinity
and clay dehydration appears to be independent of the

- stratigraphic position or relative age of the samples.
Salinities measured near or below the dehydration level are
szgnifxcantly lower than those above. The average salinity
in samples below clay dehydration and up to 300 feet above

it is 20.6 x 1000 ppm. Samples from 300 to 4955 feet (the
most distant) above clay hydration point average 70.4 x 1000
ppm. This may be explained as a dilution of pore water
‘salinity by fmesh water from adjacent shales during clay
dewatering. . Above this point, a gradual increase in salinity
values reflects the gradually decreasing effect of clay
dewatering as its effluent is mixed w1th the hlgher salinity
pore waters above. _

c . - A three-point moving average of the data (Figure 4b)

i graphzcally illustrates the salinity variation as an orderly
~zone of -adjustment between two consistent bases. This is
regarded as evidence that the interval at, and just above,
the clay dehydration point is most favorable for subsurface

:*fluid redistrlbutlon-

In comparison to the three—pcint moving- average
: ‘xeferencea to the diagenetic isopleth, a three-point moving
- average of the Timm and Maricelli data, plotted solely as a
‘function of burial depth is shown as Figure 4c. Its irregular
configuration demonstrates that a purely depth reference
“would not reveal the nature of salinity reduction to be a
: dilution‘pracess between two rather cons;stent salinxtj bases.

: The double base 1ine--zntermed1ate transition zone
presentation of the diagenetic isopleth is a convenient and
- instructive format. Figure 4b for instance, can be compared
fzvorably with Figure 5 wherein the actual measurement of
- lattice dehydration is plotted versus sample recovery depth.
Thie is the parameter to which other diagenetic indicators
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such as salinity reversals, BHT anomalies and geopressuring
are apparently related and from which they may be derived.
Plotted here is a lattice dehydration log which also shows
an adjustment to new subsurface conditions through a transi-
tion zone. In this case however, the adjustment is assumed
to represent a direct measurement of water loss rather than
the secondary salinity effect. Still another similar curve
was presented by Fertl and Timko earlier this month in the
0il and Gas Journal although their data did not quite get
.down to the second base line. -

We have talked sufficiently about clay dehydration
thus far and its relationship to a specific zone-in the sub-
surface that I feel we should spend a few minutes in an
explanation of its possible uniqueness. The continuous
diagenetic effects of time, temperature, and pressure
experience a discontinuity with respect to sediment dewater-
ing at the stage where the clay lattices in shale sections
contain only two water interlayers. At this stage, the
attractive forces generated by exchange sites within clay
lattices cause the last two water layers to be '

1. épread slightly to accommodate the charge
distribution;

2. Infilled with extra water molecules at the
rate of one additional water for each eight
molecules normally present; and o

3. Compacted in an overlapped geometry due to -
the hexagonal close-pack rule. T e

This results in a configuration in which the water
trapped within the clay mineral lattice occupies less space
inside the clay lattice than it would in the pore space.
Pressure therefore is no longer an effective dewatering
agent and the shaley interval resists the normal diagenetic
progression as it waits for formational temperatures to
increase sufficiently to force the stabilized interlayer

water into the pores. The vertical extent of this stabilized

zone depends essentially upon the rates of sedimentation and
pore water expulsion. In rapidly depositing sections, heat
accumulation is slow due to excessive entrapped water. This
results in a lowering of the geothermal gradient and a
deepening of the interlayer dewatering level. Under normal
circumstances the sediment temperature eventually rises
sufficiently to mobilize the interlayer water and it drains

out through the pore system. If the system is closed, however,
perhaps by the self-sealing action of monolayer immobility in

thick shale sections, the pore space cannot accommodate the
mobilized water which is attempting to increasge its volume
by 10 or 15% upon liquefaction and the condition of over-
pressuring develops.
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This can perhaps be illustrated by Figure 6 where the
density of interlayer water is plotted against the number of
water interlayers in swelling clay lattices. The upper
curve shows suggested density variations when the lattice is
overpacked due to the in-filling of voids in those water

- layers immediately adjacent to the lattices. These water

layers, as I mentioned previously, have been restructured in
accordance with the lattice charge distribution. When only
two water layers are present, dewatering cannot take place
without thermal assistance even against pore water densities
of three times sea water salinity. Without the overpacking,
dewatering is viewed as considerably less difficult although
even in this instance the normal close packing tendencies of
the lattices densifies 1nterlayer water to the point that

dehydration is inhibited.

The density reversal at the two interlayer water

- level must have some effect on subsurface pressure relation-
- ships. It represents a fluid flow stability interval between

the point at which the free flow of pore water to the surface

-diminishes and the point at which thermally activated inter-
layer water flow begins. . The stability zone is the optimum

interval for shale over-pressuring as neither of the two
major dewatering processes operates effectively and over-
burden - pressure can increase without engenderlng appropriate
volume adjustment in the sedlmentary sectlon.

The system is essentlally “closed" and overpressuring
develops as the thermally excited water molecules press
against the confining pore water. Even though sufficient
water molecules are present to form a continuous phase, the
water is not in liquid form and refuses to respond to the
pressure gra&ient.

The effect of this condltlon is observed in bulk
density, conductivity, resistivity, and sonic measurements
by inversions or reversals which are certainly reflectxng a
change in sediment water characteristics. There is little
likelihood that these can be attributed to a rewatering
phenomenon. The diagenetic process appears to be unidi-
rectional. They must represent various stages of dewatering
and inasmuch as the clay minerals control in large measure,
the dewatering of sediments, it can only be construed as
prudent. to carefully examine the characteristics of the clay
mineral suite in sedimentary sections. Clay mineral de-
watering is the key to sedimentary diagenesis, the basis for
many measurable secondary effects, and the principal trans-
port control for petroleum hydrocarbons. Each stage of
geologic development is best studied by some particular
research technique and insofar as I am able to perceive,
dzagenesis belongs to *he clay mineralogist.
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Abstract

' Formation pressures higher than hydrostatlc occur
worldwide and are important factors in the successful
planning and drilling programs in the search for oil and
- gas. -It has been noticed in several ‘areas that the
‘distribution of hydrocarbons appears to be related to the
pressure environments in the area. Observed changes in the
"properties of shales can be used to detect overpressured

formations. These parameters include in situ and/or

surface measurements of shale resistivity, sonic travel
time, bulk density, clay mineral abundance ratio, and

. salinity changes. Also, bore hole temperature and rate of

penetration by the drill bit are used to detect overpres-
~sures. Knowledge of the expected pore pressure -and

- fracture gradient is the basis for efficiently drilling
wells with correct mud weights and casing programs. This
prevents a breakdown of exposed formations and contains the
high pressure fluids in deeper formations, thus enhancing
the chances of successfully drilling these zones. Examples
from the Gulf Coast illustrate the various techniques of
detecting and drilling of overpressured formations.
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Worldwide Occurrence. of Geopressures i' B

In the worldwide search for oil and gas, geopressures
have been encountered in many countries (Figure l). Geo-
pressures or abnormally high subsurface pressures are defined
as any pressure which exceeds the hydrostatic pressure of a
column of water containing 80,000 parts per million total
solids. We have compiled a list of areas where geopressures
have been reported in the literature (no claim, however, of
a complete listing is being made). These areas include the
USA (Arkansas, California, Louisiana, Oklahoma, Texas,
Wyoming), Europe (Bustria, France, Germany, and the Carpathian
and Caucasian Regions of eastern Europe), Africa (Algeria),
Middle East (Iran, Irag, Pakistan), Far East (India, Burma, -
Indonesia, New Guinea, Japan), and South America (Argentina,
Colombia, Trinidad, Venezuela). It is believed that
increasing exploratory efforts in new areas, on- and off-
shore, and the general trend to deeper drilling will further
broaden the areas of overpressures which are accompanied by
associated drilling -and production problems.

Geological Siggificahcé of Geopressures

One of the first and certainly most extensive studies
of geological aspects related to geopressures has been
carried out by Dickinson (1953), who summarized some of his
observations as follows "High pressure zones commonly make
drilling of wells most difficult in a belt about 50 miles
wide along the coastal plain northwest of the Gulf of Mexico
from the Rio Grande to the Mississippi Delta. Dangerous
abnormal pressures occur commonly in isolated porous reser-
voir beds in thick shale sections developed below the main
sand series. Their locations are controlled by the regional
facies change in the Gulf Coast Tertiary province, and they
appear to be independent of depth and geological age of the
formation. \

The high pressures are caused by compaction of the
shales under the weight of overburden which is equivalent to
approximately one pound per square inch per foot depth.
Difference in density between gas and water causes abnormal
pressure where hydrocarbon accumulations occur above water,
irrespective of whether the water is at normal or abnormal
pressure. The magnitude of this pressure depends on the
structural elevation above the source of pressure in the
water and may cause very high pressure gradients in isolated
sand bodies, Eowever, the trend of pressures in the Gulf
Coast region indicates that maximum pressures probably do
not exceed 90 percent of the overburden pressure.” In a
more recent work, Dickey et al. (1968) observed that "the
pattern of the high pressure zones is not obvious but
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appears to be related to the peculiar patterns of faulting
contemporaneous with sedimentation which are characteristic
of the Gulf Coast." Harkins and Baugher (1969) discuss some
pressure anomalies being associated with salt domes. 1In
addition, they stress the relationship between geopressure

and stratigraphy.  They also suggest that "to develop abnormal
pressures the shales usually must be over 200 feet thick."

It is normally accepted‘that thick clay masses have to be
- deposited rapidly over considerable areas, to prevent any
hydrostatlc reserv01r equlllbrlum '

vast fleld ev1dence shows that tran51tlon zones
between normal and overpressured zones may be abrupt or may
extend over more than 1000 feet. Our experience also indi-
. cates that the presence of fault planes may or may not mark
pressure discontinuities, which become an Aimportant factor
~ in planning offset wells. The nature of a permeability
- barrier, the so-called caprock, normally encountered at the
- top of geopressures, will be dlscussed in more detail.

: Movement of water through a shale section overlying
geopressured reservoir rock takes place mainly along the
directions Of greatest permeability and may cause siow

. lithological changes in the character of the shale section.
Escaping water carries dissolved solids such as carbonates
and silica, and gases. Pressure and temperature drop across

- the transitionfinterval.and~cause precipitation and mineral-
ization-in this zone. Fine grained sediments, such as clays,
act as semipermeable membranes. permitting dissolved solids

in the remaining pore space to react chemically with the clay.
The £illing of the pore space causes a decrease in the
formation porosity. Presence of such an indurated limey
shale barrier, which acts as.a sealing cap, normally is found
in the shale overlying geopressured zones. Evidence is
observed on well logs as a relatively high bulk density, an
increase in electric res;stxv;ty (or decrease in conductivity),

- and a decrease in measured sonic travel times. Sidewall

~samples which have been taken in the caprock confirm such
observations. ‘ o R -

Thickness of the caprock seems to vary greatly. We
‘“have observed thicknesses as low as a few feet to as much as
~several hundred feet. Occasionally a sequence of several
- sealing barriers may be encountered. Such conditions are:
~ thought to have ‘originated by imperfect sealing and/or dis-

"jturbances caused by tectonic movements over geologic times.,

.- In any event,. very low shale permeabllitles (in the order of
10~5 tc 10-6 millidarcies) in connection with non-Newtonian
behavior of the water in the finer interstices of sediments
require consideration of the time factor in forming such a
sealing barrier. The rate of solid precipitation responds
to changes in physical and chemical environments which are
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dependent on the composition of brines and clay minerals,
pressure, temperature, and the path taken by escaping water,
all of Whldh are largely speculatlve.

C0m2081t10n and Abundance of Clay Mlnerals
7 and Their Effect in Drilling

: Not much data has been published in the clay abundance
ratio in wells penetratlng geopressured zones. Kerr and
Barrington (1961) in such a study of four wells in the
Caillou Island Field, Louisiana, noted major changes in the
- relative amounts of montmorlllonlte, illite, and kaolinite
comparing geopressured and normal pressured formations.
Their study showed compaction reversal. The decrease in
montmorillonite seems to represent a sharp change in contrast
to the increase in illite. However, one well showed a
decrease in the amount of illite associated with an increase
in kaolinite. This was interpreted as a change in mineral
composition coinciding with the .geopressured zone.

Also, some recent work of commercial mud logging com-
' panies using methyléne blue tests on shale cuttings have

- shown increasing percentages of high cation exchange capacity
¢lays as high formation pore pressures and high temperatures
are encountered in deep wells.

, The results of a field case study carried out on side-
wall cores in a well in Cameron Parish, Louisiana, are given
in Table I. Note that the two cores taken in the highest
pressure and temperature at 10,393 feet and 10,415 feet show
increasing percentages of montmorillonite.

Another factor in the drilling of long shale sections
is the danger of bore hole instability caused by any dis-~
turbance of the physical and/or chemical equilibrium con-
ditions due to penetration by the drilling bit (stress
relief) or reaction with the drilling fluid (van Olphen,
1963; Browning and Perricone, 1963; Kelly, .1968; Darley,
1969; Chenevert, 1969).

Chenevert (1969) stresses the major role of the
hydraticn effect over erosion and mechanical actions. Darley
(1969) distinguishes two modes of shale hydration, the sur-
face hydration ("crystalline swelling”) and osmotic swelling.
These reactions cause softening and large volume increases
which lead to unstable bore hole conditions. Mondshine
{1969) extends the osmotic concept to the determination of
oil-mud salinity needs in shale drilling. Such oil base
muds should be considered as special purpose drilling fluids,
which are being used ‘in the Gulf Coast area particularly in
deep, high temperature wells. However, these muds are
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V - expensive, may 'rresulvty in reduced penetration rates, and
',drllllng crews do not partlcularly llke to work w1th them.

: F;gure 2 plots of depth versus shale resxst1v1ty and
sand sallnlty, strlklngly shows the fluid sensitive shales.

. Drilling operators, to avoid hole problems in this area often
g~use air or gas as the drilling medium.

0smos1s and Semlpermeable Flow COndltlons
Throuqh Shale Zones

oo An osmotlc pressure can arlse when two solutlons of

;,different concentratlons (or a pure solvent and a solution)
are separated by a semipermeable membrane. Irrespective of
the mechanism by which the semipermeable membrane operates,

- the *final result is the same. Osmotic flow continues until

- the chemical.potential of the dlffu51ng component is the same
on both sides of the barrier. Of utmost importance taq geo-
pressured formations is the fact that if the flow takes
pPlace into a closed volume, the pressure inside necessarily
increases until equilibrium conditions are obtained. Any
*. disturbance, physical or chemical, would cause a resumption
- of flow until eguilibrium condltlons are reestabllshed

The behavior of the fine grained sediments, such as
shales, siltstones, and shaly sands, as semipermeable mem-
branes (“salt sieves") that allow water to pass out of the

. formation while retaining and concentrating dissolved salts

:;has been recognized for years by many 1nvestlgators alike
(Desitter,kl947 etc.).

McKelvey and Milne (1962) gave experlmental evxdence

 of the salt filtering ability of compacted bentonite and
. ¢lay, whereas Young and Low (1965) measured osmotic flow of

water and pressures in shales and siltstone, shales, and

especially shaly sands, obviously may not be considered as

- perfect membranes. However, their efficiency should
-1ncrease with higher compaction. , _

SR In ‘the Gulf Coast. waters fresher than sea water are

encountered down to approximately 3000 feet. This appears
to be the critical compaction depth where shales begin to
act as semipermeable membranes. Figure 3, plots of shale
resistivity versus depth, read;ly shows fresh waters in
these Shallow intervals., -

- Practzcal application of some of these concepts has

'-been'proposed by Pirson (1967) in the application of well
'logs to. seek "osmotic“ entrapnent of hydrocarbons.
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Jones (1968) states that "the pressure difference
across a simple clay bed could, under natural conditions, : .
exceed 3500 psi. In known geopressured reservoirs, stepwise ﬂ j
increments of osmotic pressure with depth through a series
of bedded sands and clays could, as by a multistage pump,
produce any of the reservoir pressures observed to date in
the northern Gulf of Mexico basin. Conceivably, osmotic
derived fluid pressure could equal or exceed that due to the
weight of the overburden causing reservoir rupture and
diapirism, especially where heating had reduced the load~
bearxng strength of clay beds."® .

_ In a study of the pressure-hydrocarbon-sal1n1ty rela-
tionship in the Gulf Coast area, Fowler (1968) suggests the
salinity variations in the Frio section to be results of
selective ion concentration by the shale membrane effect.

It is interesting to note that the "freshest formation
waters are found at the base of the normally pressured sec-
tion in the Lower Houston Farms Sand." Overton and Timko
{1969) have shown similar examples of freshenlng of waters
above overpressures.

_ . Figure 4, a plot of salin;ty versus depth made from
log data and sidewall core data, shows this freshening at

- 6000 feet which is a@bove the pressure transition zone starting

at 8000 feet.

, These concepts may explain also the long known evi-
dence why downdip freshening of aquifer waters has been
widely observed in the Gulf Coast. A field case from South
Louisiana (Timm and Marcelli, 1953) indicates in the updip
direction a marked salinity increase from 12,500 ppm to
72,500 ppm. In addition, saline waters at the top of a sand
sequence and relatively fresher waters at the bottom have
been observed in the recent field study by Fowler (1968).
Similar results for Southwest Louisiana were published
earlier by Timm and Marcelli (1953), who found that "a
relative decrease in saline concentrations of connate waters
becomes apparent in: (a) massive continental sands above and
below intertonguing marine shales, (b) marine sands which
are grading downdip into solid marine shales, (c¢) older more
marine parts of a regressive Phase as compared w1th its
younger (except very top) non-marine part. . . .

Geopressure Detection Techniques

The technique of "balanced pressure drxlling ig now
used effectively in the oil industry. The balanced pressure
technique 2pplies hydrostatic pressure equal to the maximum
pressure of the uncased formations, adding only a few hundred
psi to contain the formation while tripping the drill pipe
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to change drill bits. The method offers several advantages.
These include faster penetration rates, minimized lost circu-
”“latlon, and differential sticking, less hole instability,

* ~ and decreased’ formation damage. - However, proper pressure

balance is a precise operation with only little difference
between effective control and threatened blowouts (0'Brien
and Goins, 1960; Goins, 1968). Therefore, experienced
drilling personnel and pressure control equipment are needed.
Drilling in this manner does provide a direct indication of
formatlon pore pressures.v,\

Detectlon and evaluatlon of downhole geopressures may

" pe inferred from a number of different sources, one of the

best being well logs. "Well logging" denotes any operation,
wherein some characterlstlc data of the formations penetrated

o by a bore hole are recorded in terms of depth. Unfortunately, .

- wire-line logging methods and their evaluation are “after
the fact" techniques, i.e., after penetration of the drill
.- bit., Nevertheless, it is a significant advancement in well
planning, even though sometimes very short zones have to be

‘logged to continually monitor pore pressure variatlons.
‘These measurements in the shales include'-‘ SRR

' “Bulk density measurements.--Such measurements can be
, carrxed out in situ by means of the: Density log (Ham, 1966)
_or on shale cuttzngs (Boatman, 1967) = :

T BaS1cally, ‘the DenSLty log con51sts of a gamma ray
“source irradiating the formation with gamma rays which react
with electrons surrounding the bore hole and are back

- scattered., A detector records the intensity of the back
scattered rays which varies with the bulk density of rocks
surrounding the bore hole. Bulk density measurements on
shale cuttings are commercxally carrled out by several
*service companles. a ~ Y

» . Figure 5, plots of bulk denszty of shales versus
: depth by the two methods are shown. Note that the bulk
density from the cuttings is less than in the situ log mea-
surements. BAn exception is apparent in the caprock at
10,500-11,000 feet, where flushing of the cuttings has not
been severe because of the caps lower permeability and
mineralization. The magnitude of the bulk density data here
are similar,

, Conductivity measurements.--With the Inducticn log,

formations are energized by electromagnetic induction.

" Resulting electromotive ‘forces (eddy currents) are detected
by receiver coil and transmitted to the surface where both

~conductivity and its reciprocal, res;stivityo are recorded.

Transition to overpressured ghale zones is indicated
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*Sltuatlon as gas can evolve from formatlon cuttlngs as they
come to the surface. - Generally, it is a good policy to
circulate out gas before. drilling and welghtzng up the mud

- system to be positive that the gas cutting is actually due
to geopressures : . _

Refipements in GeopressurefDetermination

It has been shown (Txmko, 1968) that refxnements in

- the conventional techniques of determining pore pressures
from well logs are -often necessary. For example, for the

- well in Figure 11, shale resistivity and shale travel time
“are plotted in the conventional manner on a depth scale of a
half inch to 1000 feet. Two gas zones are present at 7820-90
and 10,160-210 feet. Both plots confirm that the upper zone
has normal hydrostatic pressures while the lower zone has a
gradxent in the v1c1n1ty of 0.75 psi/ft. : ,

: i In drxll;ng the 1nterva1 from 9600-10,500 feet, the
Well required mud weights exceeding 15.0#/gal. This on-site

data further confirmed the log calculated high pressures.

- Because of the expected high pressure in the lower zone, it

" was decided not to dually complete in the two gas zones but

to complete only in the lower zone through a tieback string

all the way to the surface. When the lower zone was completed

and tested, the expected high pressure did not exist. The

- actual pressure was 0.55 psi/ft instead of 0.75 psi/ft.

Figure 12 is an expanded scale plot 6f,a'h§lf inch to
100 feet for the interval 9600-10,500 feet. The pressure
variations are seen in more detail. '

Note that the shales exhibit a decreasing pressure
gradient from 9925 feet to the sand and an increasing
gradient below the sand. The sand, therefore, is not at the
. same high pressure as the shales 100 to 150 feet above and
below. To determine true pore pressures in sands, it is a
necessity to use the shales immediately adjacent to the
zones of interest which can readlly be seen on an expanded
depth scale.

Engineered Approach

The best engineering approach for the detection and
evaluation of geopressures is the study of a combination of
several measured parameters as discussed in this paper,

This statement is based on our experience, and that misinter-
pretations may be made when relying on one type of measure-
ment or technigque only.
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"Such conditions, as changes in lithology, can affect
in some manner all the detection technigues. An example of
this lithology change is shown in Figure 13 where at 16,300
feet, the shales become limey and more resistive, but the
pressure gradient remains the same. Drilling rate and bulk
. densities would also change. We must undertake to develop
new technigues to compensate for such pltfalls.

’COncluslons \

Concepts and methods as outllned in this paper are
used in-the petroleum 1ndustry to detect and evaluate geo-
pressured zones., ,

. Such geopressures are related to the geology of an
area and need to be understood for efficient operations.
" They affect modern drilling technigques, are blowout hazards,

" influence ‘completion méthods and are a factor in producing

characteristics of a reservoir. ' Since most of the pressure
data is derived from shales, addltional clay research will
be necessary to fully understand and cope with these problems.
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by greater than normal conductivity due to higher than normal

‘water content (Wallace, 1965; McGregor, 1965) and porosity.
These measurements are affected by the salinity and tempera-
ture of the formation water and tool instrumentation problems
in very high conductmv;t;es.

Figure 6 is an example from a well located in offshore
Louisiana.

Resistivity measurements.--The Electrical log measures
the resistivity of the media surrounding the tool. Commonly
several different electrode configurations are used in combi-
nation to estimate resistivity parameters in formations
penetrated by the drilling bit.

, In overpressured shales the so-called Short Normal

- curve shows a departure from the "normal" trend, indicating
 the high water content and increasing porosity in these

- shales (Hottman and Johnson, 1965; Ham, 1966). As in the
case of conductivity measurements, this log is affected by
the salinlty and temperature of the formation water.

Flgures 2, 3, 7, and 11 are plots of this technique.

Neutron measurements.--The Neutron log measures the
hydrogen density of the formations. The increase of porosity
and corresponding water allows application of this tool for
overpressure detection. However, experlence has shown this
device is not as accurate for quantitative pressure data as
other logging tools.

Pulsed neutron measurements.--A downhole accelerator
or neutron generator bombards the rocks with 14 Mev neutrons
in a time sequence pattern. During the time the accelerator
is off, a gamma ray detector records two readings spaced a
few microseconds apart, thus determining how long the neutron
exists, or how fast they are captured. This measures the
so-called thermal neutron capture cross-section of the forma-
tion and its contained fluids. The advantage of this device
over the conventional neutron described above is that casing
and cement have small effects on the overall response.
Figures 7 through 9 exhibit a particularly useful application
of the pulsed neutron. In Figure 7, we have plotted shale
resistivity versus depth for a well drilled in 1946. All
the sand zones listed in the figure below 8200 feet have been
productive in this field for at least 25 years. This par-
ticular well was producing from the Klump series, but produc-
tion was lost because of casing problems below 8100 feet.

It was planned to get the well back on production by
recompleting in the Homeseekers “A" sand at 9060 feet by
sidetracking above the fish and redrilling to the Homeseekers
"A" zone. The mud weight requirements needed to 4rill this
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well 1n1t1ally in 1946 to the Homeseekers "A" was approxi-
‘mately 14.0#/gal, since the sands and shales contained geo-
pressures. of this magnitude, - o

However, because of production and pressure depletion
"~ .over the years, most of the sands presently have producing
- pressure gradients throughout the field considerably less
~than hydrostatlc. Therefore, it is known that the formations
would not sustain the high mud weights used originally. The
pulsed neutron was run in the old cased hole to evaluate
present pressure conditions. Figure 8 .is the plot of the
response of the device versus depth to 9110 feet. As shown
in the figure, ‘the maximum mud weight requirements as deter-
mined from the pulsed neutron to reach the Homeseekers "A"
' sands were 10. 2#/ga1. : , S R

f Flgure 9. a. plot of depth versus formatlon pore
.. pressure of the shales, shows the change in shale pressure

" .due to pressure depletion of the sands.

The well was sidetracted at 8120 feet‘iu 1968 and

© drilled to 9215 feet without difficulty with a mud weight of

10.44/gal, where originally 14.3#/gal was required. Figure
10 shows how the salinity of the formatlon water has
increased with pressure depletlon.' :

Transit travel time (sonic) measurements.--The sonic

‘ log records the transit time.of .elastic.waves through the
rocks for use in estimating porosity. A transducer creates
elastic wave' ‘pulses which travel through the formation and
are picked up by receivers on the logging tool. The time

- requlred for the signal to travel a predetermined distance

.. in the formation is recorded as travel time, For practical
- purposes, this log is unaffected by temperature and salinlty.

» A normal trend of transxt time in shales is plotted
versus depth,  Pressure anomalies will be indicated by an
increase of transit time because of the increase in porosity

ro"in overpressnred shales (Hottman and Johnson, 1965).

Figure m shows an example of this technique.

- Shale formation factor measurements ,.-~-This method,
proposed by Foster and Whalen (1965), assumes the shale
water to have the same salinity as water in adjacent sands.
- The shale formation factor is derived from. this data and
plotted versus depth. The major criticism of this technique
is the assumption that sands and adjacent shales have exact
salinit;es, which is open to questxon.

Salinitv variations measurenents.—~$alinitv measure-
ments, related to the detection of qeopressures.“canvbe
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carried out in-situ with proper logging tools or at the
surface on shale cuttings (Overton and Timko, 1969). As
discussed previously, salinities decrease with 1ncreas;ng
pore‘preSSures.

The llmltatlon of this technique is that formatlon
salinities can vary quite markedly with rock stresses due to
tectonics such as faulting, unconformities, salt dome uplift
and other local or regional geology. :

: Flgure 2 shows a sallnlty plot, prev;ously discussed.

ggophy51cal measurements.-—The seismograph has been
used over the years primarily as ‘a tool to determine sub-
surface structure. Recently, techniques  (Pennebaker, 1968)
have been developed using seismic data to predict the depth
at which abnormal pressures occur and the magnitude of such
pressures. This information is particularly valuable in
drzll;ng operations where little is known of geopressures
as in a rank wildcat area.

- -~ The technzque is to determlne the changes of interval’

velocity energy with depth. Undercompacted and overpres-
sured shales existing at depths exhibit a decrease in the
interval velocity trend as calculated in the compacted
formations above.

Penetration rate of drilling bit measurements.--
Drilling rate has been recorded for many years, its relation
to overpressured zones being recognized in the last decade -
only. Jordan and Shirley, in 1966, developed a technique
for identifying the first occurrence of overpressured forma-
tions from lnterpretatiOn of drilling performance data. A
general equation for penetration rate in shales has been
given by Combs (1968), wherein the constants have been
evaluated by a regression type analysis of penetration rate
data from several wells. Forgotson (1969) suggests that "an
increase in the rate of penetration of shales, in which the
increase is a minimum of 200 percent of normal, is an indica-
tion of the proximity, either vertically or horlzontally, of
a high-pressure fluid reservoir."

Bore hole temperature measurements.--It has been
reported that as geopressures &re encountered, formation
temperatures increase (Jones, 1968). There are numerous
logging devices to make such measurements. Continental 0il
Company routinely measures mud flow line temperatures for
such pressure detectxon.

pPresence of gas in mud svstem measurements.-~The

presence of gas in the mud system is often interpreted as an
underbalanced condition. However, thigs is not always the
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Depth
Feet

6648
7116
7394
7707
7803
7860
8014
8094
8160
8326
8438
9203
9254
9593
9714
9718
9821
9931
9975
10057
lol42
10145
10303
10311
10393
10415
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TABLE I

Montmorillonite Illite  Kaolinite  Chlorite

(%) (%) (%) (%)

18 30 -10. 3

.15 25 14 - 4

18 31 8 2

15 26 10 4

10 28 11 4

10 34 10 5

11 31 11 4

10 27 1o 4

9 30 11 4

21 28 15 6

. 19 27 11 4

12 17 9 6

12 20 13 5

8 23 9 6

8 22 11 3

7 21 11 5

5 28 15 4

7 22 12 6

6 23 15 6

7 23 13 4

9 21 13 4

3 18 18 7

5 18 14 4

6 19 14 7

12 17 14 5

20 20 12 7
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