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Editor's Introduction 

T h i s  volume conhins  the  proceedings of the  
Second Symposium on Abnormal Subsurface Pressure 
held a t  Louisiana State University(Baton Rouge 
Campus). It was co-sponsored by the  Department of 
Petroleum Engineering and School of Geoscience. 
The conference w a s  attended by some 285 technical 
people from a l l  disciplines of science and engi- 
neering t h a t  share a common in te res t  i n  the 
characteristics, control and exploitation of the  
zone of abnormal subsurface pressure. 

acteristics 
pressures. 

T h i s  volume contains papers of specific 
in t e re s t  t o  dr i l l ing ,  reservoir and research engi- 
neers: and t o  both exploration and production 
geOlogists. A feature of the second symposium w a s  
a panel discussion on the  diagenesis of clay and 
the relationship these changes have t o  the char-_ 

and occurrence of abnormal subsurface 

R.E.F. and B.R.H. 
Louisiana State University 
Baton Rouge, Louisiana 
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GEOP RES smsl  

b Y  

Charles A. S t u a r t  
Shell O i l  Company 

New Orleans, Louisiana 

Abstract 

Geopressures play a dominant role i n  the o i l  and gas 
industry. These pore-fluid pressures have been the source 
Of such w e l l  problems as blowouts, stuck pipe, no dr i l l ing  
progress, los t  circulation, saltwater flows, e tc ,  A t  one 
t h e ,  offshore dr i l l ing did not appear profitable because 
of high dr i l l ing  costs. 
attained. The concept of impenetrable rocks was accepted 
as fact i n  the Gulf Coast. .. 0 

Deep target objectives were rarely 

# 

Sedimentary rocks have two basic components: 
matrix and the contained pore f l u i d s ,  A l l  present rock 
classifications are based on some aspect of the matrix. A 
unique rock classification based on pore-fluid pressures has 
been introduced here t o  divide the rock into two broad 
classest Etydropressures, i n  which pore-fluid pressures are 
generated by the weight of the overlying w a t e r s ,  and Geopres- 
-# sures generated by a pressuring source greater than waters. 
A classic example of a hydropressure-geopressure province is 
the t of the larger Gulf of 
Mex 

Clastic sedhentation has been conti throughout 
the Cenozoic E r a  i n  the Tertiary Basin, All rocks i n  t h i s  
system started out as hydropressures, 
found today to a certain depth, which ranges from 3,000 t o  
19,000 feet, are found, A 

the 

Hydropressures are 

lEditors Note: The f u l l  text of M r ,  S t u a r t ' s  paper 
was not-available at the time of this printing and only an 
Abstract i5 included i n  these proceedings, 
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geopressure basin exists a t  the present coast l i n e ,  w h i c h  i s  
approximately a t  the same position as the G u l f  Coast geo- 
synclinal axis. The base of the Tertiary is thought to  be 
as deep as 30,000 to  40,000 feet a t  this position. 
cross section start ing from the Bear f i e ld ,  Louisiana, 50 
miles inland and extending t o  the edge of the continental 
shelf, geopressures r i s e  and migrate upward through the 
Eocene, the en t i re  Oligocene, Miocene, Pliocene, and into 
the Pleistocene-Recent. 
l O O , O O O  years through 50,000,000 years, Further  inland on 
the north flank of the Tertiary Basin, geopressures exis t  in  
the Lower Cretaceous. Thus, the volume of geopressure rocks 
probably exceeds the volume of hydropressure rocks i n  t h i s  
Basin. 

pressures of the earth's crust. I n  hydropressures, the 
geostatic overburden less the water pressure acts grain-to- 
grain, and compaction (porosity reduction) occurs w i t h  
burial . Simultaneously the water i s  squeezed out. This 
m a n s  that  there i s  a depth l i m i t  below which sands w i l l  not 
have suf f ic ien t  porosity and permeability to yield a produc- 
t i v e  reservoir. This is a serious limitation t o  our industrv. 

Geopressures require both a seal and source of pres- 
sures, The sea1j.s shale i b  this Basin. Shale iayers and 
down-to-basin regional faults seal the geopressure ce l l s  i n  
regional fau l t  blocks. The top sealing shale layer, w h e r e  
the pressure gradient abruptly increases, i s  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 w i t h  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. 

pressures. It i s  about 0.85 psi/ft.  a t  2,000 feet  and 0.95 
psi/ft.  a t  12,000 feet. The gradient of 1.0 psi/ft ,  119.2 
ppg), so frequently shown as B theoretical l i m i t ,  may never 
occur in many stratigraphic columns. Geopressures approach 
but have not been observed to exceed the geostatic gradient. 
The highest gaopressure that  has been validated is 0.94 
psi/ft.  (18.1 ppg). All primary geopressuring i n  the 
Tertiary 3ash can apparently be accounted for by the weight 
and temperature o earth's crust. 

porosity preservation applies t o  geopressure sands as well 
as shales, Consementlsr. there should be no depth l i m i t  to 
whfch qeopressure sands cur be porous and permeable, This 
opens new depths for lexnhration and emloi ta t ion drillina, 

I n  a 

The ages of these rocks range from 

A buried rock is  subjected t o  the temperatures and 

The geostatic gradient increases with depth in hydro- 

Often overlooked i s  the more important fact  that 

2 
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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. 

i d  

In addition to an increase in porosity, there is a 
geothemal 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. 
provide the direct method of quantifying pore-fluid pres- 
sures. 

Drilling problems stem from =.adverse relationship 
between the pore-fluid pressures, formation fracture pres- 
sures, and overbalance. 
to cope with these problems. 

The drilling and completion kick 

Geopressure technology was developed 

Application of geopressure technology to drilling has 
shown that the cost of wells could be reduced to 1/6 of the 
former cost. 

There should be no such thing as an impenetrable formation. 

This success converted the offshore to a - profitable venture. The only depth limitation is mechanical. 

3 
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THE USE OF SUBSURFACE TEMPERATURE 
TO DETECT GEOPRESSURE 

by 

E. Rush George 
Atlantic Richf ie ld  Company 

Dallas, Texas 

Abstract 

Various methods t o  detect abnormal subsurface pres- 
su res  have been used a t  l eas t  since 1959. These methods 
gave reliable answers in some areas, but  proved t o  be less 
reliabie i n  others. 

In this paper, a method is  presented that  used 
changes i n  slope of the ver t ical  temperature prof i le  t o  

r a t e  of change appear t o  be more significant than the 
specific temperature or gradient. 

It is proposed that  migrating ground water moved by 
pressure gradients a l t e r s  the temperature dis t r ibut ion i n  
the subsurface. It is  proposed tha t  a decrease in perme- 
ab i l i t y  caused by the high appar osi ty  of the water 
adsorbed i n  fine-grained shales 
pressure fn low res i s t iv i ty  shal ent formed i n  shales 
and/or w i t h i n  the sand reduces penneabilfty, thus trapping 
or sealing pressure in the high , res i s t iv i ty  rocks. 

temperature vs. pressure tend t o  confirm the above. A plot 
of temperature vs. pressure for the first well in several 
reservoirs studied is l inear ,  indicathg a- asonable rela- 
tionship between temperature and pressure. 

r e h t i v e  pressure i n  a zone from the temperature s'norJn on 
the electric 109 heading for #at zone. 

4 indicate ,changes in subsurface pressure. The change and 

traps or  seals 

C h a r t s ,  graphs and plots  of temperature vs. depth and 

A chart is presented tha t  may be k e d  +o estimate the 

os+ of the other methods propose that an increase in  
pbroisity indicates pesssibla high pressuret whereas 

the tenperaturn, method suggests that changes in porosity are 
hot lttnportant, but  that a reduction in perneeibilfty may trap 
pressure. 
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L i  Introduction 

The f i r s t  known use of log-derived data for  the 
detection of geopressure w a s  by George i n  1959 (Fig. 16). 
3y 1964-1965, the technique was i n  general use. This method 
uses the electric log response from shales i n  association 
with sands t o  indicate the presence or  absence of high pres- 
sure .  It w a s  observed tha t  shale res i s t iv i ty ,  shale conduc- 
t i v i ty ,  shale sonic velocity or  t ravel  time and/or shale 
density could be used t o  indicate zones of abnormal pressure. 
Refer t o  the "Discussion*' i n  t h i s  paper for the where, when, 
how, and why pressure trapped. Gretner (196% provides a 
general discussion of geographic and geologic occurrence 
of geopressure. 

pressure, high pressure, and superpressure means a subsur-face 
formation f luid and/or gas pressure tha t  i s  greater than the 
weight of a column of w a t e r  of average sa l in i ty  from the 
subsurface depth in question t o  the surface. 
Louisiana, t h i s  averages approximately 0 -465 
inch/foot of depth, or  has a pressure gradient of 0.465. 

I n  t h i s  report, geopressure, overpressure, abnormal 

Temperature measurements i n  the earth's crust  have 
been made a t  leas t  since 1664 (Plummer, p. 73). I n  1968, the 
American Association for  Petroleum Geologists s tar ted a 
program t o  systematically measure and record subsurface 
temperatures for a l l  the North merican Continent for the 
purpose of establishing regional geothermal gradients. l n  
between these dates, many workers have studied the variations 
in  temperature of the ear th 's  crust. In  1931, Plummer and 
Sargent studied the lateral and ver t ical  temperature d is t r ibu-  
t ion  i n  the Woodbine zone i n  northeast Texas and related 
their findings t o  the geology of the area. In  1944-45, 
Guyod used an electrical model t o  predict the temperature 
distribution in and around a sal t  dome and extended h i s  study 
to include other geological problems. In these studies, 
ground w a t e r  movement w a s  not considered. 

In  1964 and 1966, Schneider studied the effect of 
moving ground w a t e r  on the subsurface temperature distribution 
and concluded tha t  it alters the temperature distribution 
significantly. 

Purpose 

. 

f this paper is to (I) help reduce 
azards by helping recognize zones o f  high 
ate thinking or t o  arouse curiosity so 
ve or  develop t h i s  hypothesis or by 

further study, reject it. 

L* 
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This study is limited specifically t o  South Louisiana 
onshore and offshore: however, examples from other areas are 
presented for comparison. 
w r i t e r ' s  own observations or experience and t o  published 
material: therefore, it must  be considered as an introduction 
t o  the method o r , a s  a progress report. 
that this paper is  '*the" answer. The principles upon w h i c h  
this paper are based are w e l l  documented i n  the l i t e ra ture ,  
b u t  the conclusions drawn from these principles are the 
w r i t e r ' s  an ay be questioned. 

t h i s  paper tha t  the 
rnaxum~m temperature shown on the e l ec t r i c  log heading for 
each log run is  the geostatic temperature for t ha t  depth. 
However, ~ Schoepple (1966) suggests, a f te r  examining more than 
50,000 w e l l  logs, that  this temperature i s  within 5 t o  8 per 
cent of the undisturbed temperature me change and rate  of 
change i n  the ver t ical  temperature f i l e  with depth appear 
t o  be more meaningful than the specific temperature. 
section o f - t h e  hole near the bottom o f  the w e l l - i s  exposed t o  
%he cooler circulating mud for a minimum of time and a l l  logs 
are run under t h i s  condition: therefore, it is believed tha t  
these temperatures are re l iable  enough for this study. 

Methods 

Hundreds of w e l l  logs from the area of study and from 
other areas i n  the G u l f  Coast were s tud ied  and only those 
wells w i t h  a number of log runs were used i n  order to obtain 
a temperature 
possible, 

T h i s  study i s  limited t o  the 

It i s  not intended 

nor implied i 

The 

# 

esentative of the area as 

Temperature at heading w a s  
d on Simple graph paper, A horizontal temperature 

scale of 40oF per inch, star t ing w i t h  a surface temperature 
of 80OF and a vertical scale of 2000 feet/inch was used. 
The temperature points were then connected, giving an approxi- 
mate vertical temperature prof i le  for the well. A diagonal 
line was also drawn t o  represent the average rate of tempera- 
ture increase for a sand and shale sequence with normal 
pressure in the area of study,- This average ra te  of increase 
fS approximately l°F per 100 feet of depth. 
line was included so &that we may compare the profile with the 

This average 

ormrtl 

*res 3 ,  9, and 10 shale resistivity 
for ea& hundred fee t  was also included for compazfson wich 
the taperature prof$le i n  that well. For Figures 3 azd 9 ,  
the hoxizonlral shale resistivity scale i s  0.2 ~ h n s  per inch 
and for Figure! 10 is l.Q ohm per inch. 

7 
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Where pressure measurements from t e s t s  w e r e  
If pressures they were shown a t  the test depths. 

available , mud weights re  shown t o  imply high pressure. 

Examples 

roximate average v i ca l  -tempera- 
s t  G u l f  of Mexico shown w i t h  the 

average ra te  of temperature increase with depth for normal 
pressured saqd and shale sequences in the same area, This 
continuous profil'e is shown so tha t  we may better understand 
the prof i les  made from logging depths i n  wells. It i s  
obvious that  the m o r e  logging points we have, the bet ter  
these points represent the real  temperatu 

prof i le  from 
a which was dr i l led  
It dome, Note that  
t of s a l t  overhan 
ve the s a l t  and lower than noma1 
is the response predicted by Guyod 

(1944-45). 
ments next t o  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 ef fec t  w i l l  be referred t o  
again l a t e r ,  

Sa l t  is a much better conductor than the sedi- 

Figure 3 i s  from a w e l l  that  penetrated a high pres- 
sure zone from approximately 16,000 feet to t o t a l  depth, 
For t h i s  example, the minimum shale r e s i s t i v i ty  is  also 
shown since shale r e s i s t i v i t i e s  have been used for a number 
of years t o  locate zones of high pressure. Note the shale 
res i s t iv i ty  decreases below the average trend and the mud - 
weight increases j u s t  under the limy high r e s i s t i v i ty  ltcap'' 
at approximately 15,800 feet ,  both indicating an increase i n  
pressure. The temperature begins t o  increase above normal 
a t  that  point and stays above normal t o  t o t a l  depth. This 
a lso indicates high pressure, 
weight had to be increased from 10.5 lbs. t o  16 lbs. The 
sudden increase i n  pressure below the high res i s t iv i ty  zone 
suggests tha t  t h i s  high res i s t iv i ty  zone is sealing or  
helping to seal  the pressure. This is the zone referred t o  
by Rochorr (1367) as "the mineralized zone that txaps fos s i l  
pressure," 
later , 

Note how suddenly the mud 

This high r e s i s t i v i t y  zone w i l l  be discussed 

Figure 4 could be called a classic prof i le  because 
its 6hape conforms t o  the hypothesis of W s  paper. 
temperature for the f i r s t  four log suns plots on the l°F per 
100 foot l i n e  on trend With a surface temperature of 8OoF. 
Eote also that the mud weight was increased between 12,000 

The 
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and 13,000 feet. 
t o  recognize high pressure zones from logs. It was a 
standard practive to raise the mud weight below approximately 
lO,OOO feet  i n  anticipation of high pressure. 
increase i n  mud weight and the significant increase i n  
temperature above normal between 12,000 and 13,000 feet ,  both 
indicate a rather large increase in pressure. 

pressure: a zone of moderate pressure from approximately 
11,000 fee t  t o  approximately 13,000 feet  and a zone of much 
higher pressure from approximately 13,000 feet  t o  t o t a l  depth. 
The writer is familiar w i t h  t h i s  area and with the d r i l l i ng  
foreman responsible for d r i l l i ng  t h i s  w e l l .  There are two 
zones of high pre ure i n  the area, b u t  they vary i n  depth 
from well t o  w e l l  o the practice i s  t o  s e t  protection pipe 
and raise the mud weight before the zones are dr i l led.  Note 
also tha t  the temperature i s  below normal from approximately 
5,000 to 13,000 feet. 
similar t o  Figure 
later. 

The pressure estimated f r  
tests agrees rather w e l l .  
there is a pressure incre 
but the temperature prof i le  shows the pressure t o  be near 
nonnal, 
w e r e  used for pressure estimation. 

This w e l l  was dr i l led  before we were able 

The large 
i J  

5 is  a .prof i le  that  suggests two zones of high 

The shape of t h i s  prof i le  is  quite 
and 2. T h i s  w i l l  be discussed i n  detail  

Figure 6 depicts a w e l l  w i  ressure data from a test. 
i the temperature prof i le  and from 

d weights would indicate that 
i n  the lower par t  of t h i s  w e l l ,  

This w e l l  was d r i l l ed  a number of years before logs 

b 
Figure 7 is from an old well as n the previous 

xample. Note tha t  the temperature prof i le  and t e s t s  indi-  
cate tha t  the w e l l  had near normal pressure but the mud 
weight w a s  raised " j u s t  i n  case." 

Figure 8 is  f x m  a recent w e l l  d r i l l ed  a f te r  the 
industry had &earned how to use logs to locate the top of a 
high pressure zone. 

a nclassic profile, 

All the'previous exeunpl 
penetrated sand and shale sequ 

They are not i n  the specific 
area of study, but are included t o  show that shale data from 
logs may not be too reliable except i n  the ideal environment. 
But even here an increase in temperature above the nonnal 
gradient for that area indicates an increase in pressure 
above aormerl. 

- 

There i s  very close agreement between 
increase in  pressure shown by the t 
the increase in  mud weight. Th 

rom w e l l s  which 
found in South 

next tw examples are from Hidalgo County 
m t i p  of Texas.  

L, 
9 
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ro f i l e  that  penetra upper zone 
thick, low porosit sands and a 
shale (9400 feet  t o  t o t a l  depth). 
ntered i n  both of these intervals,  
ight. For this example, the shale 

r e s i s t i v i ty  prof i le  is also shown. 
"limy" sands, both pressure and shale r e s i s t i v i ty  increase. 
In southern Louisiana, the shale r e s i s t i v i ty  decreases as 
the pressure increases. But  i n  the lower section from 9400 
fee t  t o  t o t a l  depth e response is the sane as i n  southern 
Louisiana. Apparently, there are two mechanisms w h i c h  seal  
or  t rap high pressure--low re s i s t i v i ty  shale and limy sands. 
For further detail this, see the d i  sion section 

om- a w e l l  that  pe 
i t y  sands and thin,  high r e s i s t i v i ty  
ds contain high pressure. The shale 

Note tha t  i n  the massive 

ated a zone of 

r e s i s t i v i ty  prof 
r e s i s t i v i ty  alone i n  th i s  environment is not useful as a 
high pressure indicator, The shale r e s i s t i v i  scale had t o  
be changed from 0.2 ohms t o  1.0 ohms per inch 
prof i le  on the graph. 
One a t  9;lSO feet had a gradient of 0.71 ps i / f t ,  and the 
other a t  11,400 feet had a gradient of 0.83 psi / f t .  The 
temperature prof i le  indicates high pressure, while the shale 
r e s i s t i v i ty  prof i le  does not. 

area of study. 
dolomite, and/or anhydrite. These examples are included t o  
show the temperature prof i le  that  may be expected i n  this  
environment and that care must be used when attempting t o  
predict pressure from the temperature prof i le  without first 
establishing the rock type. 

penetrated massive limestone, dolomite and anhydrite zones. 
Note the temperature response from the massive anhydrite zone 
(8,000 t o  11,000 feet)  and from the highly porous and 

pexnteable dolomkte zone (11,000 t o  12,200 fee t ) .  Tempera- 
tures are above normal in the anhydrite zone and below normal 
in the dolomite zone. This w i l l  be discussed i n  more detail  
later. 

' 

sand-shale sequence to approxbataly 9,000 feet and then a 
dense Ahnestone section with two porous zones at U , O O O  and 
14,500 feet that had pressures s l igh t ly  above normal, The 
temperature response froan the porous zone6 i s  not the 
response for a pressure fncrezse observed i n  a smd-shale 
series in South Louisiana. 
temperature increase w i t h  an increase in pressure. 

also included t o  show that shale 

Two zones were tested in  this  w e l l ,  

The next three examples are from wells not i n  our 
These wells penetrated zones of limestone, 

Figure 11 is  a prof i le  from a low pressured w e l l  t h a t  

Figure 12 is  from a well t ha t  penetrated a normal 

Our previoas exzmpkes had a 
This 

10 



example shows a temperature decrease w i t h  an increase i n  
pressure, Why? Refer t o  the discussion for a possible 
explanation of t h i s .  

Figure 13 i s  from a well tha t  penetrates very limy 
t i g h t  sands and shales t o  approximately 10,000 feet  and 
dense limestone from l O , O O O  t o  15,000 feet  where a porous 
limestone with high pressure was dr i l led .  The mud w e i g h t  
increased from 10.5 t o  17.5 when the porous zone was pene- 
trated, indicating a sudden increase i n  pressure. This area 
has one of the highest temperature gradients fo r  normal 
pressure ( to  15,000 fee t )  observed i n  this  study. As the 
pressure increases above normal, there is a corresponding 
increase in temperature above the normal gradient for that 
area, 

scale, 1 "  = 2,000 lbs.) and temperature (horizontal scale, 
1" e 40°F). 
the points p lo t  almost exactly on the diagonal; or,  for an 
increase of 50 lbs,  i n  pressure, there is  an increase oE10F 
fn temperature. 
too hot on top of the s a l t  and too cool down the flank of 
the dome j u s t  as Guyod (1944-1945) predicted. W e l l s  i n  an 
old field p lo t  in the low pressure range, implying that 
pressure is depleted much faster  than the temperature can 
change. 
up the f au l t  plane from below also imply tha t  the pressure 
changes in nature are much faster  than the temperature 
changes i S  the pressure induced by fault ing or  

Figure 14 is  a p l  rom t e s t s  (vertical  

Tn w e l l s  not i n  association w i t h  s a l t  domes, 

W e l l s  in association with a s a l t  dome p lo t  

Super-pressured wells t ha t  are pressured by leakage 

Figure 15 is a char be used t o  approximate 
fornation pressure from i t s  temperature by using the apparent 
linear relationship o f  temperature and pressure from Figure 
14. 

bins been foun almost a l l  par t s  of 
the world where w e l l s  have been dril led i n  the search for  
o i l  and/or gas. 

d-shale sequences such as found i n  South Louisi- 
essure i s  sometimes found in the intermediate 

age rocks if porous zonas are sealed in o r  between limy 
sands =&'or shales, where the cement forms very f a s t  and 
eZLELy (&kWmm 19688 Dawlen 1968 ifuld Rul'UlelS 3.969), such as 
the massive Fsfo smds shown fn Figures 9 and 10, Righ 
pressure i s  frequently found in association with older rocks 
such as &&nestone, anhydrite, marl,  and/ar s a l t  because they 
are ideally $.mpennesrble to b a g h  with (Ziubbert and Ruby 19598 

X t  occurs mast often i n  geologically young 
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pp. 151-52). 
because the weight of the overburden has reduced the original 
porosity (Atwater 1965 and Thompson 1959) and the s i l i c a  
thus released reforms as cement t o  t rap pressure. 

Sometimes pressure i s  trapped in older sands 
L; 

It is  proposed tha t  there are two separate and dis- 
t i n c t  methods of sealing high pressure. 
r e s i s t i v i ty  shales o r  clays (Figures 4 and 5 ) .  
highly cemented sands, shales, limestones, anhydrites , and/or 
evaporites (Figures 10 and 13); a combination 
types (Figures 3 and 9) .  It  i s  also proposed 
occurs i n  the geologically young rocks and that  a t  some 
p o b t  in time it begins t o  lose i t s  effectiveness and then 
type two begins t o  become effective,  There are some over- 
lapping of types in the zone of change and i n  the exceptional 
case the two types are reversed as shown by the examples in  
Figures 3 and 9 

type sediments is  proposed. 
types along with varying amounts of other fine-grained 
material (Figures 10 and 13).  Therefore, i t s  efficiency as 
a pressure sealing trap should vary greatly. Some of the 
reasons for these variations are shown on Table 1 i n  par- 
t icular:  (1) s ize  range, (2)  surface area range, (3) 
re lat ive r e s i s t i v i ty  range, (4) layers of bound (adsorbed) 
water, (5) viscosity of bound water, (6) density of bound 
w a t e r ,  (7) re la t ive  permeability and ( 8 )  re la t ive  p las t ic i ty .  
It is apparent from the above that "shale" i s  a complicated 
mixture t ha t  is highly variable, and i s  not t o  be overlooked 
if we wish t o  understand what is happening i n  the subsurface. 
The grain-size of a rock may decrease without appreciably 
changing the porosity but as the grain s ize  decreases, the 
pore s ize  between the grains decreases appreciably. When the 
grain size decreases, there i s  a drastic increase i n  surface 
area. Bote i n  Tab le  1 the tremendous difference in the 
surface area of one gram of kaolinite (approximately 50 sq, 
m.) and montmorillonite (from 700 t o  800 sq, m. and more). 
Also, Hubbert and Ruby (1959, p. 178)  quote Archie, "an 
increase in porosity of about 3% produces a tenfold increase 
h permeability." 
a decrease 
meability, 
shales buried in the depth range of 3,880 t o  13,080 feet ,  
H u b b e r t  and Rudy (1959, p. 179) est ate the rate of flow to 

middle and bottom of the interval. The above estimates w e r e  
made using the viscosity of n o m a  water in the calculations, 

the shales, may not have the same properties as normal w a t e r .  
Qrirnm (1962) says that "apparently adsorbed w a t e r  on clays 

Type one is low 
Type t w o  i s  

A theory of why pressure i s  sealed by low re s i s t i v i ty  
Type one is  a mixture of clay 

The reverse of t h i s  is also true--that is ,  
porosity produces a drastic decrease i n  per- 

fn discussing the rate of flow of w a t e r  across 

be about 7.0,  0.8 and 0.2 x 10'4 cm 3" /cm2/yr. froan the top, 

Mater in association with shales, and clays within 

. 



is  up t o  several hundred times more viscous than normal 
water and a t  times appears ice-like." The presence of th i s  L, 
peculiar water has been known for several years. Recently, 
Derjaguin (1962) and Dresner (1969) have obtained enough of 
t h i s  "thick" water. or "polywater" t o  analyze in the laboratory, 
This peculiar water, formed i n  quartz capillaries, has a 
viscosity approximately fifteen times that of normal water 
and a density of 1.4 gr/cc. and yet ,  it was s t i l l  pure water 
and nothing else. Dresner (1969, p. 7 0 )  says "the existence 
of polywater i n  clay might also explain the plast ic  quality 
of that material--it's been supposed that  polywater may i n  
fact  be the more 'natural' form of water, . . .It 
grains, so we may expect this fonn of water to  be present. 
This is the water formed or adsorbed on to  quartz, Are there 
other forms of "peculiar" water formed by the other minerals 
in shales? It is possible. 

Now if we recalculate the flow rates through shales 
as Ruby did, b u t t h i s  t h e  use the viscosity of polywater, 
we begin to  understand why and how these low resist ivity,  
f he-grained , shale o r  clays seal or trap pressure. 

polywater seal incre 
when the temperature 
Powers (1967, p. 1241) c i tes  Burst  and others and suggests 
that  as montmorillonite is  converted to i l l i t e  in the sub- 
surface, part  of the adsorbed water is desorbed and returns  
t o  normal water, and tha t  the conversion i s  dependent on 
depth of burial and/or temperature. I f  t h i s  is the case, 
the desorbed water would revert t o  i t s  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 (Grinan 1962). When this happens, 
any distortion or movenent caused by compaction or by 
tectonic activity w i l l  cause the rock t o  crack, o r  break, 
thus opening "other" flow channels Eor water t o  escape, 
further reducing th rapped pre 

r igidi ty  and therefore the viscosity of the adsorbed water 
OR montnorillonite decreases away from the clay grain. 
effect  of pressure with depth of burial would be (hang 1967, 
p. 468) "to alter the s i z e  an4 strength af  hydration 
envelopes surrounding the clay partieles a d  therefare alter 
&e resentoof exmeability . " 

t of the water deeiorpthn, or as Powers (1967) 
and Burst (1969) suggest, the &tart; o f  klie coaversion of 

Shales contain varying amounts of very f 

It i s  sugges the efficiency of the' adsorbed, 
t h  depth of burial and decreases 
ses above a c r i t i c a l  value. 

There-is evidence ( G r b m  1962, L m g  1967) that  the 

The 



LJ 
montmorillonite to i l l i t e  would be the end of type one seal 
and the beginning of type two, 

If the escaping or migrating water moves out, of a 
sand and through a shale, the shale may become cemented o r  
mineralized as seen in the 15,000 t o  16,000 foot zone in 
Figure 3. If the escaping water moves into o r  through a 
sand, the sand may lose porosity and permeability from the 
formation of cement as shown by the example in  Figure 9. 

Is this the reason high pressure i s  seldom found in 
the intermediate age rocks? Type one seal loses i t s  effi- 
ciency because the adsorbed water ' i s  being desorbed and type 
two seal has not yet becme effective because cement has not 
formed in quantities large enough t o  destroy the permeability 
of the rock. This would be the reason for an overlapping of 
the two types. 
appears t o  be the rule. 

The highest pressure observed i n  type one environments 
has a gradient range of 0.7 t o  0.8 ,  whereas pressures trapped 

155-56) s ta te ,  "in the Guam Field,  Iran, pressure gradients 
range from 0.9 to 1.0 i n  10 of the 15 w e l l s  t h a t  penetrated 
the Farrs formation sealed by or  occurring between marls, 
limes, anhydrite o r  salt." This implies t ha t  type two seals 
are more effective and tha t  their effectiveness is  not 
destroyed by high temperature as implied by Powers (1967) and 
Burst (1969) . 
or  the pressure would "leak-off" t o  i t s  normal gradient for 
that .environment. 
very l i t t le ,  i f  any# permeability. It has been observed i n  
this study that as the permeability decreases t o  form a seal, 
the temperature increases or i s  higher than the lo per 100 
foot gradient €or t ha t  depth for both type one and type two 
seals, whereas logs show a decrease in  r e s i s t i v i ty  and a 
decrease in sonic velocity for type one seals and an increase 
i n  r e s i s t i v i ty  and sonic velocity for type two seals. Logs 
have not been too useful i n  locating type two seals because 
there are many "other" factors that  may increase the apparent 
r e s i s t i v i ty  and sonic velocity besides the reduction o r  loss 
of penneabilfty. 

decreases significantly below the 0.1 ohm increase per 1000 
feet normal gradient for South Louisiana,- pressure w i l l  be 
trapped by type one seas. 
significantly above the 0.1 ohm per 1000 foot gradient, 
pressure, f f  any, w i l l  be trapped by type two seals; and for 
a nonnclr rate of increase, there probably w i l l  be no high 
pressure. 

There are exceptions t o  be sure, but this 

- b y  type two seals approach 1.0. Eubbert and Ruby-(1959, pp. 

A high pressure zone must be sealed i n  a l l  directions 

This implies that the sealing rock has 

It has been observed that if the shale r e s i s t i v i ty  

I f  the shale r e s i s t i v i ty  increases 
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U In trying 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 
permeability 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 . . .'I (and p. 177) It. . . 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 fornation 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. In 
type one envi ts, logs respond opposite to what the 

t then causes the abnormal log response 
ype one environments? Is it because the shales in a 
one environment have hkgher 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 
ability to bind both water and ions onto its surface. This 
water is still conductive, however, and causes the solid to 
conduct . I' 

Table 1 shows that there is a difference in shale 
resistivities, probably from variations in surface area and/ 
or variations in the quality of the adsorbed water. Lang 
(1967, p. 462) found that when pressure up to 7000 lbs. is 
applied to clay-wat& mixture, kaolinite shows a very small 

resistivity; however, when the same pressure is 

s2gniEEicant decrease in resistivity and the decrease is not 
linear but: i s  fn steps and he says (p. 461) " T t  therefore 
seems logical to attribute the abnormally large pressure 
influence on 
t o  Q pressure-induced breakdown of a viscous eufa more highly 
ordered adsorbed water." . Tn 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, *.ere- 
fore, became! less susc ible to pre re breakdown . 

It is proposed that the low-resistfvity, low sonic- 
velocity shales in association with high pressured zones i s  
.the result oe W e  above and $s not becwre these shales have 
a hieher Darosftv ens assumed by Johnson (1965, p. f 1 9 ) .  
Let's exaine a section o f  a log from il medium-3iigh pressure 
zone and notice how the curves respond (Fig, l?j . This 

a bentonitic clay-water mixture, there is a 

sistivfty in the lower portion o f  the curve 
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example shows a sl ight ly  shaly sand zone f r o m  10,930 t o  
10,985 feet  and a shale zone from 10,985 t o  11,100 feet. 
addition t o  the induction-electrical log curvgs, a computer- 
derived continuous porosity curve made from the sonic log 
(dotted curve) and the density log (dashed curve) is  traced 
on the example i n  the conductivity track. A l l  scales are 
included for reference. 

feet, note tha t  there is good agreement between the two 
porosities. The difference of from 2 t o  5 porosity per cent 
i s  probably due t o  v q i n g  amounts of dispersed shale i n  the 
sand. Now refer  t o  the shale from 11,000 t o  11,066 feet  and 
note the difference in porosity from the two logs. Porosity 
from the density log varies from approximately 20 t o  22 per 
cent over the interval. This porosity i s  approximately what 
we would expect from t h i s  depth. B u t  the sonic log porosity 
ranges from 40 t o  43 per cent i n  the same zone, The sonic 
log * s "apparent" porosity i s  approximately 100 per cent 
higher, but is  it measuring porosity or  is  it measuring o r  
rlseeingBa the peculiar nature of the adsorbed w a t e r  i n  associ- 
ation with the fine-grained, low re s i s t i v i ty  shale discussed 
above? 

porosity from the sonic log in the interval 10,985 t o  11,100 
fee t  and note tha t  they are almost a duplicate of each other. 
It has been shown above t ha t  a decrease i n  grain s i z e  with 
its greatly 'increased surface area decreases the re s i s t i v i ty .  
Also, when pressure is applied, the r e s i s t i v i ty  decreases 
further. Now 
if the apparent porosity f rom the sonic log follows this 
trend, is it not reasonable t o  assume tha t  it also is being 
affected by these changes instead of porosity? The density . 
log indicates tha t  there is l i t t l e ,  i f  any, porosity change 
in the zone: therefore, it is  postulated tha t  the changes 
observed i n  the other logs are from a change i n  srain size,  
surface area, and t o  a chanse i n  the sual i tv  of the adsorbed 
w a t e r  and not from porosity changes. 

In' t4 

In the Sands a t  10,930, 10,935, 10,947, and 10,959 . 

- 

Compare the changes i n  res i s t iv i ty ,  conductivity and 

The log section above shows this  t o  be true. 

In discussing subsurface pressure and ground-water 
migration, Hubbert and Ruby (1959, pp. 151-5'2) say, "the 
rate of flow of w a t e r  does not depend upon the magnitude of 
the anomalous pressure, but upon i ts  gradient ox rate of 
change with distance, , . Then, unless the rocks are 
ideally impermeable, it follows tha t  away from any region of 
greater than normal pressure, the w a t e r  must be flowing and 
must continue to do so u n t i l  the excess pressure i s  dissi- 
pated." I n  discussing normal pressure (p. 1691, they say 

, , the fac t  t ha t  the pressure varies w i t h  depth in a 
manner approximating closely t h a t  of hydrostatics in.plies in 
this case also the existence, i n  spite of the very low 
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ermeability of some s t ra ta ,  or an adequate freedom of 
r a u l i c  communication in the vertical  direction over the 
g time intervals involved. . . . I 1  We may in fe r  from the 

ove that  the rate of pressure change with distance is  an 
ication of the rate  of water flow 

t has been shown, by the ex South Louisiana, 
the rate o f  temperature change w i t h  depth may be used t o  

r the rate  of pressure change: therefore, the rate  of 
erature change may also be used t o  indicate the relative 

er t  and Ruby above.' I This i 

There are several factors tha t  may alter the tempera- 

rate of water flow or migration i n  the subsurface as stated 

one seals. 

tu re  distribution i n  the subsurface; however, only two w i l l  
be discussed because of the large effect  these two may have 
upon the temperature distribution, 
(1) the mount of water made available by the conversion of 

montmorillonite t o  i l l i t e ,  and (2) the effect  that this 
desorbed wate 

The two variables are 

on temperature when it migrates out of 

8 p. 1249) says *I. , . it was said earlier 
tha t  interlayer water, especially the l a s t  four layers, has 
a considerably higher density than ordinary water, 
fore, the w a t e r  must increase-in volume as it i s  desorbed 
from the montmorillonite . I t  

i s  used as-the average density of the l a s t  four layers of 
water, the-volume increase of the w a t e r  upon transfer is  
forty per cent, . .'I In discussing the desorption of w a t e r  

When the heat accumulation is  sufficient t o  mobilize the 
interlayer of water, -&e of the two remaining layere is dis- 
charged into the bulk system 

uld constitute ten t o  f i f t e  per cent of the 
I% volwnae. . , . 

There- 

He further s ta tes  "If 1.4 gm/cc. 

- from\ montmorillonite by heat, B u r s t  (1969, p. 8 0 )  says 

The amount of water in 
0 

%he above would represent a significant volume of 
w a t e r  that has reverted t o  its original viscosity and now i s  
free to move. Also, since incPeases apProximatw 

t should be cooled by a 
efore, t h i s .  cooler water would tend t o  cool 

ves through. out of and t h  

In discussing the role of migrating ground water in 
altering the tenperature distribution in the subsurface, 
Schneider (1964, p. 209) states, '@A logical hypothesis is 

the circulation of ground w a t e r ,  the vert ical  
adient in aquifer systems should be lower than 
gianal geothermal gradient, which is generally 
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determined for some depth in the ear th 's  c r u s t  where f l u i d  
circulation is negligible , Under certain cir the i-' 
temperature distribution may be used t o  interpret  some of 
the essent ia l  flow characterist ics of the aquifer, 
210, he quotes O l m s t e d ,  "The vert ical  temperature gradient 
i s  steeper in rocks of low permeability than i n  highly 
permeable rocks, and the areal pattern of temperature dis- 
t r ibut ion can be exp ed i n  par t  by differences in  the rate 
of ground water flow gin, Schneider (1966, p. 192) says ". . , 'hot' regions eate discharge areas where there is 
a significant upward flow component. , . cold' regions or  
heat sinks generally -coincide w i t h  areas lowest ~geothemal  n 

gradients, and areas where significant recharge occurs. , . . 
The flow is  from higher (hot) or toward the lower (cold) 
temperature. 

would be controlled by circulating ground water j u s t  as 
circulating w a t e r  in the cooling system controls the tempera- 
ture i n  an internal combustion engine, A res t r ic t ion  of flow 
i n  any part  of the engine causes the temperature to increase 
in tha t  par t ,  but not necessarily i n  a l l  par ts  
circulation still  is being maintained. Also, exc 
la t ion in one par t  w i l l  cause tha t  par t  to  be too cool, 
Uniform circulation would maintain a uniform temperature 
dis t r ibut ion in all parts of the engine, Differences i n  the 
thermal conductivity of the various par ts  of the engine and 
i n  its cooling system would have very l i t t l e  effect  on the 
temperature distribution of the system; however, the ra te  of 
flow would be the most important variable. 

the ear th 's  crust is modified more by ground water movement 
than by differences i n  thermal conductivity. 
temperature prof i le ,  then, is  an approximate measure of the 
permeability distribution or  water flow dis t r ibut ion i n  the 
ear th 's  crust, 

Hot zones 001 zones in the ear th ' s  crust, then, 

It is  proposed tha t  the temperature dis t r ibut ion in 

The ver t ica l  

The examples presented show tha t  (I) ideally mer- 
m e a b l e  rocks, such as limestone, anhydrite and highly 
cemented sands are the hot tes t  (Figs. 10 and 13) ; (2) ideally 
bpenaeable rocks tha t  contain porous zones (Figs, LO, 11, 
and 12)  show the tmperature i n  the porous zone is dependent 
upon i t s  pressure; (3) in rocks with good permeability boa 
vert ical ly  and laterally (Figs, 4, 5,  and a ) ,  the temperature 
profi le  i s  essentially equal to the s t ra ight  line gradient 
o f  1- increase per 100 feet  of depth and increases a t  a 
greater rate as the pressure increases: and (4) the tesppera- 
t u r e  may decrease b e l o w  the nonnal gradient as in  Figure 5 
because of a lateral heat migration as shown by 2igurs 2 or 
by lsat@ral water migration, Figure 12, or by ccoling fran an 
increase in volume of  water as i t  i s  desorbed tPuwers.  1962, 
p. 3.245) in the change of mntmorillonfte to i l l i te .  

18 



t The moderate cooling for the porous zones i n  Figure 1 2  
implies moderate permeability, and therefore, moderate water 
movement and moderate pressure. These two cooler zones i n  a 
thick, ideally impermeable zone also h p l y  that  any water 
migration must be l a t e ra l  migration. 
in  t h i s  environment would be controlled by the volume of w a t e r  

The degree of cooling 

time as well as pressure. 

The drast ic  reversal shown i n  the temperature prof i le  
i n  Figure 11 from 11,000 t o  12,200 f ee t  implies that  this  
zone has very good permeability and tha t  much water has moved 
through this zone and tha t  very l i t t l e - h a s  moved through the 
hot anhydrite-zone from 9,000 t o  11,000 feet. The cold zone 
also implies tha t  cooler waters from above are moving through 
t h i s  zone. 
normal and the w a t e r  moving la teral ly .  Lost circulation is  
qui te  a problem when d r i l l i ng  for oil or gas i n  Florida. 
The w r i t e r  has seen w e l l s  tha t  had fluid pressure a t  depths 
much lower than the  0.433 gradient because the hole could not 

. be f i l l e d  w i t h  fresh water, The f luid level would be several 
hundred feet  below the surface, indicatin 
j u s t  as the temperatur 

pressures were accompanied by abnormal temperature. Manage- 
ment decided t o  find out i f  circulating (flowing) mud tempera- 
ture changes would show the top of the temperature-pressure 
zone. In January 1968, equipment-was ins ta l led  on SO&G W e l l  

and Black 175 Field,  Offshore. South 
h e  the t e s t  was  started,  the well had 

been d r i l l ed  t o  9844' and protected pipes had been se t .  The 
high pressure zone had already been entered since a mud 
weight of 16.1 lb. w a s  required, The r a t e  of penetration 
(dr i l l ing time) was  limited t o  10 t o  1 5  feet  per hour by 
alternately d r i l l i ng  and then circulating. 
had t o  be raised to 17.6 lb. a t  a t o t a l  depth of 10,700', 
lindicating a further increase in pressure. 
f if ty-six hours w e r e  require& t o  d r i l l  t h i s  656 foot interval 
bue onZy 39 hours were d r i l l i ng  and 117 hours were circulating 
time. 
no further t e s t s  w e r e  made, 

from 1480 a t  9505 fee t  t o  182O a t  10,200 feet  or a rate of 
increase of approximately 4.80 per hundred fee t  which clear ly  
inplies a significant: pressure increase. 

3t is suggested that changes observed in the mud flow- 
line temperature may Fndicate We top of the temperature- 
pressure zme if ale aeasutements are star ted f a r  enough 
above ehe pressyse zone Is establish the noma1 gradient. 

For t h i s  t o  happen, the pressure must be below 

I n  the Gulf Coa tudy, it was observed tha t  abnormal 

The mud weight 

One hundred and 

The results of t h i s  test w e r e  not too conclusive and 

The rneuchm temperature for  log runs show an increase 



Conclusions 

An increase in t ature above normal indicates an L 
crease i n  pressure above normal i n  the youngt low resis- 

t i v i t y  sand and shale sequences such as are found i n  South 

The average ra te  of temperature increase for normal 
pressured zones in t h i s  area is 1°F for each hundred feet of 
depth. An increase of 1°F above normal indicates a pressure 
increase of f i f t y  pounds pressure above normal, 

of high r e s i s t i v i ty  shales and highly cemented sands, the 
rate of temperature increase is greater than 10 per 100 feet 
o f  depth, but the same rule applies, An increase i n  tempera- 
tu re  above the normal gradient for that area is an indication 
of pressure above normal; however, an estimation of i t s  
magnisude is  not as accurate as i n  South Louisi 

anhydrite, m a r l  and evaporites, temperature gradients are 
the highest and pressure trapped i n  porous zones within-these 
rocks tend t o  have higher gradients, often approaching a 
gradient of 1.0 pound/foot of depth. 
temperature prof i le  tends t o  follow the pressure, b u t  w i t h  
less re l iab i l i ty .  
change for a pressure change than the other rocks. 
pressured porous zones i n  these older rocks, the temperature 
decreases toward the normal gradient and may decrease below 
nonnal if pressures are below normal as has been observed in  
same of our examples. 

- 

In  older rocks outside South Louisiana th  

In ideally enneable rocks such as 1 

H e r e ,  again, the 

It also usually shows a larger ra te  of 
In  normal 
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SOME OF '&I@ VARIABLES IN SHALES 

(from Published Material - Several Sources) 

A sphere 1 IbM i n  diameter f i l l e d  with equal s ized spheric 
part ic les  10-5 AIM i n  size can contain approximately 1015 
part ic les  with a total s 

Relative 
Resistivlty 1 
Relative Water 
Adsorption Sl ight  
Molecular 1 to 3 (1 
Layers of Layer = 2.9 
Bound Water Angst row) 
Resir t i v i  tp* of . 

rface area of more than 105 square MM, 

0.6 0.16 

Moderate very large 
Approx. 3 
8.7 Angstrom 8.7 to 116 Angstroms + 

From 3 up to 80 

uhknown, but should have a wide range, 
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F i g .  I8 - Approrimate Dopth .- Pressure - Temperature Relationship 
in tho 6ulf  Coast Gralogical Qrouincss. 
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A general equation €or penetration 
rate in 8hales is formubted, and the con- 
stants in  the equation evaluated by a re- 
gression awlysis of penerration rate data 
from six Offshore fbrlisfana welb. The 
c o m l e t i m  %SSUm(5$ t ha t  penetretion rate 
i s  propartianal QO weight on the  b i t ,  
rotary speed, a& a hydraulics tern, each 
risi6ed to d fixed puwer. A*penetratioe 

rate normalized €or changes i n  these vari. 
ables is found to  decrease with inereasin, 
differentia2 pl”essure and with increases 
fn a tooth wear fndex. The driUabili*y 
of shales - defined as the drilling rate 
-at same standard operating condition - 
decreases w%th increasltn$ depth but in- 
Creases when the pore pressure increases 
becase of the r e t h m d  compaction. 



PREDICTION Of WRE PRESS 

The equation predicts the penetration 

If the other parameters are known, 
rate with a standard deviation of 29 per 
cent. 
it predic t s  the pore pressure with a 
standard' deviation of about 1 lb/gal. 
The penetration rate increases when the 
pore-pressure increases because of the 
reduced d$fferential  pressure and the in- 
creased d r i l l ab i l i t y  of the shale. 

INTRODUCTION 

A formal procedure for using penetra- 
t ion  rates i n  ahale t o  detect the begin- 
ning of abnormal pressure was r sented 
recently by Jorden and Shirle&,8. They 
presented field data which demonstrate 
t ha t  penetration rate decreases with in- 
creasing depth i n  normal pressure sections 
and tha t  a reversal i n  t h i s  trend occurs 
wheriabnonnaUy pressured sha le  is en- 
countered. 
versalmost clearly, they recommend rais- 
ing the mud density when 1000 t o  1500 
feet above the expected top o f t h e  abnop 
mal pressure and then dr i l l ing  with con- 
s tan t  mud density, rotary speed, weight on 
b i t ,  hydraulics, etc., u n t i l  the reversal 
is detected. Although a correlation be- 
tween a nomalized penetration rate, "d- 
exponent", and different ia l  pressure is 
presented, the scatter o f t h e  data is so 
wide tha t  it does not seem suitable for 
quantitative prediction ofthc pore pres- 
sure in the shale being drilled. 

In order t o  define t h i s  re- 

iEoE1 PENETRATION KATE _I_ S 4 2 1 6 8  "i 

A method of predicted pore pressures 
fran penetration rate would be invaluable 
because it would a l l o w  one t o  d r i l l  ahead 
without stopping t o  log u n t i l  the pore 
pressure reached the value desired for  
setting casing. Then the well would be 
logged t o  confirm the pdre pressure and the 
casing run. The ideal si tuation would be 
t o  avoid both unnecessary loggltng runs and 
kicks 

The work of Vidrine and &nit3 carried 
the technology another step i n  t h i s  direc- 
tion. They analyzed data from eight South 
ltrouisiarra wells snd concluded that pen- 
eattion rete always increases with a de- 
crease io differential presswe in each 
weZ&but the percent change in penetration 
rate for CI given change in different ia l  
pressure is greettest when B large Sit 

t o  &IO0 Ib/tn their data agree w e l l  vfth 
h*f t iS US&. A t  bit HightS of 4,000 

I 

the res 1 s of numerous laboratory 
studies 1 3 6  9 9 . They suggest that  the dif- 
ferential  pressure can be controlled by 
adjusting the mud weight so as t o  maintain 
a constant penetration rate after correc- 
t ing for b i t  wear, This would allow one 
t o  predict the pore pressure if the dif- 
ferential  pressure  which is being main- 
tained is known, e.g., fran the differen- 
t i a l  pressure used t o  d r i l l  t h e  l a s t  part  
of the normal pressure section. This 
technique assumes t h a t  the d r i l l ab i l i t y  of 
the shale does not change significantly 
with depth or pore pressure. They con- 
cluded tha t  t h i s  assumption was t rue for  
the range of these variables covered in  
each well. However, they concluded that  
a general equation for  dr i l l ing rate could 
not be developed because of variations i n  
shale d r i l l ab i l i t y  between wells and over 
large intervals i n  the s h e  well. 

It seems l ikely tha t  the strength of 
shales and, therefore, t h e i r  d r i l l ab i l i t y  
are related t o  the  extent which the shale 
has compacted. Thus, it should be possi- 
ble  t o  re la te  d r i l l ab i l i t y  t o  depth and 
pore pressure as has been done for resis- 
t i v i  ~ 7 3 8 ,  sonic velocity7, and bulk den- 

mathematical model for  penetration rate i n  
shales i n  which the penetration r a t e  is a 
function of depth, pore pressure, differ- 
e n t i a l  pressure, weight on b i t ,  rotary 
speed, hydraulics, and an index of tooth 
wear. The constants i n  the equation are 
evaluated by a regression analysis of data 
obtained from s ix  wells i n  the Offshore 
Louisiana area. The characteristics of 
the equation and a procedure' fo r  using it 
t o  predict pore pressures from penetration 
ra te  are discussed. 

DATA COLIECTION AND REDUCTION 

s i t y  s . This paper proposes an empirical 

Drilling rate data were obtained 
from 1000 t o  4000 feet above the top of 
the abnormal pressure section t o  total 
depth i n  s ix  wells in the Offshore Utsisi- 
ana area. These wells ranged fk-01~ the 
South Marsh Island t o  the South Pass areas. 
The first five wells are straight, explor- 
atory wells and the sixth As a direction- 
ally dri l led platfom well,. Continuous 
rate of penetration, ROP, charts were 
available for most o f  the footage covered, 
and the operatfng conditions were recorded 
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on the ROP charts by the drillers an 
engineer 011 the rig. 
typical of what is no 
the  f i e l d .  

Thus, t h e  data arc  
i $1 

Shale intervals were chosen fr 
ROP charts since it is assumcd that  logs 
w i l l  not be available when applying the  

s of t h i s  study t o  dr i l l ing  wells. 
few sections where ROP charts were 

ailable, logs were used t o  pick the 
shale intervals. The rate of penetration 
was actually ccnnputed i n  either case from 
the  dr i l l ing  time charts. The author has 
observed tha t  both the scale factor and 
zero set t ing on t h e  instantaneous ROP 
charts were often i n  error. Each data 
point represents the  average driXling ra te  
over a minimum of 1 of shale. In 
long shale sections 
was used per data p 
one data point was obtained for  each 65 
feet of hole tha t  was drilled. The t 
on b i t ,  rotary speed, flow rate, b i t  
nozzle sizes, and depths when the b i t  was 
nm and pulled were taken from the ROP 
charts and the  d r i l l e r s  tour reports. The 
mud density, plast ic  viscosity, and yield 
point were taken from the  drillers tour 
reports and the  mud engineers reports. 
These were plotted versus the  depth a t  
the time they were measured and smooth 
curves drawn through each plot. 
for each data poi 

inrum of 30 feet 
On the  average, 

Values 

a r e s i s t i v i ty  correlation developed for. 
wells in this particular area bu t  essen- 
t i a l l y  the same as t ha t  giwn by Hottman 
Since there was a t  &east one point 
in each w e l l  where the pore pressure w 
known froaa kick data and formarton tests,  
the res i s t iv i ty  data were used, i n  effect, 
t o  interpolate between these known pore 
pressures. The accuracy of the  pore 
pressure estimates should be pit€! 

the  above data were placed on 
punched cards for procasstng on a d i g i t a l  
cmputex. 'Sire clornputer prograuac calculated 
the bgt wsdtr index T, Eq. (41, and the 
equivalent circulating md density using 
stedwd e-quattons for Lisroirvrr and turbu- 
lent flow of 6Snghan plastic fluids. 
Hencefarth, the a d  densfty w i l l  be taken 
t o  mean $he a p i v a e n t  ti,wXating density. 

depths i n  t h e  directional 
we11 were convert tBd t o  tnit! vertical 
ciept hs . 
DATA CHARACTEHlSTlCS -- 

Since t h e  correlation t o  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 characterist ics o f t h e  data are sum- 
marized in  Tables I and 11. Most of these 
data are a t  depths from 8,300 t o  15,000 
feet and about two thirds  are in  abnor- 
mally pressured sections. The weight on 
b i t ,  rotary speed, and the hydraulics term 
a l l  decrease as the  b i t  s ize  is reduced. 
Although some data for diamond b i t s  are 
shown in  some of the  figures, these data 
were not vsed in the correlation and the  
data in  Table I are only for  the part of 
the hole-dril led with conventional bi ts .  

DEVEWPMENT OF A MATHEMATICAL MODEL 

The following general form was 
for en ion rate equation 

f(pd) .f(T) (1 1 
where_$ is the  d r i l l ab i l i t y  of t he  shale% 
This is defined as the penetration rate 
with a sharp b i t ,  zere different ia lpres-  
sure, 3500 lb/in b i t  weight, 200 rpm 
rotary speed, and a value of 3 gpm/(Sn 
3/32 in )  for the  hydraulics term. The 
next three terms give the effect of 

ight, speed, and hydxaulfcs. The terms 
P ) and f(T) represent functions of 

d i d e r e n t i a l  pressure and a b i t  wear 
index T which w i l l  be defined later. 
Equation (1) assumes t h a t  the  e f f k t  o f  
the  various variables can be separa 
L e .  , the exponents on weight, spee 
hydraulics are independent of the 
of the  other variables and the dgfferen- 

' tial pressure and bit uedr functfons are 
the same for all operating cotrdit€ons, 
This assumption i s  WWX~E~ITY if a reason- 
ably simple quatian is 20 be obtained 

gh it CMR& %e rxactly m e .  

- 3'Nomenclst?are given a t  end o f  paper. 
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PREDICTION OF PORE PRESSt - 
The dr i l lab i l i ty  is assumed t o  be a 

function of depth and pore pressure of the 
form 

because t h i s  worked quite well for the re- 
s i s t iv i ty  data. I n  order t o  handle the  
regression analysis by standard least- 
squares techniques, it is convenient to  
work with the  logarithm of Eq. (I). 
Wrthezmore, the author has chosen t o  de- 
fine the final dr i l l ing  rate parameter so 
that it increases with decreasing dr i l l ing 
rate. Thus, 

(10001R) = 3. - log (R) 

= A - 40g(W/& 3500) 

anlog(W200) - a$Og(Q/4,'h'3) 

.t f' (T) 

where the  depth, pore pressure, d i  
tial pressure, and b i t  wear functions are 
redefined as required, Le., 

f' (H) = -log {f (H)} 

If each of the  unknown functions is assumed 
to be a polynomial in the  given independent 
variable, t h i s  equation can be f i t t ed  t o  
the data and all the  functions evaluated 
sirmrltaneously. 

Equation (3) was first f i t t ed  t o  only 
the normal pressure data with the idea 
that this would best define the base l ine  
or trend Une t o  be expected u n t i l  abnormal 
pressure is encountered. The leading con- 
stant,  A, was  assumed to  be different for 
each w e l l I  In other words, the correlation 
could be shifted t o  fit the normal pressure 
data for each well while retaining the same 
equation for all of the  functions. Equa- 
t ion (3) was then f ieed  t o  a set of data 
made up af all the! abnormal pressure data 
plus the  &st lo00 t o  2000 feet of norplal 
pressure data in each well. This c o r r l a -  
t fan should be the  most accurate for  sctu- 
a l l y  predicting the pore pressure once the  
top  of the abnonal pressure l e  located. 
fn this CBSd a single value was used for  t h  
leading constant A i n  all wells. 

E'ROM PENETRATION RATE S?G 2163. 

The detai ls  o f t h e  reasons for se- 
lecting these weight, speed, and hydraulics 
terms and the specific fonn of the other 
functions are given i n  the following sec- 
tions. In each case, the result obtained 
from the two correlations just described 
is presented. 

Effect of Weight, Speed, and Hydraulics 

The use of weight inch of hole 
and rotary speed raised t o  a power is 
common i n  empirical penetration r a t e  equa- 
tions3rlO and needs further discussion. 
The hydraulics term 
lected because it controls the cross-flow 
velocity beneath the bi$, and the  author 
feels tha t  t h i s  should control the bottcan 
hole cleaning action. The term actually 
represents the momentum flux or 'hydraulic 
impact' per uni t  area of hole. 

4 &, was se- 

- 
Hydraulic Impact 

Unit Area 

= (&)* 
Three different assumptions were triec 

for the  exponents +, an, and aq. 
they were simply left  as unknowns and 
evaluated from the data along with the  
other functions. econd, values of 1.0, 
C.6, and 0.3 wer ssumed based on the 
resul ts  of previous f ie ld  and laboratory 
s t ~ d i e s ~ , ~ , ~ ~ .  Finally, a s h p l e  linear'  
equation was assumed with aw =E 1, an = 1, 
aq = 0. 

Firs t ,  

The accuracy of Eq. (3) in  each case 
is shown i n  Table 111. The standard devi- 
ation of K is given for the individual 
data points and when the  error  w a s  average1 
over 200 feet intervals. The accuracy of 
the  equation is relatively insensitive t o  
the  choice of value6 for the  exponents, 
but the l inear  equation seems t o  be least 
accurate while the values detemined by 
the least squares f i t  t o  the data are mast 
accurate. Because of tbe smiU difference1 
in the  accuracy of the three chofces, the 
author has chosen t o  ttac the  values (1, 
0.6, and 0.3) suggested by the  more care- 
a l l y  ontxolled studies of Vidxins3 and 
&keaxs. These values also seemed t o  gave 
more reasonable values for the other fine= 
tions. The rest of t h i s  discassion assume: 
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that  these exponents are used t o  nomalize 
the d a t i  t o  standard conditions of 9500 
lb/in, 200 rpm, and 3 gpm/(in*l/92 in  

B i t  Wear Function. 

b i t  wear while dril l ing,  i.e., before the 
b i t  is pulled and inspected, it is rkeces- 
sary t o  define a parameter t o  which the 
amount of tooth wear-or the  decrease i n  
dr i l l ing  rate can be related. This para- 
meter should be defined in terms of the 
variables which are readily available. 
'Ihe assumption used here is that the tooth 
wear fs related t o  the number of times 
that  the tooth c 
hole 

In otder t o  account for the  effect  of 

t he  bottom of the 

where R i  is the  penetrat shale 
fo r  the interval A&. Actually, T has 
dimensions of hours and may be thought of 
as an eQuivalent number of rotating hours 
at 200 rpm - computed as though the 
Eonnation were all shale. 

t ra t ion  rate in shales t o  calculate the 
equivalent rotating baurs, there is an 
implied assumption tbat drflling a given 
footage of sand w i l p  wear the teeth as 
much a8 the same -age of shale. This 
mearis that wear per tooth contact in- 
creases in a sand by t he  same factor that 
the  penetration rate increases. While 
this assumption is not precise, it does 
allow for t h e  increased abrasiveness of 

Since the  equation uses only the  pene- 

the feast squares fits t o  the  data are 
plotted fn Fig. 1. The normalized dr 
ing rate, R' rslartgve t o  that with a 
sharp bit, %p i s  pbtted versus the 
equivalent rotating hours at 209 rpn. The 
soUd line was obtahed frar? the fit t o  
aU. the &ita and the djlstred Uses far the 
noma2 pressure data. The curved dashed 
line wa8 obtained &err a recond order 
polynmtal was seamed fm the bSt W@ar 
flmatQ,n. The d l  dff€erencc between 
this curve a d  the  *rag& =;re obtained 
with B Unear fft f a  mt coneridexed 

significant; consequently, the straight 
l ines  are used t o  normalize the data for 
b i t  wear in  the f ina l  correlations. 

While dr i l l ing i n  normal. pressure,the 
b i t  wear trends for  previous b i t  runs i n  
the same well can be plotted and these w i l l  
probably be more accurate than a general 
curve such as tha t  given here. When dr i l l -  
ing in abnomal pressure, however, t h i s  is 
not possible because the pore pressure is 
also unknown and the effects of b i t  wear 
and pore pressure cannot be separated. In 
t h i s  case, one must asmune the wear trend 
tha t  is established in  the  normal pressure 
section or from previous wells i n  the area 
i n  which the  pore 

Differential Pressure Function 

The different ia l  pressure' Eunction 
was approximated by a th i rd  order poly- 
nomial when f i t t i n g  Eq. (3) t o  the data& 
The results are given by the  sol id curves 
i n  Fig. 2. The penetration rate decreases 
with increasing different ia l  pressure, but 
not AS much as was found in  previous 
s t u d i e ~ ~ , ~ , ~ , 6 .  VidrineS concluded tha t  
the  sensi t ivi ty  of penetration rate t o  
different ia l  pressure is greatest when 
large b i t  weights are used. H i s  r esu l t s  
fo r  b i t  weights of 5300 and 3500-4000 
lb/in are also shown in the  figure. The 
curve for  3500-4000 lb/in shows about the  
same response as t h i s  study,but the  curve 
for 5300 lb/in shows a much larger  change. 
In addition, the curve fo r  normal pressure 
data only shows a greater e f fec t  than does 
the  curve obtained from the fit t o  all of 
t he  data, and the average b i t  weight was 
larger  for the  normal pressure! data. All 
of t h i s  seems t o  confirm the  effect  of bit 
weight and imply tha t  the differential  
ressure function presented here should not 

ge used for b i t  weights significantly dif- 
ferent froxi those used in the  subject wem 

least squares €it have an increase in a b p ~  
at different ia l  pressures greater tha? 2004 
psi. This is not considered t o  be sigrdfi- 
cant in relation t o  the accuracy of the 
w e .  The dashed lines are used as i mar€ 
rea l is t ic  approxiraation t o  th is  pars of t h e  
curve i n  the  folhwing eectjtons. UsoI 
there were very few data pints w f f f r  nega- 
t i v e  differential. pressures greater tbsn 

Both of *e curves obtained frm the 
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250 psi, and these data indical'ed l i t t l e  
change i n  penetration r a t e  compared t o  tha t  
a t  -250 psi. Therefore, the penetration 
ra te  is assumed t o  remain constant below 

in the final correlation.. 

of Dri l labi l i ty  with - 
Depth and Pore Pressure 

Sface shale res i s t iv i ty  and drill- 
ab i l i t y  should both be related t o  the cca+ 
paction of the shale, it was assumed that 
drillability is best related to depth and 
ore pressure by the  sane fonn of equation 
!hat works best for the  wa i s t iv i ty  in 
these wells. Pore presmres were known 
accurately at l2 points in the  abnormally 
pressured sections of these wells. These 
data were used t o  t e s t  several different 
methods of relatutg resistiviw t o  depth 

dict  pore pressure from the resistivity 
data. Tbe method of Hottman and Johnson7 
was the most accurate. In general tenns, 
the firm of the equation can be written 

and pore pressure. or conversely, t o  pre- 

nearly l inear  for  pore pressures lese than 
15 lb/gal. Since most of the drilling r a t e  
data were for pore pressures less than this 
a linear relationship was assumed for 
dr i l lab i l i ty .  The dashed l i ne  in the figurc 
was obtained frann the l ea s t  squares fit, 
and this line was used in calculating the - 
standard deviations shown in Table ISI. . 
Examination of the data fo r  PQX-G pressures 

pore pressures as does the resis t ivi ty .  
Consequently, B second appmximation was 
made in d i c h  the r a t i o  behien the two 
cumes (8.6) below 15 lb/gal was assumed to  
continue a t  higher pore pressures. This 
gives the other curve for drillability in 
the figure. This did improve the accuracy 
o f t h e  predicted penetration rates  at highe 
pore pressures although there are insuffi- 
cient data t o  test t h i s  assumptionthor;. 
oughly. The curved l i n e  is used in the 
final correlation. 

The trend of the  logarithm of drill- 
ab i l i t y  with depth is eesentially linear. 
When higher order polyizcxnials were assumed, 
the resulting curve differed little.from a 
st raight  l i ne  and there was little change 
i n  the standard deviation o f t h e  predicted 
penetration rates. The nonnal pressure dat 
gave a slope of 0.104 Alog (R&)/lOOO ft 
and the f i t  t o  all t he  data gave 0.097. 
The depth and pore pressure fimctions can 
be combined t o  give a general plot  of 
d r i l l a b i l i t y  v m s  depth and pore pres- 
sure as shown i n  Fig. 4. Note that  in a 
t ransi t ion zone where pore pressure is in- 
creasing with depth, the drillabilfty may 
increase, decrease, or m a i n  essentially 
constant according t o  the rate at which t h e  
pore pressure increases. This timy explain 
why VidrineS d id  not observe any signifi- 
cant e-t crf depth and pore pressure in 
the intemals wfifch bot studied. 

APPXJCJ!,TEONS 

h e  var3ws fhet ions which relate 
penetratfoa rate to depth, di€€kpantial 
pressure, etxmt can be used to predict  tibe 
pore pressurrsr if all the dScr variabzes 

is to cartabxsh a $remi line in d e  

a te r  than 15 lb/  al suggested that the 
r ! h a b i l i t y  change % more rapidly at higher 

&re bwal* fn praetict ,  the initial rob- 

J 
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penetration ra te  versus depth and mud den- 
s i t y  as shown in  Fig. 5. If the mud weight 
being used a t  each depth is known, t h i s  
figure w i l l  allow one t o  easily trace the 
expected trend of nonnalizedpenetration ratc 
with depth i n  normal pressure shales. If 
the actual penetration rates are corrected 
t o  some standard operating conditions and 
corrected for b i t  tooth wear, they should 
follow a curve which is paral le l  t o  t h i s  
as  long-as the ore pressure is normal. 
The absolute va E e of t h e  penetration ra te  
is not c r i t i c a l  since it is assumed tha t  
the dr i l labf f l ty  may be cons 
o r  higher i n  a given w e l l  as 

t i v e  t o  the  expected trend indicates an 
increase i n  pore pressure. This increase 
occurs because of the decrease i n  differen- 
tial pressure and the increased dr i l l -  
ab i l i ty  of the  shale. These two effects 
can be combined as shown in Ng.' 6 t o  give 
the  total  change in penetration rate due 
t o  an increase i n  pore pressure. The rela- 
t i v e  dr i l l ing  rate is plotted versus the  
overbalance o r  different ia l  pkessure ex- 
pressed as an equivalent gradient i n  lb/gal, 
The curves apply only for pore pressures 
less than 15 lb/gal where the d r i l l ab i l l t y  
varies l inear ly  with the pore pressure. 
For example, consider dr i l l ing  with 12 
lb/gaf. mud density in normal pressure a t  
10,000 feet (3 lb lga l  overbalance). If 
the pore pressure increases t o  32 Ib/gal, 
the  penetratim rate w i l l  increase by 8 
factor of l/O.SZS or about 90 per cent 
relagive t o  the  value expected for nonnal 
pressure shale. This change is equivalent 
to 2.5 standard deviations based on the 
value af 0.11 €or the standard deviation of 
K. Thus, such an increase would be ex- 
pected in only one case out o f  160 due to 
the scatter of she data, and should be 
clearly distinguished €run the usual vari- 
ations about the trend Une. W i t h  t h i s  
much overbalance it is very UnlUrely tha t  
the  pore pressuse mxd increase enwgh t o  
c a s e  a kick befose %he increase $n pore 
pressurrz could Be rrecognfxed. The smauer 
the ouerbalmce, the greate 
ability 'af takiRg Q kick. 

Ffgure 6 cm. a2so be used te the 
accuracy of the p o ~ c  ;ues~~ree  prPfiea6 

from the penetration rate. Since .the 
sensit ivity of penetration rate t o  pore 
pressure depends'upon the amount of over- 
balance, the  error i n  predicted pore pres- 
sure corresponding t o  a given error  in 
penetration rate w i l l  also change. Based 
on astandard deviation of 0.31 i n  K, a 
depth of 12,500 feet, and a predicted over- 
balance of 1 Ib/gal, for example, one 
standard deviation about the predicted 
value would cover the range from 0.2 t o  
2.3 lb/gal overbalance and two standard 
deviations would cover the range from -0.3 
t o  4 lb/gal overbalance. One standard 
deviation corresponds roughly t o  1 lb/gal 
error  i n  pore pressure. This may be com- 
pared t o  a standard deviation of 4.6 lb/gal 
which was obtained when using the  resis- 
t i v i t y  data t o  predict the  known pore 
pressures. 

Prediction of Pore Pressure 

Atrend l i ne  can be constructed fo r  
any assumed pore pressure once the mud den- 
s i t y  is known at  each depth. The drill- 
abi l i ty  can be traced fran Fig. 4 f o r t h e  
assumed pore pressure. Then the effect of 
different ia l  pressure is read frm the  
curve i n  Fig. 2 which applies t o  all the  
data - nonnal and abnormal. The effect 
of d r i l l ab i l i t y  and different ia l  pressure 
are combined t o  give the predicted pene- 
t ra t ion  rate at each depth fo r  the  assumed 
pore pressures. 

The results of such a calculation are 
shown in Fig. 7 for well number 2. The 
pore pressure and different ia l  pressure are 
shown by the curves on the  r ight  side of 
the  figure. The expected normalized pene- 
t ra t ion  rates for each pore pressure are 
shown by t h e  l igh t  Unes. The observed 
penetration rates are indicated by the  
dashed line. This curve is B 'moving, 200. 
ft average' of the  individual  data points. 
The ent i re  set of trend lines has been 
shifted s l ight ly  t o  give the best agreement 
with the observed penetration rates over 
the interval  from 7400 t o  8600 feet where 
the penetration rate trend clearly indicate1 
nomtal pressure. The predicted pore pres- 
sure is obtained by iaterpolalian between 
t%ie given pore presmre trend lines. For 

predicted pore pressure increases frcm 9 
t o  13.5 lb/gal. The actual pore presdure 

exmpfe, between 9,000 and 10,300 feet the 



increased from 9 t o  13.2 lb/gal over t h i s  
interval 
corresponding t o  the actual ore pressure 

The expected penetration rate 

is indicated by the  dark, so E id  curve. 

Figures 8 through 12 show the o b  
aerved and predicted penetration rates  
for the other wells. 
these i s  the same as for Fig. 7. 
each case the predicted curve is shifted 
t o  give the best agreement with the o b  
served penetration rates over the l a s t  
1000 t o  2000 feet  o f t h e  normal pressure 
eection. The trend l i ne  for noxmal 
pressure is s h m  88 a dotted l i ne  a f t e r  
entering the abnonnal pressure section. 
In general the observed penetration ra tes  
do follow the predicted curves but with a 
f a i r l y  large scatter.  The standard de- 
viation of the error in  % is 0.11 for  
the abnormal section plus the last 1000 
to  2000 feet of the nomal pressure sec- 
tion. This corresponds t o  an error of 
29 per'cent i n  the penetration rate. 

There are several sections where the 
deviation 6Krm the  predicted curve is 
particularry large. 
Fig. 7, the  penetration ra te  was much 
larger than predicted below about 15,000 

14,200 feet, and the shale below t h i s  
depth was apparently deposited in a 'deep 
marine' environment. Consequently, it is 
possible tha t  neither the res i s t iv i ty  nor 
the penetration r a t e  correlations are 
applicable. The l a s t  known pore pressure 
i s  at =,SO0 feet. 

cate the top of the abnormal pressure in 
well I, Fig. 8 .  Although the pore pres- 
e t . ~  started t o  fncrease a t  U,800 feet, 
the penetration rate cantimed to follaw 
the  tmznd Une €or normal pressure until 
about l2,600 feet* The pore pressure bad 
increase& t o  13 Ib/gal at  t h i s  depth; 
cmequ-ly, if one had d r f l l e d  into the 
abnormal pressure with less than 12 lb/ 
gal a d  &maity, the  w e l l  would probably 

tn we= 5, Fig, Us the penetration 

The format of 
In 

In well number 2, 

fee* The h t  Sand h this VeU W a 8  at 

The penetration rate .  did not indi- 

haye kicked. 

rate with tke &in bit between 14,360 and 
34,850 feet  ~ a 8  such slower tiftan predicted4 
%9&s cn~fre interval was &Sued under- 
babmmi ar;d B kick occumed a t  14,850 

feet. 

The pore pressure increased very 
rapidly i n  t h e  interval fram 12,000 t o  
14,000 feet  in well number 6, Fig. 12, 
and the different ia l  pressure w a s  gene r  
ally decreasing. The reversal of the 
normal trend toward lower penetration 
rates w i t h  increased depth is quite dra- 
matic in t h i s  interval. The normalized 
penetration ra te  increased f3xar-fold 
whereas it would nonually decrease by 
about a factor of 0.63 i f  the pore pres- 
sure were constant. The hole w a s  side- 
tracked because of stuck pipe and the 
interval fran 12,000 t o  12,800 feet re- 
dr i l led with essentially the same d i f f e r  
en t i a l  pressures. The Individual data 
points have been plotted over this i n t e r  
val t o  demonstrate the repeatability: of 
the  observed trend in  the penetration rate, 

NTURE WORK 

The accuracy with which pore pressure 
can be predicted from penetration rate can 
be improved by reducing the  sca t te r  of the 
data and increasing the sensi t ivi ty  of 
penetralion r a t e  t o  different ia l  pressure, 
Vidrine has suggested ti-iat the sensitiv- 
ity t o  different ia l  pressure is bcreased 

finned and my other changes in operating 
conditions made as needed, considerable 
improvement should result. The most pro= 
mising technique for reducing the sca t te r  
of the  data I s  the  u8e of modern instnx- 
mentation t o  continuously record the rate 
of penetration, weight on bi t ,  rotary 
speed, pump rate,  mud density, and a nor- 
malized penetration rate. Such instru- 
raentation is becoming available and ehauld 
soon provide more accurate data for 
correlations such as t h a t  proposed here& 
Finally, improved knowledge of the  rotary 
drilung process plus bet ter  field data 
shatld lead t o  the development of more 
camprehensiw penetration ra te  models . 

by high b i t  Wights. If t h i s  be COZZ- 

Analysis o f  field data on penetration 
rate in shales in t ern  of an empirical 
.model indicates that: 

Z. The accuracy of the model is not 
hfghly sensitive t o  the choice of 
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exponents on weight, speed, and 
hydraulics. The l eas t  squares fit 
gave values of 0.68, 0.39, snd 
0.99, respectively; however, val- 
ues of1 .0 ,  0.6, and'0.9 gave more 
r ea l i s t i c  values for  the effect  of 
other parameters. 

Penetration rate decreases with 
increases i n  di-rential pressure , 
and is most sensitive t o  changes 
in  different ia l  pressure when the 
different ia l  pressure is near zero. 

Penetration ra te  decreases as the 
number of ev iva len t  rotating hours 
on the b i t  increases. 

The d r i l l ab i l i t y  of  shale, or the 
penetration r a t e  a t  Gome fixed 
operating conditions 8 decreases 
with increasing depth and increases 
with increased pore pressure. This 
is consistent with the behavior of 
other shale properties which h- 
dicate a reversal of the normal 
compaction trend when abnonnal 
pressure is encountered. 

Although the  sca t te r  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 LogicnUy 
predicted. This indicates tha t  the 
model fs reaUst ic  and tha t  improv- 
ed ~ccuracy can be expected as more 
accurate f ie ld  data became avail- 
able. 

With typicaX apera tbg  conditions, 
the corre la t im predicts tbe  pose 
preeaure with a standard deviatfon 
o f  1 lb/@. 

Io%TBs 

K' = Log (1000/R* ) 
- = b g  (1000/R*) 3 = Log (lOOO/Rf)  

N = Rotary spee8, rpm 
= Differential pre 

lb/gal*1000 ft 
*d 

= Flow rate,  gpm 
= Penetration rate,  ft/hr 

Q 
jR 
R' = Nonnalized penetration rate, 

=. Normalized penetration rate-- 
sharp b i t ,  ft/hr 

= Dril labi l i ty  or  normalized pen- 
etration rate--sharp b i t ,  zero 
different ia l  pressure, f t / h r  

= Observed shale r e s i s t i v i ty  
= shale res i s t iv i ty  in norrnal 

pressure 
= B i t  wear index - equivalent 

rotating hours 
= Nozzle velocity 

= Equivalent circulating mud den- 
s i ty ,  lb/gal 

= Pore pressure gradfent, lb/gal 
= Standard Deviation 

ftm 
% 
RA 

w = Weight on b i t ,  l b  
Pm 
PP 
Q 
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SUMMARY OF THE DATA 
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L J  
1 2 3 4 ----- Well No. 

Data Pts. - Nonnal . 38 17 
49 109 

8,260 7,280 - TO 15,020 16,230 

Top of Abnormal Pressure ll,850 8,900 

M ~ X D  Pore P ~ ~ s s u ~ ,  lb/@ 14.7 16.7 

68 30 45 
60 a4 21 

8,240 8,350 9,060 
16 000 15,000 14 730 

33,800 10,800 13,850 

b 

15.5 16.5 14.0 

Differential Pressure, lb/gal*lOOO ft 0 Max, 47 3 63 40 21 - Min. 2 5 5 0 -30 

Avg. W&,* lb/in 3,280 3,390 3,640 3,530 4,760 

AVg. N,* 162 154 149 139 22 0 

Bit Sizes - 1 12-1/4 12-1/$ 12-1/4 9-7/8 9-7/8 
- 2  8 4 2  8 4 2  8 4 2  b-5/8 6 
- 3  - ~ 5-3/4 5-3/4 - - 

:For those data points used in  the f inal  correlation. 
Total, 

6 - 
18 
67 

8,540 
13,900 

10,100 

18.1 

53 
-2 

1,750 

174 

2.6 

9-7/8 
8-5/8 
5-7/8 

Average 

216' 
390' 

8,300 
15,150 

ll,sso 

15.9 

44 
-7 

3,040 

155 

2.9 

c 

.L 
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TABU I11 
EFFECT OF WEIQiT, SPEED, AND 

)IyDRAuLICs ExPoNmrs 

Exponent. Standard Deviation of K 

Individual Data 200 ft 
Point Average 5r .n 

W O d  1 1 0 O.U.6 0.103 
PrCSrrOra 1 0.6 0.3 0 . U  0.100 

N o d a n d  1 1 0 0.158 0.194 
A h i O d  1 0.6 0.9 0.151 0.128 
PrOSSUrO 0.681. O.S9l* 0.386* 0-140 o.ll9 

* Frau the least-rquarea fit. 
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RESlSTlVlTY RAnO - NORMAL IABNORMAL 
ORtfLdBnrrV RATlo - &BNORldALI#ORMLIL 

FIG. 3 .*. VARIATlON OF RESISTIVITY AND 
DRILLABILITY WITH PORE PRESSURE 

LOG - NORMALIZED DRIUABILITY - K i  

I PORE PRESSURE GRADIENT- LBIGAL 
I ,  t I 1 I 

20 
161 I 

110 1 0 0  80 60 40 30 
DRILLABILITY - Rb. FTIHR 

FlG.4- VAR lATl0 N OF SHALE DRILLABILITY 
WITH DEfTH AND PORE PRESSURE 

. 
' l . s s - o . 2  

FIG. 6-SENSlTlViTY QF PENETRATION RATE 
TO FORE PRESSURE CHANOES - nG.6 -P€WTRATI#N RATE IN HMMAL 

PRESSURE SHALE 
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#oRWZEDtENETRATlON RATE-R:, f l / H R   RE PRU~CRE GRAQI~NT, LI MAL 

c FIG 7 - PREDICTION OF PORE PRESSURE 

UDO - NOR WUZLD PENETRATION RAIL - a; OlFFERENML PREssURE, LBIGAL-KXX) ICT 
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LOO - NORWLUCD PENETRATION RATE - K; OlFPERENTlAL PRESSUR€, UlQAL*IOOO FT 

NORMAUZU) PENETRATION RATC-R;. FT/HR 
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ABSTRACT 

m e  reflection seismograph bas long been the mosi 
W o r t a n t  means fo r  obmiaing subsurface infor- 
mation prior t o  dri l l ing,  Interpretation of the 
ceismfc data is aonnalkmade by geophysicists to 
define subsurface rtructtare. However, consider- 
able fnfonnation of great vaZue t o  the dr i l l i ng  
engineer i o  also contained in the 8eLsmlc Mor- 
mation. 
engtneer CBP u5e these data to trtSmate depth 
and magnitude of wrbsurfuce formstLoa pressute8, 
predict gross Change6 in lithology, and w a n  of 
possible dr t l l iug  problems. Techniques are 8180 
presented for predicting relative dril labf l l t y  
and fracture $radientr in rank wildcat areeta. 

'&e predictive techniques deccribed have been 
used with good tesulte 0ve.r *v ide area along 
the Texas Gulf Coast iscludjag Coatiaearal Shelf 
locations and might porsibly be upplicablt t o  
any sedimeatasy b a s h  

Thio paper discusses haw &e dr i l l i ng  

c i s t s  and geologists for  many 
years to  help define subsurface structure, it 
is only recently that engineers have begun to  
discover useful applications. 

One of these applications is the use of routine 
seismic f ie ld  data t o  predic t  both the depths 
to  abnvnnal pressure formations and approxi- 
mate pressure magnitudes.1 Pre predictive. 
method resul ts  from the f ac t  tha t  velociries 
between aubeurface reflecting layera can be 
obtained from seismic f ie ld  data using vel1 
lcnown geophysical teckniques. Difference6 i n  
interval velocit ies between these layers can 
be used to  develop an average interval travel 
time (recfprocal of interval velecity) profile, 
which i s  Ln effect  an acoustic log meraged 
over fa i r ly  long (500' - 1000') ver t ical  inrar- 
vals 0 

Analysir of numerous well velocity surveys re- 
vealed 8 close correlation bem?ecn intamd 
velociw {interval travel time)# & factoti  
ouch as lithology and degree o f  rock cmpactiort 
and that interval travel time varies expow-  
tiizlly and predictably w i t h  depth. Departure 
from rhi6 rroSna1 t s n d  6igaifieJ abaer;cal p t r U -  
autc or gross lithologic chacgea. 
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Additional data such as relative d r i l l ab i l i t y  
and estimates of fracture gradient complete the 
information required by the dr i l l ing  engineer to 
assure that the proper casing can be available 
a t  the d r i l l s i t e ,  optimum dr i l l i ng  mud weighting 
schedule and hole s ize  selection can be made and 
the proper r i g  can be chosen. 

Dri l labi l i ty  information is customarily obtained 
from b i t  performance records of nearby w e l l s .  
Methods of measuring pore pressures from w e l l  
logs have greatly improved the accuracy of dawn- 
hole pressure predictions i n  areas where the e 
are sufficient wells for  adequate 
Empirical fracture gradient correlations fqr  
normal pressure foxmations have been developed 
from experience i n  kna~n geological areas.4 In  
areas of poor geological control deep wildcattin 
can be extremely hazardous and costly for  lack 
of adequate pressure and fracture gradient in- 
forma tiw. 

ROLE OF VELOCITY I N  SEISMIC WORK 

Ihe reflection seismograph measures time between 
the earthls surface and various subsurface re- 
flecting horizons. 
seismic energy through the sedimentary column to 
a reflecting horizon is known, depth t o  the re- 
f lector  can be detexmined. llaus, i f  enough re- 
flection information is available, knowledge of 
subsurface structure can be obtained. 

If average velocity of 

Well Velocity Survey 

Techniques for determining velocities are w e l l  
known i n  geophysics. The method most commonly 
wed is the w e l l  velocity survey. Shots are 
detonated neat the w e l l ,  and travel times are 
recorded fo r  energy t o  travel from the surface 
to  a geophone placed a t  successive depths 
(usually 500' - 1000' increments). Mfference 
in arr ival  rimes at the various geophone loca- 
tions caa be used to develop an average interval 
travel time or velocity profile. 

Computed Velocities 

A decorid technique is a more indirect method, 
which uses data from seismic f ie ld  records t o  
compute interval travel time profiles. In  this 
rethd every shot in a routine seismograph sur- 
vey provides data for  velocity determination 
and is the basis for  the predictive techniques 
discussed in t h i s  paper. 
a n t s  in accuracy of euch measurements ond te- 
sulting calculatbns have been attained w i t h  the 
advent of new f ie ld  procedures, d ig i ta l  record- 
Lng and mschine data analysis. 

Noteworthy improve- 

Sewtrrlresrhods of computiag interval velocities 
f m  seismgraph data exist.5 All are basad olt 
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the same elementary reflection problem, as fol- 
lows : 

In  Fig. 1, l e t  SS represent the earth's surface 
A s m e  the shotpoint 0 to  be a t  the surface. 
When explosives a t  the shotpoint are detonated, 
acoustic energy i s  created i n  the form of com- 
pressional waves. 
equally i n  a l l  directions. 
traveling energy s t r ikes  &e subsurface plane, 
RR, and is reflected back to the surface, SS, 
along ver t ical  path Om. Energy from the shot 
also propagates along innumerable diagonal 
paths to the plane RR i n  the subsurface, (e.&, 
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 a t  point 0 and W, separated horizon- 
t a l ly  by distance X. 

With th i s  information, depth to the reflecting 
horizon can be calculated and the average veloc 
i t y  i n  the medium between the surface and the 
reflecting horizon as follows : 

This seismic energy moves 
m e  vertically 

to  * travel time along path OPO 
t x  = travel time along path OlW 
V = apparent average velocity from surface 

to  reflecting horizon 

From the relation that Distance - Average ve- 
loci ty  x Time 

om . V x t o  . . . . . . . . . . .  (1) 
om . v x t ,  . . . . . . . . . . .  (2) 

After extending the l ine OP vertically dawn- 
ward t o  the image point 0', from elementary 
laws of optics: 

om - o w  
om = 0'0 

. . . . . . . . . .  
Substituting Equation 1 and 2 in Equation 3 

E X2 

(31 

Depth eo the reflecting bed may then be found 
by rhe relation: 

(51 - to 2 = v x -  . . . . . . . . . . .  
2 

d' 

51 

52 
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_VELOCITY PROFXLF,S FROM SEISMIC FIELD DATA 

By making similar time measurements to other re- 
flecting horizons i n  the subsurface, it 4s pos- 
s ib le  t o  develop a curve of v vs various values 
of to. The f inal  desired curve, interval travel 
time vs depth for  1000-foot increments of depth, 
can then be readily obtained. 

geophone is not usually placed a t  
the shot location, but there are ways to  achieve 
the same resul t  by extrapolating reflection hy- 
perbolae to the zero x distance. Also, to mfn- 
imize multiple events and enhance accuracy, data 
from more than one 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 i n  re- 
cords obtained during every routine 6ei6m0graph 
survey t o  compute an interval velocity profile 
beneath the sei 

METHOD OF S m Y  

Interval t ravel  time-depth relationships of 
wells dr i l led  through 6and-6hak sequences, pre- 
dominately Tertiary sediments, of the Gulf 
Coast Basin along the Texas and Loui6iana coast 
were studied. Additional data i n  limestone and 
chalk formations of inland Cretaceous zone wells 
of Syouth Texas were obtained fog the st&iy of 
the effects of lithology on velocity. 
fizming data were obtained from wells i n  Cali 
fornia and Louisiana. 

Interval travel time vs depth data from well 
velocity survey logs were plotted on logarith- 
m i c  paper. 
the significance of the variatfon i n  interval 
travel t ime  due to  discreet variables mch as 
degree of compactien, 1ithdO@,* geologic age 
or  geographic locatio abnormal pressure. 

Abnormal pressure was obtained from 
bottom-hole pressu wireline forma 
tion tests and, in B- ces, induction 

stic w e l l  logs. Well velecity sumeys 
wells in the Gulf C o a s t  Basin w e r e  

th i s  study. Of these wells 148 had 

Con- 

Analysis o f  these curves determined 

encountered abnormal pressure before reaching 

S i t  nsn records were analyzed for  a lsrp nm- 
ber of wells in  which velocity s u m y e  were con- 
ducted t o  determfue carrelation batween d r i l l b l  
rate end interval travel time, U p l o g  plots 01 
average d r i l l i ng  rate based on Cz i l l c r a '  ze- 
potted bLt nrtrs and Interval & r a d  ffmr! ftom 
the velocfty survey8 were made for each vtll 
as a fuaction o f  depth. 

VAXTABLES AfiECTXbtc TRR'crEL TIX! 

!&e afftct of deptb oa welocip,h#s910gbeen 
recognized by gmpL-plictsts. s y have . 
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generally agreed that interval velocity varies 
exponentially w i t h  depth according to some powei 
law of the form: 

V = KIZn . . . . .  , . . . . . . (1) 

Where: V = Interval 'Velocity, Feet per Seconc 

K 1  = Constant 
' Z = Depth in  Feet 

r i n  terms of Interval Travel Time, T: 
-1 

T = K2Zn . . . . . . . . . . . . . (2: 

Equations 1 and 2 describe a s t ra ight  l ine on a 
logarithmic plot where IC2 is numerically equal 
to  the interval travel time at  a depth of one 
foot, and n is the slope. Ihe power n has been 
proposed empirically by various investigators 
between the values 4 and 17. Zn th is  study, 
however, when data from sections containing ab- 
normal pressure, intervals of an unusual amount 
of shale, o r  formations other than sand-shale 
sequences, were carefully excluded, the sralue 
n was found to be 4. 

The constant K2 can be further expressed as 
three independent factors p, 1, and a. 

O r  : 1 . . * .  . . . e . .  . (31 
T - p l a Z  -7 

are dependent, respectively, on 
, lithology, and geologic age. 

Although Equation 3 was empirically derived 
Irom data obtained mostly in one area, there is 
110 reason to  believe tha t  the same relation 
should not hold in other area@. 

Equation 3 1s significant. 
amy given location Ln a sedimentary basin, the 
interval travel time w i l l  noxnally decrease 
l inearly with depth when plotted on log-log 
paper; the slope of t h i s  line w i l l  be 1/4. A 
sudden change in any one of the coaatxnts w i l l  
manifest i t s e l f  as a lateral s h i f t  i n  the lLae 
and w i l l  appear as an snomaly. Gradual cbanges 
such as geologic age (coostant a) would not 
appear BB M uromaly, but: a a lateral r M f t  i n  
the entire plot. 

tt states that  a t  

&qhyaicisrs have xong been war& of ~ar-veloc* 
fty azmalier fa the interval velocitpdepzb 
trend in certain areas. For %=tarice fa the 
w e l l  of F%g. 2, interpreterrr would have noted 
that &e Interval travel times decrease in a 
nermal feshian to about &SOO*, thea begin eo 
iRcreasr. The beginning of  these "veloocity 
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tnversions'l were observed to coincide with the 
:ops of certain formations, such as marine Frio, 
licksburg or massive shale sections. 

[hese inversions define zones of abnormal pres- 
lure. 
Eonnations a re  uncompacted. 

fie degree of departure from a "normal" interval 
:ravel time-depth l ine is directly proportional 
to the abnormal pressure. Fig. 3 shows th is  re- 
lationship. A transparent overlay o f  the lines 
>f equal pore pressure gradient (variations in 
:onstant p) r e m s  as a convenient means for  
neasuring abnonnal pressures from the interval 
travel time-depth plots. 
sures the averlay i s  placed over the plot and is 
mved la teral ly  un t i l  the normal pressure (9 lb/  
Ea1 equivalent pore pressure) l ine coincides w i t  
the data i n  the normal pressure fonnations im- 
nediately above the velocity anomaly. Pore pres 
6ure gradients are then read from the superim- 
posed l ines of equal pore pressure. Tn Fig. 4 
Eor instance, at  10,000', 18.6 lbjgal equivalent 
pore pressure is noted. 

Pore pressures so determined should be within 1. 
lb/gal of the exact pressure. 
mccuracy can often be achieved. 

EFFECT OF LITHOLOGY (CONSTANT 11 
Shale, because of .its characterist ic low velocit 
a i l 1  produce an anomaly similar to  a zone of ab- 
uonual pressure i f  it occurs in long intervals 
(Fig. 5). Undoubtedly the interval from 3000' t 
5000' in the m a l e s  Co. well was abnormally 
pressured a t  one time in its geologic history, 
but dr i l l ing  experience indicates that the pres- 
Eure is do longer present. 
usually be identified by their  characteristic 
apparent 14 lb/gal pore pressure reading. 

Limestone appears to compact a t  the same rate  a8 
sands and shales, but follows a "limestone com- 
paction line" displaced t o  the l e f t  of snd par- 
a l l e l  t o  the "aalsaal" sand-shale compaction l i n e  
Dolomite i s  a harder, more dense rock, and usu- 
a l ly  transmits energy fas te r  than limestone; 
therefore it i o  displaced further to the l e f t ,  
ad in the Kendall Co. w e l l ,  (Fig. 51, 

abnormal amounts of limy o r  calca+eous sands and 
siliceous shales also &crease interval travel 
times. 

overlie8 deep obnowal pressure ~oues.  !&is 
material shows up on the interval travel time- 
depth profile as an anvutaly o f  lesser interval 
travel time. 
vary from several hundred to ruo hi& IS 6 W ' .  
Exampks are shown In Fig. 6. 

Velocities are abnormally low because the 

To measure pore pres- 

Bowever, bet ter  

These zones can 

In many are- of south Texas nnd 
L 0 U i S i m  0 recti= Of CalmNOUS MXld @ Pbah 

Thicknesraar have been ubsemd to 

ATION OF SEISMIC DATA 

In example A such a zone occurs between 8000' 
and the top of the abnormal pressure zone a t  
12,500'. To measure pore pressures in  such a 4 
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case the normal pressure base l ine of the over-' 
lay amst be shifted t o  the l e f t  to  coincide 
with a new base l ine established immediately 
above the abnormal pressure zone. 

EFFECT OF GEOLOGIC AGE (CONSTANT a) 

It was noted that the wells with generally 
greater interval travel t i m e s  w e r e  located to- 
wards the Gulf. Those with lesser interval 
travel times were located inland. Intuit ively 
th i s  sh i f t  from inland, older sediments, to  mor1 
recent, less  compacted sediments closer to the 
Gulf is expected. %e la te ra l  sh i f t  can be ob- 
served more readily by noting the depth at whicl 
the l ine crosses a given vertical  reference l i n  
such as the 100 microsec/foot line. Bus  a 
broad measure of depositional age is the depth 
a t  which formations of 10,000 feet/sec velocity 
are found. 

In  Fig. 7 W e l l  A, Nueces Co,, Texas, penetrated 
Lower Pliocene and Upper Miocene formations of 
estimated 8 to 10 million years o f  age at  the 
same depth i n  which Well B, offshore Louisiana, 
found much younger beds, 
paction l ines for  the two wells are the same, 
but overall interval travel times for  the 
Louisiana w e l l  are greater. 
had less time to  compact, 

Slopes of the com- 

The sed#nents have 

Much olaer formations are present i n  Fig. 5.  
The Kendall Co., Texas, well p$netrated beds of 
Cretaceous and Paleozoic age (150 - 250 million 
years). 
of 160 microsec/foot interval travel t i m e  - 
1,000 feet, compared t o  10,000 feet  fo r  the 
Louisiana well. The formation at  1,000 f ee t  in 
t h i s  w e l l  is therefore interpreted to  be simila: 
1y compacted as the formation a t  10,000 fee t  in 
Louisiana. 

Note the depth a t  which we find beds 

A family of curves showing the relationship of 
age of burial  to  the interval - velocity - deptl 
trend in nolmal - pressure formations of the 
CXllf Coast area established by this study i s  
ShoWl in  Fig. 8. 

FRAcmRE aADIENT ESTPIATES FROM S E I S m C  DATA 

'5t most critical phase ia dr i l l i ng  8x1 abnumsa3 
pressure vel1 is set t ing protective casing in dt 
pore pressure wlrick w i l €  permit the use of #be 
sequent bigher rmtd weight without fracturing IW 
lostag t e t u r n s .  Fracture gradients bave hrgelj 
bien determincd empirically. Experitace hu 
shown, fo r  tustmce, that formstions bhak  down 
d e r  subscant%ally t m r  aard weights, uad then 
fort surface casing must be oet deeper fr; Sout' t. 

54 
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Louisiana than i n  Texas. 
i n  Louisiana is due largely to the lower over- 
burden weight of the younger beds. 

basic rock mechanics12 * 13 D l4 one can find the 
frac gradient a t  a given location using the 
relation: 

The lower frac gradier 

ge of the overburden gradient and 

Frac Gradient - K (Overburden Gradient - porc 
pressure) + pore pressure .(! 

Overburden =adient - Weight of the overburden 
acting on a formation a t  a given depth is a 
function of average bulk density of the rock ani 
the depth. Bulk densit ies of sedimentary rock 
are roug y proportional to their  degree of com- 
paction." Since velocit ies also depend on roc1 
cowpaction, 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 a t  9000' - FQ. 8 )  overburden gra- 
dients would be low cornpired to those occurring 
in older foxmations such as those found i n  Soutl 
Texas (100 microsec/ft. u t  5000'). 
shows how th i s  variation with de 
geologic age. 

Factor K is the effective stress 
be e s tba t ed  empirically from hydraulic fracturc 
data. It is the ra t io  of the effective horizon. 
ta l  stress (computed from the instantaneous 
shut-in pressure a f t e r  a f rac  job) and the ver- 
tical stress (computed from the weight of the 
overburden). Basically it  is  a function of an 
e las t ic  constant of the rock (Poisson's Ratio) 
and long term deformation or  creep which sends 
to  equalize stress in  a l l  directions. 
quite possible that the la t te r -e f fec t  w i l l  caw4 
K to  vary not only with depth but also wtth 
geologic a e, or location as reported by Mathewi 
urd KClZy.' Xmever. it is believed that over- 
burden gradlent, which is i n  itself influenced 
by geologic age, i r  the Controlling factor. Fol 
the estLmat&ng purposes proposed here, the fc 
factor vs depth relati 
to  be the same for  a l l  

FSTIM&TING FRACmAIRG GRADIENT FROM SEZSMIC DATA 

To esttaate fracture gradients for  a given locad 
t ion f i t s t  note the depth at  which the seismic 
Interval travel time - depth curve crosses the 
100 acrosedfoot re€erence line. This will d e  
fiae the proper curve In Fig. 9 for  estimating 
the owtburclen gradient a t  that location. Find 
I frorp Fig. 10. Compute fracture gradient from 
EqtrdltiQn 4. 

Figure 9 

It is 

Rs a general Yule, peaerration ta te  tarde to  de* 
cline with depth. Primarily this decrease i o  B 

Y 

result of increased compaction with depth, whic' 
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 and i ts  contained fluids, 
or - 

Sz - s, + Po 

where 

. . . . . . . . . . . .  (5 
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S, - Total vertical  load (gross stress) 
S, = Rock frame stress 
po = Pore pressure 

As overburden gradient E, increases with depth 
and geologic age under constant hydrostatic 
pore pressure conditions, the rock frame stress 
Sz. increases accordingly. Dri l labi l i ty  of 
rocks of a given lithology should therefore vaq 
generally i n  accordance with variations i n  Se. 
As pore pressure, po, increases under abnormal 
pressure Conditions, the rock frame stress, S,, 
must decrease, thus an increase i n  dr i l l ing  rat1 
results. c 

Gross changes in lithology can be expected t o  
affect  d r i l l ing  rate because of the baaic chang 
in  physical strength properties. 

Fig. 11 shows that dr i l l ing  rate  decreases cx- 
ponentially with depth and lithology i n  a man- 
ner similar to interval travel time. The well 
was dr i l led with constant b i t  weight and rotary 
speed to 8,500 feet  i n  sands and shales. A re- 
duction i n  dr i l l ing  rate  was noted a t  the top o 
tke calcareous sand and shale interval, follawei 
by a further reduction a t  10,000 fee t  when rota: 
speed was  reduced from 140 rpm to 70 rpm. A t  
13,000 feet  a sharp increase in dr i l l i ng , r a t e  
signals top of abnormal pressure. 

A Study of similar data frum wells d r i l l e d  i n  
formations of different geologic ages resulted 
$a the series of dr i l l ing  ra te  - depth cumes 0: 
Fig. 12 showing reduction i n  d r i l l i ng  rate with 
depth as a function of location as revealed by 
tbe interval travel time piofile. 

To i l l u s t r a t e  the use of this chart for  predict. 
iag poteatial d t f l l ing  rate,  two seismic inter- 
val travel time - depth profiles are shown. 
a t e  seismic interval travel time prof i le  ob- 
tagned a t  Location A Intersects the 100 
microsec/foot reference line a t  2,000 feet. 
Therefore d r i l l i q  ra te  of a w e l l  d r i l l ed  at  
chfs lacation should follow l ine A-A'. Similar1 
a well at tocotion 3 should follow lint 8-B'. 
A t  10,000 feet ,  Well A should d r i l l  in o normal 
smd-&ale sequence ut  the ra te  of 6 f t /h r  and 
Vel5 8, 70 ft lhr.  For other weights and rotary 
speeds, wi juswnt s  are made in the 8stLaates 
sssming dftect  dependence of d r f l l ing  rate  on 
cham fwo paraxeters. 



AN ENGINEERING WTERPRECATION OF SEISMIC DATA SPE 2165 

: s t b a t e s  thus made are only approximate, but 
ihould provide useful data fo r  planning purposes 
rhere no other data are available. 

'IELD EXAMPLE - WELL B 
routine survey was conducted consisting of a 

kattern of seismic lines running approximately 
iorthwest-southeast and north-south (Fig. 13). 
;hotpoints for  the sunrey w e r e  spaced every 400 
reet. For each shot, 24 geophone patterns were 
.ocated 400 feet  apart along the l ine,  s tar t ing 
100 feet  from the shotpoint and extending out to 
1,600 feet. lpwo of these lines, 3-29 and 3-33, 
ielped define a deep-seated structure with its 
ipex directly beneath shotpoint x65-1279 on l ine  
1-29. 

be structure was found to  dip to  the east  towarc 
.ine 3-33, a s t r ike l ine running north and south 
dong the flank, The contour of the mapped horis 
:on beneath l ine  3-33 is 400 feet  downdip from 
:he high point. Shotpoint 65-1279 on the high 
boint of the structure and on the dip l ine 3-29 
ras'selected as the location for  Well B, 

:ufonnatioa on the depth to  abnormal pressure ant 
laximum expected mud weight required to d r i l l  to  
.6,000 fee t  to ta l  depth was desired. Also infor. 
lation concerning frac gradients was needed to 
ielp plan the casing program. 

Infortunately, f ie ld  records of the portion of 
:he l ine directly over the proposed location wen 
Pissing, so data were selected from seismic re- 
:ords about 314 m i l e  dawn the line as shown. Duc 
:o the steep dip along th is  portfon of the l ine 
md the presence of diffractions fran a nearby 
Eault, good reflections above 11,000 feet  a t  thii 
location were limited. Bgnce the excellent data 
Erm strike l ine  3-33 are presented here. 
:lusions substantiated the f i r s t  survey but pro- 
rided more detail .  

Con- 

rig. 14 presents the results of the computations 
nade from the oeismic record representing sub- 
surface coverage from shotpoints ~655-3889 througl 
~65-3905 on l ine 3-33. Each p o h t  plotted on thc 
:urve is the average velocity for  reflection 
wents at various times. ate f inal  lnterval 
:ravel t ime  - depth profile obtaiaed fron these 
lata i8 plotted for  1,600-foot verttcal incre- 
Pents i n  Fig. U. 

La engineering interpretation of the reismic &at4 
bf Ffg. 15 was made as followst 

& h r m a l  Pressure It was estimated elat top 
of the abnormal pressure tone vmld 5e u t  
10,500 feet. With the calibroticm omrlsy 
shifted to  the l e f t  to eolntidc w t t h  the aor- 
mal  formatious ilrr;?eblatelp &ovo &e abaor=l*;ll 

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

Depth - F t  Pore Pressure - Lb/Gal 
11,000 12.0 
13 , 000 17 .O 
16 , 000 18.2 

Dri l labi l i ty  - The travel time - depth curve 
crosses the 100 microseclfoot reference l ine  
a t  4,000 feet. lherefore from Fig. 10 it  
was estimated that, assuming 4,000 lb l in  b i t  
weight and 150 tpm rotary speed, d r i l l i ng  
rate would gradually decrease from 70 f t l h r  
a t  4,000 fee t  to 14 f t l h r  a t  the top of 8 
2,000 foot calcareous sand-shale internal 
beginning a t  9,000 feet. 
through th is  2,000 foot interval would slow 
down to less  than 8 ft /hr.  , 
the abnormal pressure zone a marked increase 
i n  dr i l l ing  rate  could be expected. 

Fracture Gradients - Ihe position of the com- 
paction l ine with respect to the 100 microsec 
f t  reference l ine indicates that  the well 
would be dr i l led  i n  formations of estimated 
lower Miocene to  upper Eocene age (Fig. 8) .  
Iherefore a surface casing set t ing of 2,500 
feet  should be adequate. 

Average r a t e '  

A t  the top of 

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

With protective casing s e t  a t  11,100 feet  i n  
12 lblgal pore pressure, the frac gradient 
immediately bc?low the casing w a s  estimated: 

Frac Gradient - .85 (19.9 - 12.0) * 12.0 
* 18.7 lblgal 

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

COMPARISONS OF PRCDXCTED AM) AC'IXJAL MUD AND 
CASING PROGRAMS 

Well B was dr i l led  to 16,050 feet. During coma 
pletion operations accurate subsurface pressure 
meaaurcments were obtained. Actual d r i l l i ng  
rate, mud and casing programs, snd fomatlon 
f luid pressures are cornpazed with the eatisnates 
based oil s r l s d c  data in Table 1. 

Fracture uradients measured during bydraulic 
fracturing operations fhratgh perforatioas a t  
11,535 feet  was 19.2 lb lgal .  
tained durfng abandorment operations is open 
hole beiaj the l iner seat at 11,540 feet  showed 

Heasuraaents ab- 

c4 

W4 
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a gradient of 19.7 lblgal. 
fracture gradient based on seismic data w a s  
18.7 lb/gal a t  11,100 feet  and 19.9 lblgal a t  
13,000 feet. 

The calculated 

LIMITATIONS 

The degree of accuracy demonstrated may not be 
experienced i n  a l l  areas. However, less accu- 
racy may be adequate for planning purposes, for  
which the predictive technique is designed. 
Accuracy of the velocity computations depend 
on quality of the original seismic records and 
on careful data playback and analysis. In  
general the more recent surveys using long 
spreads and improved recording techniques are 
superior, particularly where information a t  ex- 
treme depths is required. 

This method has been most successful along the 
Gulf Coast, where abnormal-pressure zones have 
been accurately predicted a t  depths as shallow 
as 6,500 and as deep as 12,000 feet. 
technique is limited to sedimentary basins i n  
which the velocity changes w 
from compaction phenomena. 

Other sources of information, such as paleon- 
tological data, log plots of nearby wells, 
regional geology, and dr i l l i ng  experience i n  
the area should be used for  comparison during 
the planning phase. Density measurements of 
cuttings, w e l l  kicks, +penetration rate,  tem- 
perature measurements, hole instabil i ty,  and 
other indications should be watched while 
approaching the pressure transit ion zone and 
used to  pick the exact casing depth required 
fo r  optimum contiol. 

The 

esul t  

$ONClUSIONS 

1. Interval trave h e  of seismic energy 
decreeses exponentially with depth i n  
aonaally compacted sediments. Any de- 
parture from th ia  U O W ~  trend is caused 
by the presence of abnormal-pressure 
formations o r  p r s  changes i n  lithology. 

2. &rhodo are uvaifable for  cunputing in- 
terval travel t ine profiles from rou the  
seismic data. 

3. Engineering interprctatiuans of these 
t e M c  profiles kavp! been used ex* 
tensirely and successfully to  e s t a t e  
approximate depth to abaotmal-pressure 
tmes &.dl loagciMe of the fluid pres- 
sures therein, arod t~ obtain estimates 
a€ dtilrcrbittty d Oracturn gradients. 

13, 3 b  conetatLow presented In chis paper, 
alchough dewlog& under Gulf b a s e  

conditions, should be applicable in  
any sedimentary basin. Use in  off- 
shore areas should be particularly 
rewarding , 
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Tabte 1. 

COMPAIUSONS OF PREDICTED AND ACTUAL MUD AND CASING P R O W  

Surface Casing Set at 
TOP Q€ Abnonnal Pressure 
12.0 ppg pore pressure at 
Protective Casing set at  
Liner Set a t  
Pore Pressure Gradients 

10,525 f t  
11,100 
11,306 
12,311 

13,963 
13,000 

Haximum Mud Weight 
Drlg. Bate a t  4000 f t .  
Drlg. Rate a t  9000 ft .  

Estimated 
2,500 ft 

Actual 
2,505 f t  
- 

10,500 
11 , 100 
11,100 -- 

10;200 
11,000 
10,875 
11,640 

0- 

12.0 PPg 

0- 

17.0 

18.1 
-- 

70 f t l h r  
14 f t l h r  

10.6 PP8 -.. 
14.8 
716.6 

717.3 

76 f t / h t  
19.5 f t l h r  

3- 

718.2 
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POREPRESSURE 
GRADIENT 

P U F T .  

Fig. 1 - Elementary refltctiop problem 

I 

Fig. 2 - logarithmic plot of interval travel 
time, Well A, Kleberg h a g ,  Texas, showing 

abnormal pressures below 8500 feet. 

EQUIVALENT 
MUD WEIGHT 

LE/GAL 



GONZALES CO. KENOALL CO. 

Fig. 5 - Examples shaving anomalies i n  noma1 bas0 
l ine due to shale, limestone, and dolomite. 

Fig. 7 - Examples rhoviag s h i f u  tu iwnnal base 
line due to GeaLogic Age of fonaattoas drilled. 

f 

m a O D 0  ID0 

EXAYPLE 'o' 
. YICROSEC/FZ 

Fig .  6 - Examples 8howFng shifts  in the normal 
base line due to calcanraus sands a d  8hahS.  

tlg. 8 - Position of ll0m1 comprctio~ 1- u 
related to Geologic Age of lklf &cat sedinrents. 

... 
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Fig. 9 - Overburden gradient based on average 
bulk densicy between depth point and the sur- 
face for different Geologic Age base lines. 

For w e  ia rstirnating fracture gradients. 

Fig. 10 - Function K vs depth - For use in  
eathating fracture gradients. 

II 
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ABSTRACT 

In some cases, when gas is produced 
from a geopresswd reservoir, water 
w i l l  appear i n  quantity, oecasionally t o  
the exclusion of a l l  gas, I f  a reservoir 
contained only gas, the P/Z vs. cumulative 
production plot  should be B straight l ine 
throughout its p r o d u c 4 ~  Life. Extrapol- 
ation t o  P/Z = 0 should indicate t h e  ori- 
ginal gas i n  place. In thase cases where 
water appears, t h i s  r t latlonship may or 
may not hold. Often the resemqir fails 
t o  produce the calculated recoverable 
reserve by a substantial margir,. This 
margin may be water which enteeed the 
reservoir. 

The G u l f  Coast area contains many 
thick sections of undercanpacted shales 
with interspersed geopmssured sand 
l ~ n s e s .  When pressures within these 
lenses are -due& by &as production, 
t h e  compaction p~)cefa, btetruptrrd 
by a s t a t e  approachfng cquililmium, f 6  
psmit tcd t o  restsate. 
wafer is e q e l l e d  from the shale into 
the space fonaerly oczg i td  by the pbs 
as% ultimately teaches the vel2 &re. 

Refrrsnccs and l:Lustc.itlcns at and 02 papep. 

As a re$uL;f, 

Uniform shale-water influx may 
produce a straight l ine  P/Z vs. cum- 
ulative plot which represents gas expae- 
sion and water influx. 
erroneous in-place estimate on the 
high side. 
water influx varies with t h e  pressure 
differential  causing the P/Z vs. cum- 
ulative plot t o  be cumred. Sometitnes 

effect  of withdrawal. 

T h i s  gives an 

In some cases the shale- 
' 

from .5 t o  .9 are  examined. . 

This condition has been called 
"retarded water drive", "partial  water 
drive", and t h e  like. The true source 
of the water is the shale which bounds 
the reservoir. 
anticipated and calculated i f  sufficient 
infcrmation about t h e  general conditions 
are known. 
history should give a strong hint of 
the ultimate outcame, but in some cases 
no acc2ate  estimates can be made. 

This act ivi ty  can be 

If not, the early presswe 
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HATER PRODUCTION FROM ABNORMALLY PRESSURED GAS 

RESERVOIRS I N  SOUTH LOUISIANA, PART I1 SPE 2225 

INTRODUCTION 

In t h i s  paper we a r e  l imiting our 
investigation t o  so-called "volumetric" 
reservoirs;  those having sandstone 
porosity surrounded by shale ,  containing 
gas, condensate, and sa l t  water, a l l  
under conditions which, a t  least i n  the  
beginning, exceeded a pressure-depth 
r a t i o  of .$65 ps i / f t .  A l l  examples are 
taken from f i e l d s  i n  South Louisiana 
and are of ages ranging 5rom Oligocene 
(frio) t o  Miocene. He have included 
reservoirs which produced gas, conden- 
sate, and varying amounts of water. 
Some produced 100% water, some lesser 
amounts o r  no water a t  a l l ;  and the 
most problematical of  a l l ,  those i n  
which water influx is only suspected. 

A column of s e a  water has a pressure- 
depth r a t i o  of ,065 psirlft. 
considered the normal hydrostatic pressure. 
Larger ratios require special explanations. 
t has jus t  happened t h a t  t he  majority 

of our cases have pressure-depth r a t i o s  
of .8 plus. 
w a s  available,  although the re  are others 
i n  the area. Examples with much smaller 
r a t i o s  are included t o  illustrate cer ta in  
points. 
of the gas w e l l  which "watered out" 
(100% water) but still had a substant ia l  
amount of surface pressure. 
low topographic relief i n  Louisiana 
precludes any appreciable pressure "head" 
derived from the  elevation of the surface 
outcrop of a sand. 
ratios require spec ia l  investigation. 

This is 

Only one case of .9 plus 

We are concerned with the  case 

The very 

So, greater pressure 

In an ea r ly  phase of t h i s  study w e  
noted t h a t  several reservoirs vent though 
a more or less d e f i n i t e  pressure drop 
before salt  water appeared with the gas. 
This pres swe  drop was often i n  the 
neighborhood of 1000 psi. There were 
both variations and exceptions. The 
expansion of that investigation has become 
the basis of t h i s  report. Our a t t eap t  
t o  make a series of s b p l e  prediations 
changed in to  a list of complicated 
qualif ications . The agpearance o f  water 
OF i t s  failure t o  appear ia w e l l s  follows 
a d e f i n i t e  pat tern of conditions whkh 
w e  w i l l  discuss in t he  foollowing pages. 

In text books the  flow of w a t ~  into 
reservoirs is termed %ate2 influx" end 
Craft and Hawkins (2959) is "&plied 
Petrelaurn Raserv4r  Engineering'' have a 
c h q t e r  on the subject and nwarous 
references eclseuhare. We quota: 

"The water which encroaches i n t o  
a reservoir upon a decline i n  
pressure may be due to  one or 
a combination of the following: 
(1) ar t e s i an  flow, where the 
water-bearing strata outcrops 
a t  t h e  surface, (2) expansion 
of water i n  t h e  aquifer, ( 3 )  
expansion of known cr unknown 
accumulations of o i l  and/or 
gas i n  the aquifer,  and (4) 
compaction of t he  aquifer- 
rock." 

The concept of t h e  water coming from 

We, (Wallace, 
the surrounding shale  w a s  apparently not 
anticipated i n  item r1(4)11. 
1962) presented a paper concerning the 
water production from abnormally pressured 
gas reservoirs in which w e  were primarily 
concerned w i t h  unusual reservoir space 
arrangements of gas and water, and the 
expansion of dissolved methane. It  
is interest ing t o  note t h a t  w e  downgraded 
the effect of shale compaction as a source 
of much water. 
our stand and feel t h a t  shale compaction 
is a sowce  of the majority of t h i s  water 
with the mysterious origin.  

Other  references t o  shale  as a 
source of limited water drive have been 
rare. Gordon Atwater (19651, i n  a paper 
before the  American Association of 
Petroleum Geologists, questioned the  
poss ib i l i t y  of water f r o m  s-hale creating 
a *'partially effect ive water drive" i n  
a gas f i e l d  near New Orleans. 

Today w e  have reversed 

The writer has taken the opportunity 
whenever possible t o  discuss with experi- 
enced engineers the source of water inf lux 
i n t o  abnormally pressured reservoirs.  
Frequently the  reply has been t h a t  the 
water probably entered as a r e s u l t  of f au l ty  
cement jobs, parted or leaky casing, com- 
munication with other  w e l l  streams, break- 
down of geological barr iers ,  such as 
fault seals, and the l ike.  Recently the re  
has been much new literature on shale  
compaction and water escape as r e l a t ed  to 
d r i l l i n g  and casing problems. Compacted 
and undercompacted shale  have been r e l a t ed  
f o  reservofc pressures through conductivity 
and r e s i s t i v i t y  logs, density logs, sonic 
logs, and the rates of b i r  penetration. 
There has been very Aittle tendency to 
relate this and the passible  floods of 
escaping shale  water t o  the "water infJlux" 
described i n  ecgfneering textbcuks , Of 
coo'Jcse, much of t h i s  r e p m e d  water fs 
m r a l l y  ?ressurd, even so, much o€ it 
probably t s  exqressed frm shale. 
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ABNORMAL PRESSURES 
8 

Abnormally pressured reservoirs have 
been found i n  many of the oil and gas 
provinces of t he  world. The list now 
includes the following s t a t e s  and countries: 
Louisiana, Texas, Arkansas , Cal i fo rnh ,  
Oklahoma, Wyoming, Pakistan, Trinidad, 
north Germany, Burma, Colombia, Argentina, 
Iran,  France, Rumania, Venezuela, Algeria, 
Netherlands, New Guinea, and Iraq. 
fundamental papers on the subject were 
by Dickinson (1953) and Thomeer and Bottema 
(1961). 
papers of  Hubbert and Rubey (and Rubey and 
Hubbert, 1959). This j o i n t  e f f o r t  con- 
t a i n s  a vast  amount of observations and 
deductions on compaction, pressures, and 
the behavfor of f lu ids  i n  subsurface envir- 
onment f r o m  a mathematical point of view. 
It is unfortunate t h a t  t h i s  "gold mine" 
of material should have appeared under 
a t i t l e  including the  words "Mechanics of 
Overthrust Faultingn. 
concepts are introduced or reviewed i n  
these papers. Engineers interested i n  
a broad study of subsurface pressures and 
t h e i r  causes should seek out these papers. 

The sources of abnormal.subsurface 
pressures are usually a t t r i bu ted  t o  one 
of t he  following: 

e very rapid deposition of 
ies of sands and shales,  with 

shale predominating, may result i n  sand 
bodies which are completely surrounded 
by shale. 
progresses, water from t h e  shale  w i l l  be 
expressed into t h e  avai lable  sands, Any 
water unable to  escape, i s  forced t o  help 
support the growing everburden. This 
increasing everburden is t h e  source of 
the prassure, The lack of escape routes 
f o r  tbe water k y  be lensing of t he  sand 
body, faulting, a d  impemeability due 
t o  mineralization or other  causes. 
process of deposition is taking place 
faster than t h e  adjustment of the included 

Two 

Of outstanding merit are the  

Mod of the  basic  

Ab t he  compaction process 

The 

€hi& 8 

2. Abnormal pressures are a h a  
reported f r o m  areas of high topographic 
=lief where the cvutsrop of the pres- 
awed 8and i s  at an elevation suff icfant  t o  
result ?a an artesian bead. This cmsrdition 
is Fepar tcd  fn  s m e  of the  old+? € i d &  
of I t a ,  with presswe-depth r8tim of: 
.8 w d  .9+. 

gss caps i n  othemfat nomal2y prttsrra~c!! 
c o n d i t k m .  T t  is custcmary c3 mfer t o  
the gr(es;st;ros at rhe water/gas rslrw5ietas 
t~ ami4 eonfusion on t h i s  pcint. 

3. A thitd CategQq i n V O l V W  thick 

4. There are other miscellaneous 
causes such as reverse osmosis; (Young 
and Law 1965) mineral decomposition, 
release of water of crystal izat ion 
(powers 1967) and others which we do not 
believe have an important bearing On the  
subject of t h i s  paper. 

sured reservoirs i n  South Louisiana is 
not known. Accurate data has never 
been compiled. Gordon Atwater (1965) 
made a rough compilation f o r  producing 
reservoirs  from DT-1.Reports f o r  December 
1962, with the r e s u l t  t h a t  11% were judged 
t o  be abnormal out of a t o t a l  of 2059. 
The number o f  abnormally pressured reser- 
voirs  t o  be counted w i l l  increase as 
deeper d r i l l i n g  continues. 

The exact number of abnormally pres- 

SHALE COMPACTION 

Sbales consist  primarily of clay 
minerals, which have small grains with 
f la t  or tabular shapes, with an unusual 
a f f i n i t y  f o r  water. The i n i t i a l  
deposition takes place as s o f t  muds 
with water contents ranging up t o  90%. 
As these muds are buried by more mud 
and sand, a gradual compaction takes 
place.. The mineral grains are pressed 
i n t o  more in t imate  contact w i t h  each 
other  and the water i n  t h e  intervening 
spaces is expelled. The quantity of 
water expelled is  ultimately l a rge r  
i n  PoZume than the r e su l t i ng  shale. 
The rock i n  the f i n a l  stage has almost 
100% mineral so l id s  and 0% water, 
In t he  ear ly  stages the shale has 
high values of porosity and r e l a t i v e l y  
high permeability. The escaping water 
flows to t h e  channel of escape with 
t he  least pressure, usually a porous 
sand layer. Both porosity and per- 
meability decline with increasing 
depth of bu r i a l  except when compaction 
i s  sieved by l imited escape conditions. 
A iYrm1y compacted shale  has usually 
been reduced by 54% i n  thickness a t  
about SQOO', all due t o  water loss. 
Water-wet shales retain t h e i r  per- 
meabUfq t o  water long after t h e  

e tension has bzocked t h e  
r passage of widissolved gas. 

UtimaTely a state of equilibrium 

This 
fs mached, the pressufes being approx- 
~mta;y crqw]. i n  a15 directions.  

ascap =t.;eS, *3s~;al ly  the presancs 
$I' &smce sf bfaf&tt sb~ds ,  t h e  type 
cf clays present, and uthw factors. 

$)t&tb dtpeRd6 @Zl  th% 8 v a i h b i l i t y  of 
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In the compaction of sand, the 
grains reach a stage of d i r e c t  contact 
w i t h  each other almost from the begin- 
ning. 
re la t ively early stage is essent ia l ly  
complete. 
porosity reductions may occur: (1) 
the Forced rearrangement of individual 
sand grains by extreme pressure, and 
( 2 )  the  solution of the grains a t  the 
points of contact. These  require 
high pressures, vast  amounts of time, 
or both. 

Compaction of sand a t  t h i s  

Two rnorc types of d i rec t  

Shale pa r t i c l e s ,  although f la t  i n  

The compac- 
general, have r e l a t ive ly  "springyt1 
contacts with each other. 
t i o n  process takes place gradually over 
a great range of pressures and other 
conditions. 
grains touch l i gh t ly ,  if a t  al l .  
of the minerals are i n  the form of 
stacks of t h in  sheets with layers  of 
oriented water molecules attached t o  
each sheet. 
surface of a clay mineral. 
f e e l  t h a t  we  have space here to  enlarge 
upon the d e t a i l s  of clay mineralogy 
and associated water phenomena. 

In  the ear ly  stages, the 
Many 

Each sheet i s  the crystal 
We do not 

It is fundamental t o  our explanation 
t o  understand the r e l a t ion  of the  dif- 
f e ren t  i n t e rna l  pore pressures. A col- 
umn of sea water w i l l  exert an in t e rna l  
supporting pressure of .465 p s i  per 
foot of depth. 
l iquids,  is approximately 1.0 p s i  per 
foot of  depth, thus t h e  remainder .535 
p s i  per foot  of depth, i s  supported by 
the d i r e c t  contact of the minerals with 
each other. This concept is explained 
i n  d e t a i l  by Iiubbert and Rubey (1959). 

The rock load, including 

If conditions are Crbnomal, and 
t h i s  can occur in both directions,  the 
in t e rna l  pore pressure may be e i t h e r  
greater or  smaller. For example, most 
of t he  cases reported i n  a later par t  
of t h i s  report  or iginal ly  had a pres- 
sure-depth ratio of .8+ and t he re  are 
a few known cases of .E+. In  the 
case of the former, t he  load o f  1.0 
is supported .@ by pore pressure 
( f l u i d  or gas) and .2 by t he  contact 
of the  rack miherdLs (eo% vcmus 
20%). I n  a dep;LeteC resewair the 
reduction in  prvssure may laavc a 
ratio of .3, Thus the  support o f  
tfic pore pressure is . 3  and of the  
rnherals .7 C3CO versus 70%). The 
latter case mey r e s u l t  in subsidexe, 
which has occwed in many instances. 

A recent article by Marsden and 
Davis (1967) reviewed the  case of 
Goose Creek (Texas), Long Beach 
(California) and others. In general, 
the withdrawdl does not r e su l t  i n  
any noticeable surface subsidence 
although actual subsidence does 
occasionally occur. In the problem 
being covered in t h i s  paper the 
subsidence which would be applicable 
would be due t o  water squeezed from 
shale and the loss of thickness of 
t h a t  shale.  

Shales surrounding abnormally 
pressured aquifers and reservoirs 
contain pore pressures of equal 
abnormality. In theory, the com- 
paction process has been interrupted 
o r  arrested a t  some time i n  the 
past  when the depth of bu r i a l  was 
less. Meanwhile, added loads of 
sediment have increased the degree 
of abnormality. V a s t  quant i t ies  
of water woula therefore be avail-  
able if t h e  compaction process should 
be resumed. 
resumed if gas or water are withdrawn 
from an abnormally pressured "volu- 
metrict1 reservoir  and associated 
aquifer. 

This process may be 

WATER INFLUX AND VOLUMETRIC RESERVOIRS 

We a re ,  i n  t h i s  l imited case, 
concerned with the water expelled 
from shale. We w i l l  consider as 
ttvolumetricll those closed porous 
sand lenses which w i l l  change l i t t l e  
i n  t o t a l  volume with in t e rna l  pressure 
reductions of several  thousand psi .  
Textbooks contain corrections €or the  
compressibility of water, variations 
i n  temperature and so lub i l i t y  of 
methane i n  brine. For our purposes 
we w i l l  neglect these and other  w e l l  
know corrections, which serve to 
improve the r e l i a b i l i t y  of material 
balance calculations. We are concerned 
with water which comes in f r o m  outside 
the  sand body. 

Every square inch of the  shale  
surface surrounding a sand body w i l l  
give up some water if the  pressure 
diffarehtial is large 'enough (Chilingar 
and Knight 1960). When there  is 
withdrawal of gas or l iquid,  t he  
pr incipal  pressure drop is at this 
shalt-sand boundary. Any f ingers  or 
layers  of shale  between the sand 
layers, o r  within the  p s s  bordem 
of t he  sand body, w i l l  elso give up 

66 
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par t  of t h e  sh 
sand boundary. 
come from both the  upper and lower 
surfaces and from above as w e l l  as 
below the gas-water interface.  In 
complex cases, the water may appear 
i n  unexpected places and not neces- 
s a r i l y  ds an evenly developed rise 
of the l eve l  of the gas-water interface.  
The individual complications of 
interfingering may prevent complete 
gravity sepa ra t im  o 
This explains some c 
higher s t r u c t u r a l  posit ions which 
watered-out first. 
uniform blanket sand of good permeability, 
the water may accumulate uniformly and 

Thus the water w i l l  

In the  case of a 

rise s t ead i lk  
the gas cap. 

e percent of sp 
effect it represents t he  percent 
i l l e d  space o r  available water. 

i t y  are scarce inasmuch 
pointed a t  t h e  porosity 
recent i n t e re s t  i n  log- 

ging techniques, as applied t o  reservoir 
pressures has made much information avail- '  
able. It has been found t h a t  undercompacted 
shales,  t h a t  i s ,  shale with more water than 
is normal for t h e i r  depth of occurrence, 
have t h e  following character is t ics  o r  iden- 

less. Similarly, conduct 

exceed 4000 

ower than normcrl fo r  the depth. 

. so 
a velocity invexstan, The 4 d t y  
of sowd in shale 
f o r  t he  depth. 

undercompacted shales permits faster. 
drill b i r  penetration. -These "water- 
Logged" shales are notable fer high 
speed tit penetration, dramatically 
different  frrm the rates f o r  ncrtMlly 
co-actec! shate,  

The presswe-depth r a t i o  of a 
reservoir is c f t en  known. Tbis nunbet. 
f s  directly pwportional t o  the -wathr 
emtent sf the sh le .  Underpressured 
reservoirs aw sometines found, Lost 
b s 3 g  the r?euult of h y b c a r b o n  GF 
water uitadraval. Shales adjacent t o  

4. The high water content of 

5. 

doubtedly undergoing active adjustment. 

Tee previous f ive  categories indicate 
f ive  sources of quantative data on water 
available t o  be forced from shale i n t o  

The volume of water t o  be expected 
is fur ther  re la ted direct ly  t o  the 
areal extent of the aquifer and reservoir 
combined, including interbedded shales; 
more precisely, the area of. t h e  shale- 
sand boundary which we have mentioned 
earlier. This area is the "cross 
sect ional  area of the rock", a pa r t  of 
Darcy's Law (Craft and Hawkins, 1959, 
p.259). It follows tha t  a quantity of 
gas contained i n  a porous sand with 
the m i n i m u m  shale  boundary area w i l l ,  
when withdrawn, develop only l imited 
water production. 
w i l l  be described later. If t h e  gas 
reservoir is of modest s i z e  and the 
aquifer is extensive as t o  t h e  shale 
boundary area,  a water inf lux condition 
w i l l  develop almost immediately. Craft 
and Hawkins (1959) state tha t  an 
aquifer 99 times larger  than the reser- 

A case of t h i s  type 

act as i f  of i n f i n i t e  
ey were referr ing t o  water 

compressibility and other factors.  
This probably is t rue  whether the 
aquifer is normally pressured o r  not. 
We have examples i n  the Vases" 
section of t h i s  paper of several  abnor- 
mally pressured, productive gas reser- 
voirs i n  which t h e  reservoir pressure 
has become stable. One m u s t  conclude t h a t  - 
the rate of gas withdrawal is precisely equal 
t o  t h e  rate of water influx. 
cases are examples under which a quantitative 
measurement of e 

These spec ia l  

nditions of inf lux 

There are many instances i n  which 
the  aquifer limits cannot be determined 
because of :eck of data. We have, i n  
many casess suspected responsive water 
inf lux be;auc of the very low slope 
af the YS. emulative p lo t ,  when 
viewed 5n r 4 a t i o n  t o  geoLagic l i m i -  
t a t i o n s  of t h e  resewsir, 
of the geological dinwsions of the  
r e s e r w i r ,  sy;ac$ will sake possible a 
measl~rwer,? sf water inf2wc from the  
%:arcrr:aL ?%1&3CO wmputations by deduction, 

reversa: of sPcpe and v a . ~ i w s  irre- 
gclfaritfes. The writer h l i t v e s  that 
shdt-water M l w t  is pmsezlr in more 

- most, €€ not all, of the "Cases" cited. 
One solution woult be to put a precise 

A comparfsion 

,e,, the Oif€erenca. l'hers aee cases of 

than is usually rewgnited arid 

- _ _  ... _- .. ._ . .. . . . . . . . . , . . . .. . 
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pressure recording instrument i n  t h e  
reservoir  and leave the wells shut i n  
f o r  an extended period su f f i c i en t  t o  
measure the pressure increase due 
t o  shale-water influx. 
recorded one static pressure d a i l y  would 
probably serve, Unfortunately, the 
shutting i n  of gas wells f o r  an extended 
period creates many problems, economic 
and otherwise. 
t o  the w e l l  "buildup tests" of much 
shorter  duration. 

A device which 

This would be analogous 

There is a comment, often made, of the 
production behavior of t h e  abnormally pres- 
s w e d  "volumetric" gas reservoir,  t o  t he  
effect t h a t  it is only necessary t o  "get 
a straw i n  the barrel" t o  receive a fa i r  
share. 
encroachment does not actually t a k e  place 
i n  a "volumetric" reservoir. I t  cannot 
by definit ion.  It is the basic theme of 
t h i s  paper t h a t  under ce r t a in  conditions 
it not only can, but does. We w i l l  give 
cases covering t h i s  point Later. 

It is generally supposed t h a t  water 

An important point is t o  consider 
whether a reservoir has or has not been 
drained compLetely, when the  single w e l l  
or ail w e l l s  make 100% water. 
such cases are described later. 
example, a well begins t o  produce gas and 
coaaensate f r o m  a reservoir  of unknown 
dimensions. The perforations are above 
any known gas-water interface.  Time 
passes and salt  water begins t o  appear. 
The quantity gradually increases, t o  say, 
100 ba r re l s  per  day, while the gas-water 
r a t i o  gradually changes. Continued 
flow reaches the  point of sal t  water. 

Several 
For 

What is the status of gas and fluids 
in such a reservoir? We interpret the  s i t u -  
a t ion  as follows: (1) gas has been withdrawn 
reducing the volume of the $as cap, (2) shale 
water influx bas occurred to the  extent t h a t  
t h e  gas-water interface has risen to, or 
s l i g h t l y  above, t h e  highest working perfor- 
ation, (3)  a gas cap w i l l  be present above 
t h i s  gas-water interface, (4) t h e  gas cap 
w i l l  be reduced in  pressure t o  equalize at  
the gas-water interface. How much gas re- 
mains? The answer is a "gas bubble'' o€ 
knm pressure occupyizg the  reservoir 
"head poem" abcve the highest working per- 
foration. Part of this "bubble" w i l l  have 
already been produced by gas expansion. 
t h t  single well is row in the reservoir, a 
s ign i f i can t  mount of gas may relrain, i f  
t h e  6ifiglt ueU is; Ci$b st 'ncturalZy, there  
may be no gas left. Only geological data 
or additional sells cdrr  ge t  the m.suer, 

If 

- 

MATHEMATICAL MODELS 

Bruns, Fetkovich, and Mietzen (1965) 
have prepared a series of diagrams showing 
the r e l a t ion  of P/Z t o  cumulative gas pm- 
duction with varying degrees of water 
influx. One se r i e s  was prepared f o r  gas 
reservoirs with i n f i n i t e  aquifers having 
varying water encroachment. Another 
series was prepared f o r  gas reservoirs 
having f i n i t e  aquifers wi th  various 
permeabilities, and water compressibilities. 
We have reproduced some of these i n  our 
Appendix. Pressures range downward from 
5000 ps i .  The unaffected P/Z p lo t  has a 
s t r a i g h t  slope. Increasing degrees of 
water inf lux range upward t o  complete 
pressure maintenance. 
f i n i t e  aquifer,  t h e  intervening p lo t s  show 
,various degrees of bending, a l l  concave up- 
ward. The resemblance t o  some of our cases 
are s t r i k i n g .  
the  charts a r e  plot ted f o r  two values of 
water compressibility (3 x loo6 l l p s i  and 
30 x 10-6 l / p s i ) ,  a range of three values 
of Ra/Rr (R-radius, a taquifer ,  r=reservoir)  
of 1.5, 5, and 10, and f o r  aquifer permea- 
b i l i t i e s  ranging from 1 t o  10,000 millidar- , 
cies. A l l  of these p lo t s  exhibit  s tpaight  
l i n e s  or some degree of downward, concave cur- 
vature. 
paper shows such curvature. 

effect of both of these conditions i n  which 
the water compressibility causes c downward 
concave curvature and water inf lux alone 
causes a concave upward curvature. 
l i k e l y  when both apply equally t h a t  a 
s t r a igh t  l i n e  P/Z p lo t  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 t o  an unmeasured degree. 

In  the case of the in- 

For the  f i n i t e  aquifer cases, 

' 

Only one of t he  cases given i n  t h i s  

I t  is interest ing t o  speculate on the 

It is 

In  our Cases with extreme upward 
concave curvature, the effect of water com- 
p res s ib i l i t y  has been overshadowed by very 
act ive,  dominant shale-water drive. 

In  t h e  mathematical models, the WRr 
relationship bears some resemblance te our 
speculations OR the size i n  area of the  
sand-shale interface of tZIe coP%bfned 
aquifer and reservoir  as a source of water 
and the gas reservoir  in rems o f  its effect 
on pressure decline during withdrawal. 

I N  PLACE ESTLMATES - DISCUSSSCN 
Chierici, Pfizi ,  and Ciuzci (1967) 

reported on 5 gas fie&& i n  the Po Rf.;(tz 
Valley ef I t a ly ,  which had a cm3inatior. 
of "pa r t i a l  watez drive" ami gas +%an- 
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sion drive. 
from 1818-2630 psi. 
depth o r  indication of abnormality. so 
w e  assume t h a t  these reservoirs are nor- 
mal i n  pressure. The problem is qu i t e  
c l ea r  i n  t h i s  paper, which points 
out t ha t  when an  unknown quantity of 
water is entering a gas restrvoir during 
production, the estimation of gas i n  
place from reservoir beha 
t o  say the least. 

t h i s  paper, the P/Z vs. cumulative p lo t s  
were prepared i n  a manuever similar t o  
the ones which we have used. 
are s t r a igh t  and give no clues as t o  
water influx. 
developed different ly .  A later t a l l y  
shows twenty-nine wells have been watered 
out and abandoned with the reservoir 
100% flooded with water. Three other 
f i e l d s  are reported t o  have the  reser- 
voirs flooded t o  various mounts, ranging 
from 35-50%, 65-85%, and 60-80%. 
though the  plot ted data  gives d st 
line,  such a l ine  is no proof t h a t  
nater  dr ive is absent. 

The i n i t i a l  pressures ranged 
We cannot find any 

fn  W i l l i a m  H u r s t  *s d 

H i s  p lo t s  

I n  the  f i e l d ,  t he  s tory 

A l -  

Tn the cases which we have presented, 
the s t r a igh t ,  or near s t ra ight- l ine p lo t ,  
is the r u l e  rather than the exception. 
Although we do not have proof of water 
influx i n  many cases, w e  do i n  some, and 
are very suspicious of the  rest. 

As far as w e  are concerned, it is 
impossible t o  make a reliableaestimate 
of gas i n  place f r o m  t he  production 
his tory alone, inasmuch as a s t r a igh t  
line p l o t  docs not give a clue t o  the  
presence or absence ~f water influx. 
In some of our cases t he  water has not 
been" able t o  reach any of the w e l l s  and 
arouse our suspicions. 

fn theory and with good permeability, 
the material balance should give a 
line P/Z a. cumulative p lo t  vgardless of 
t h e  withdrawal rates. #e have assumed t h a t  
the reservoir prese~zre, when measured, had 
had tbc opportunity t o  equalize. In some 
of OUP cases t he  rates  Lf withdrawal have 
been vary uniform, as is customarp. In a 
farw casts the Fates have varied and 80 bas 
Ehe @,et. It s e a  evident to  us that sub- 
staathl. mwZtitfons fa she rate shauld con- 
firm the pressncc or absence of water 
bf3.w~. As ue have pointed out elsewhere, 
a horiz?sntal P/Z plot nust indicate a uater 
influx rate eq.&al to the gas nithdrawlhl rate. 
If original. and current Peservoir pres- 
surm ere ~OKI: ,  then the presstole drop 
seg.Jircd to  produce a know water dellvery 
&s kr,?rm, Tke b l t i a l  rsservotr press- 

a1 years. 

represents a no water flow condition, thus 
two points on the  water influx vs. p s i  curve 
a re  known. 
aquifers the r e l a t ion  is probably l inear .  

In t h e  case of the l a rge r  

CHARTS AND CASES - INTRODUCTORY REMARKS 

In  the section which follows, w e  have 
included a number of cases covering the 
productive history,  p a r t i a l  o r  complete, 
of reservoirs which have a bearing on our 
subject. The number of each case is in- 
dicat ive of the pressure-depth r a t i o  of the 
earliest measurement. For example numbers 
8a, 8b. etc. have r a t i o s  of .8 plus;  6a, 6b, 
have r a t i o s  of .6 plus. Pressures are given 
on the lef t  s ide,  cumulative values across 
the bottom, and years are recorded on the  
r ight .  A so l id  l i n e  on the r i g h t  hand s ide  
gives the annual production of salt  water by 
calendar years. 
Estimated values are so noted. I n  some 
cases water production is given f o r  fraction- 

This is not cumulative. 

The cumulative production is i n  standard 
cubic feet, plus the barrels  of condensate 
at  a fixed r a t i o  of lmcf  per  barrel .  We 
have taken an author's l i b e r t y  on some 
matters. Known cases of-communication of 
reservoirs have been adjusted. In the  case 
of numerous pressure points close together, 

- have plot ted them as one. Low readings, 
pected of being due' to insuff ic ient  shut- 

face shut-in pressures,- i n  several  cases, 

We believe t h i s  t o  be reasonable 
When 

-time, have been omitted. We have used 

t o  help estimate static bottom hole pres- 
sures. 
when the w e l l s  are gas productive. 
water is produced i n  quantity, t h e  surface 
pressures are useless. 
face shut-in pxwssures, also, when wells 

0% water productive. Strangely enough, 
uch pressures go unrecorded. 

We have used sw- 

We distinguish between salt  water pro- 
duced with t h e  gas and*fiesh water recover- 
ed by the l o w  temperature separation equip- 
ment. The fre~h water we assume t o  be in % 

a single phase wfrh t he  gas. The water 
which we are reporting i s  t he  salt or con- 
nate water. We are aware t h a t  water mea- 
surements Ln the field are indeed crude. 
Much of t h e  mpozlrad =tar i s  estimated 
and may h c l u d e  fmmh arid sa l t  water. These 
e m m ,  we believe, are not critical t o  our 
conclusions. The "first water" reported 
is, 8s ueU as we are able t o  fudge, the 
first s izeable  quaaziq od salt water t o  
appearr usua2ly after monthly reports of 
one to  f i ve  baxxsls of fresh warer per mil- 
l i o n  cubic feat of ges. 
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We have chosen t o  leave the cases un- 
identified.  
erously contributed data  t o  t h i s  study with 
t h e  understanding tha t  the locations and 
f i e l d  names would not be published. The 
response t o  our requests for assistance have 
been most friendly and cooperative.. 

Note t h a t  the "Cases" are presented 
according t o  pressure-depth r a t i o s  i n  as- 
cending order by groups, i.e., .4+, .5+, 
.6+, .7+, .8+, .9+- 

CASE 4a (Fig. 1) 

A number of companies have gen- 

r o m  t h ree  wells t h i s  reservoir has 
ed over 20 b i l l i o n  SCF of gas i n  ele- 

ven years. It does not qualify as an ab- 
normally pressured reservoir,  inasmuch as 
the ini t ia l  pressure has a r a t i o  of .457 
psi / f t .  of depth. On the other hand, it 
shows evidence of being "volumetric" but 
with gas expansion as w e l l  as shale-wat'er 
drive. Two wells are located w e l l  up in 
t he  200' gas column and a t h i r d  has its 
lowest perforations approximately 12' above 
the i n i t i a l  gas-water interface.  The three 
wells were salt water free during the pro- 
duction o f  a cumulative of 17 b i l l i o n  SCF 
of gas before water appeared i n  the lowest 
w e l l .  Reservoir pressure decline at t h a t  
time from i n i t i a l  pressure was 1250 psi. 

There is enough subsurface data avail-  
able t o  ge t  an idea of the  size o f  t he  gas 
reservoir and its configuration. 
been possible t o  estimate the  amount of water 
required t o  encroach ve r t i ca l ly  12' t o  t h e  
lowest perforation. If w e  assume 100% re- 
placement of the  gas, t he  volume of influx 
water would be 1*5 million barrels. This 
could equal 2.25 b i l l i o n  SCF in reservoir  
space. These rough figures could change 
the  s lope of t he  P/Z vs. cumulative p lo t  
from 52 P/Z per b i l l i o n  to 59 P/Z per b i l -  
l ion,  a not inconsequential reduction i n  
the estimated recoverable gas. The reser- 
voir area i s  estimated t o  be 1300 ac., t he  
aquifer  3000 ac. for a t o t a l  of 4300 ac. 

. 

It has 

The water inf lux has been quite even, 
as has t he  rate of withdranal, and the  in- 
fLux has been unable to  equal the with- 
drawal rate. This is for st least two 
lpeascns: 
pacted for t he  depth and f n f t f a l  mser- 
voir pmssure, and has already given up 
most of the available w a t e r  aad (2) t he  
actual mssrwk  pressure d m p  has anly 
been lEGO psi <bot%aa hole s t a t f d  during 
the praductioa cf 20 billLon SCF. Water 
encroachment in this rescrrroir wf1.L not 
be &la t o  catch up with all CP the  three 
weils befew reaching ttie eaononic -it of 

(11 t h e  sha le  is normally com- 

flowing pressure. 

CASE Sa (Fig. 2) 

This gas-condensate reservoir has pro- 
duced 6 b i l l i o n  SCF i n  a period of 6 years 
from a s ingle  well. 
or iginal  pressure of 6550 p s i  l.555 pressure- 
depth r a t io ) .  
pressure dropped t o  5700 psi.  
subsequent measured reservoir pressures 
have been e i the r  5700 p s i  or 5800 psi .  
In effect, the pressure dropped t o  a l eve l  
and has remained the  same or has been s l ight-  
l y  greater. The first salt  water production 
followed immediately after the 850 p s i  drop. 
Hater production increased t o  the year 7-8 
and has declined. To some degree t h i s  de- 
c l ine  may be r e l a t ed  t o  t h e  s l i g h t  decline 
i n  the annual production rate. 

The lack of measured 
sures reflects the hesitancy t o  shut i n  a well 
which is producing water. Considering the  
reservoir pressure relation t o  hydrostatic 
water drive gradient t h i s  prudence i s  just -  
ified. 
the pressure-depth r a t i o  i s  below .965 or not. 

or communication with a normally pressured 
aquifer can be raised. 
and the other  reservoir  is presently sub- 
s t a n t i a l l y  below normal so communication 
wi th  it can be ruled out. 

The reservoir had an 

In a very short  period the 
A l l  of the 

Presently it is not known whether 

The question of interference from leaks 

This  w e l l  is a dual 

We are without complete proof, but i n  
our opinion, t h i s  reser,voir is limited by 
faul t ing.  
many times l a rge r  i n  area than the  gas reser- 
voir  which has already produced more than was 
or iginal ly  expected. 
type is undoubtedly present- 
a reservoir of 160 ac. and an aquifer of 
4100 ac. 

We suspect tha t  it has an aquifer 

Water drive of $me 
We estimate 

CASE 5b (Fig. 3) 

This gas-condensate Fesemir  has pro- 
duced almpst 100 b f l l l o n  SCF of gas and 1 
million ba r re l s  of uater. Only one w e l l  is 
still producing. We have taken same liber- 
ties with our chart, in part icular ,  we have 
euminated low Fesarooir pressures, which 
appearsd t o  be t h e  consequence of low pr- . 
meabilities and short sbuz-in times, and 
wweFal. 0 t h ~  inconsistencies. 

,547 was dot far above w3&. 
sent reservoir pressure is b & b W  3066 p s i ,  a 
drop dn original F F ~ S S W ~  of 8930 psi& 
water appeared at a vtzz ear2j date m d  
increase4 TO T3e lot> year. 
after th4 Ut3 pear, fs a reflection ~f sev- 

The or ig ina l  presaura-depth r a t i o  of. 
The prs- 

The ciecliae 

7 0  
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era1 wells which watered out. 

Well control  i n  t h i s  f i e l d  is adequate 
t o  determine a t o t a l  aquifer plus reservoir 
of 12000 ac. "boxed in" by f au l t s .  
lack of leaks in to  the 2000 ac. reservoir 
is proven by the  c u r r e n t  low reservoir pres- 
sure. Any leak i n t o  the reservoir  would 
create a pressure increase. 

The p lo t  of P/Z appears t o  be a clas- 
sic example of gas expansion drive associ- 
ated with a "volumetric" reservoir. 
f ac t ,  one mill ion barrels  of water have been 
produced and a material balance calculation 
using recovered products, pressure decline, 
and calculated reservoir  volume indicates 
a water inf lux of 30 b i l l i o n  barrels (in- 
cluding the  1 mill ion which reached the  
surface). 
it was uwer able to  challenge the rate o f  
withdrawal. The low original  pressure- 
depth ratio of ,547 indicates an almost 
normally compacted shale w i t h  l i t t l e  water 
remaining t o  be squeezed out, despite t he  
very substant ia l  clrop in reservoir  

The 

In  

A shale-water drive developed but 

This Feservoir p 
bil.llon SCF of gas, approximately 4.4 b i l l i o n  
before any salt water appeared. A t  t he  time 
of abandonment t h e  w e l l  would flow a stream 
of 100% salt water with 250 p s i ,  The t o t a l  
productive l i f e  of t h e  s ingle  well  was 231 
years. The i n i t i a l  pressure-depth r a t i o  
w a s  .637 psi / f t .  The P/Z vs. cumulative 
p lo t  consis ts  of three measured points i n  
a s t r a i g h t  'line. &n estimated point,  based 
on a 100% columa af 79,000 ppm chlorides 
ealt water [datum M 4 l o t l a  gives a value 
close ta, OF s l i g h t l y  higher than, t h a t  
recorded when a~p,proximately 3 b i r l i o n  S c f  
had been produced. 
the reservoir pressure drop from 7700 p s i  
t o  $800 psi was sufficient: to  develop a 
shale-water fnflux equal t o  %he gas with- 
drawal rate. 

The projection of the p l o t  t o  an 
economic 1Mt indicates a recoverable 
total  of ZS b i l l i c e  SCF. The r o l e  of 
shale-water hem i s  qu i t e  evident. 
Although the wel l  ''watered out" close t o  
a ratio 09 . W 5  Ipsilft. ef depth, it vas 
not "killed" complcrtely but ucluxd f low ZOO% 
salt watep, reweing amst of the suspicion 
of conrmunicaticn with d! nomally ptessured 
aquifsr. 

Ttre tsbservoir aid  associate? aquifer 
t r e  bomr?lr.f 
t i ons  a m  %tot . %or is it k a m  ubeth- 
c-n cay gcrs cap eezaf~tb unrecovered above 

Thb data  ruggests t h a t  

ts, but tbe WaCt diz*c- 

the highest perforations, If so, it had 
been reduced i n  pressure by gas expansion 
t o  a pressure r a t i o  o f  .468 ps i / f t .  of depth. 

O u r  guess would be t h a t  a 200 ac. gas 
reservoir was associated with an aquifer 
4-6 times larger  i n  area. 

CASE 6b (Fig. 5 )  

This reservoir has produced 32 b i l l i o n  
SCF of gas and 1.14 million barrels of water 
from 4 wells i n  a period of 8 years. 
o r ig ina l  pressure-depth r a t i o  was .690, not 
extremely high. 

, year is shown i n  the lower r i g h t  pa r t  of 
the graph. The variations i n  water produc- 
t ion represent a se r i e s  of recompletions 
intended t o  shut off the  water from several  
sand s t r ingers .  Water reduction has been 
only temporary. The i r r e g u l a r i t i e s  in re- 
servoir  pressure (and the P/Z) between cum- 
ulatives 15-25 b i l l i o n  are r e l a t ed  t o  var- 
i a t ions  i n  water production and r a t e  of 
gas withdrawal. 

high pressure water is d i f f i c u l t  to ques- 
t ion.  
reduced gas withdrawal in year 3-4 resul ted 
in pract ical ly  an erquilization of water 
inf lux and gas withdrawal rates during year 
4-5. 
duction caused a subsequent decline i n  
reservoir pressure. 
may be inferred t h a t  controlled variations 
i n  withdrawal may make possible b e t t e r  quan- 
t i t a t i v e  calculations of ultimate recovery. 

The 

Water production f o r  each 

In t h i s  case the i n f lux  of abnormally 

It seem clear tha t  the period of 

. 
Resumptian of increased water pro- 

From t h i s  example it 

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

This example gives a suggestion t h a t  
a time delay is involved i n  the reaction 
t o  change of rate of withdrawal of gas and 
water. 

CASE 7a (Fig. 6) 

This reservoir produced approximately 
900 million SCF of gas i n  a period of  less 
than two years without producing any salt  
water. 
sure WM 8585 psi, a pressure-depth r a t i o  
o f  .769 ps i / f t .  The &ingle well was-aban- 
doned with 8 surface pressure of 590 p s i  
after o gas con;pressor w a s  use2 t o  reach 
pipe l ine pressure during the final stages. 

voir, i n  a mtray sand, had 39 aquffcr C€ 
consequence asiaaiated uith t h e  gas reser- 
voir. Thus there aas Little q p ~ r t u n i Z y  

The i n i t i d  static bottom hole pres- 

It 4s our opinion t h a t  t h i s  t h y  reser- 

91 
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f o r  shale-water drive t o  develop. 
overal l  shale surface of t h i s  reservoir 
was probably small. 

does show a s l i g h t ,  but de f in i t e ,  upward 
z g  indicating t h a t  the extreme reser- 
voir pressure drop of 6500 p s i  did start 
some shale-water influx. 

CASE 7b (Fig. 7 )  

b i l l i o n  SCF of gas i n  a period of 2% years 
without the appearance of any sa l t  ya t e r  
i n  the s ingle  w e l l .  
help t o  supplement t he  dearth of bottom- 
hole static pressures. 

On the basis of t he  pressure data and 
productive his tory but no geologic data it 
is imposs3.ble t o  guess the recoverable gas from 
t h i s  reservoir. A reduced withdrawal rate 
may help determine de f in i t e ly  the  rate 
of shale-water influx. 
water influx is giving the P/Z vs. cumu- 
lative plot a misleading slope. 

The 

I t  is noteworthy t h a t  the P/Z plot 

This reservoir has produced almost 8 

Shut i n  surface pressures 

We presume tha t  

From subsurface geology the  reservoir 
has an estimated area of 625 acres.with a 
gas column of SO' and a sand thickness of 
85' (gross). As usual, t he  associated aquifer 
cannot be accurately defined except t o  say 
t h a t  it has an area o f  1250 acres, m.€nimum, 
The withdrawal rate of approdmately 3 b i l l i o n  
SCF per year has been vea ter  than the assumed 
rate of shale-water influx. 

CASE 7c (Fig. 8) 

This reservoir has produced 15  b i l l i o n  

An ear ly 

SCF of gas from two w e l l s  in a period of 
& years. The reservoir pressure has de- 
clined from 9600 p s i  to  8250 psi. 
presoure of 9850 p s i  was measured but may 
be fnaccurate. Pressures such as t h i s  one 
are often noted and represent e i t h e r  an 
early decline of several  hundred pounds or 
an error in aeasuranent. 

(a3 average of 25' net gas ov t r  600 acres) 
arrd covers an area of zyproximatcly 600 acres. 
The associated aquifer is boxed i n  by 
faulting did covers an a d d i t i o r d  SO00 acres, 
for a totaL of SBOC acres for aquifer plus 
rcsamafr. 

X F  of gas per acre foot, a rough estimate 
sf gill in place would be 25' x 600 acres x 
2.5 ai>Lioz? SCf = 3t.S biUion SCf. During 
t he  pmductim of A§ bil t ion SCF ?be drop 
has brea fraa fC9O 712 t o  6550 P I 2  or 30 
FrZ p r  ~ i 3 S o n .  ?%is arcad give a pro- 

The gas sand i s  approximately 50' thick 

If one gives a generous 2.5 millSon 

4 

jected estimate of 233 b i l l i o n  SCF of gas 
in  place. 

Although no water has appeared i n  the 
wells, we feel t h a t  an act ive shale-water 
i n f l u x  is cancelling 60% or more of the 
pressure drop which would be due t o  gas 
withdrawal. 

give some measure of the water influx and 
the  time delay i n  response, if any. 

CASE 8a (Fig. 9)  

reeervoirs,  having produced more than 200 
b i l l i o n  cubic feet of gas i n  a period of 11 
years. The i n i t i a l  reservoir  pressure was 
estimated t o  be close t o  12,000 p s i  w i t h  a 
datum of 14,400' or a pressure-depth r a t i o  of 
.821 psi / f t .  
is approaching 7000 psi.  
t o  the pressure-depth-Patio of .465 psi / f t .  
Approximately 130 b i l l i o n  SCF were produced 
before any water of consequence was noted 
and the amount was almost insignificant.  
Definite quant i t ies  of salt water appeared 
after 190 b i l l i o n  SCF were produced but 
t he  amount is not large a t  present, being 
50 ba r re l s  of water per  million cubic feet 
f r o m  one well and 20 from another. 

Abrupt changes i n  withdrawal r a t e s  should 

This  is one of the l a rge r  gas condensate 

The present reservoir  pressure 
This is equivalent 

An unknown quantity of gas was l o s t  i n  
blowouts i n  the earliest days of discovery 
and development, a l l  p r i o r  t o  the  period of 
s e t t l e d  production covered by t h e  P/Z VS. 
cumulative plot. The extension of t h i s  p lo t  
t o  zero reservoir  pressure indicates a quan- 
t i t i y  of  gas i n  place far in excess of the 
geological estimate of reservoir  space. 
For example, t h e  late slope indicates a 
drop of 62.5 P/Z per b i l l i o n  SCF. A t  t h a t  
rate and a t  a 2000 p s i  cut off  point t he  
reservoir  is due t o  produce a t o t a l  of 
890 b i l l i o n  cubic f e e t  of gas or 222.5 
million cubic ft. per acre. Inasmuch as 
t h i s  exceeds the actual 8pace by a large 
excess, we assume t h a t  a large but unknown 
quantity of water has come from the  sur- 
rounding shale. 

The appmximate $=/water ratio of 

The water 

areal extent of aquifer t o  gas reservoir 
is believed t o  be 1:2 (4000 acres of reser- 
voir/8900 acres of aquifer). 
influx is a c i f v t l y  cancelling 4 signifi- 
a n t  a!cQunt of the pressure decline, but 
1s incapable o f  eqwUag t h e  withdrawal 
rate of gas, although t he  pressure l o s s  
i s  now crbost  5000 psi foriginal reservoir 
press- 12,CCO p s i ,  now appmdmateAy 
7060 ps i ) .  The large presswe dmp is 
dfmctly acr~ss %he face of the  sha le  
Which is S m W C i n g  t%r aquifer and res- 
ervoir. Tl?e water bas unLy encroached 
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su f f i c i en t ly  t o  reach the lowest wells. 
Water is not being delivered i n  suf- 
f i c i e n t  quantity t o  drown the  reservoir 
p r io r  t o  recovery of most of t h e  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 i n  calculations of 
ultimate recovery of roughtly 1/2 of the 
amount indicated by the P/Z versus cumu- 
l a t i v e  plot .  

CASE 8b (Fig. 10) 

This reservoir was abandoned after pro- 
duction of nearly 6 b i l l i o n  SCF by two wells. 
Both eventually watered out but had substan- 
t i a l  surface pressures when 100% water pro- 
ductive, 
record of these f i n a l  pressures. We would 
guess a residual  surface pressure of 1000- 
3000 psi .  The f i rs t  salt  water appeared 
i n  one well after (I total reservoir pro- 
duction of about 2.5 b i l l i o n  SC 
appeared i n  the  second well sho 
The production versus time p lo t  shows the 
gradual increase i n  da i ly  rate un t i l  the 
water appeared and the  reduction of rate 
as the  water increased. 
bottom hole static pressures taken during 
the period of water production. Lack of 
information during t h i s  period is typical 
of the concern over "killing" B wate 
ducing w e l l .  

The high i n i t i a l  pressure-fepth r a t i o  
of ,847 p s i  would indicate an e v a i l a b i l i t y  
of abundant quant i t ies  of shale-water. 
l imited size to tee aquifer is indicated 
by the rapid reservoir pressure decline. 
The sand is about 6s' t h i  
voir  covers s l i g h t l y  less 
The pressure drop of 1350 psi is r e l a t ed  
t o  the fact t h a t  the gas cap was oemoved 
more rapidly than the shale-water could 
respond. 

small gas pocket i n  casing. The gas, if 
very limited, can be mmoved much faster 
than the wafer Influx a n  repzace It and 

+ t h e  presswe can be dzoppccd quickly. With 
a l a rge r  gas cap the drap would have been 
&*sa. There is not r u f f 3 c i t c t  fnfonItatfon 
t o  determine if at my time ths shale- 
water iofAw an6 gas uithdrwal rates wdre 
equal, but it is very zmllkrly. 

We have been unable t o  obtain a 

There were no 

A 

~ 

We would guess t ha t  the aquifer 
U,QOO B C ~ S  (ratio zia). 
us t o  bleeding dowa a 

p s i  during the production of 11 b i l l i o n  
SCF- 
been taken later due t o  water production. 
Of the three wells only one makes water. 
T h i s  began a f t e r  6.2  b i l l i o n  SCf had been 
withdrawn. 

NO bottom hole static pressures have 

The P/Z vs. cumulative p lo t  shows remark- 
ably l i t t l e  decline. 
t o  a readi ly  responsive source of shale-water. 
Note t h a t  the current bottom hole static pres- 
sures a r e  QOOO p s i  greater  than normal ar tes ian 
gradient and a pressure-depth r a t i o  above .8 
p s i  per f t .  probably st i l l  prevails.  

T h i s  is assumed t o  be due 

It is impossible t o  estimate the 
quantity of recoverable gas without a 
measure of the r a t e  of shale-water influx. 
T h i s  might be determined by a period of 
reduced withdrawa1,to reach experimentally 
a gas withdrawal r a t e  equal t o  t h e  rate 
of water influx. 

The reservpir appears t o  occupy 1000 
acres with a gross sand thickness of 100'. 
Water showed up i n  the 5-6 year of produc- 
t i o n  and is increasing. But with the  cur- 
r en t  pressure no w e l l  has died. The water 
which has been produced is evidence of shale- 
water influx, The sustained pressures in- 
dicate  the inf lux of a substant ia l  a m p n t  
05 water which remains unmeasyred. 

CASE 8d (Fig. 12) 

Only two bottom hole static pressures 
are available,  giving pressure-depth r a t i o s  
of .875 ( i n i t i a l )  and .868. Seven shut i n  
surface pressures have made possible estim- 
ated bottom hole static pressures shown on 
the  chart. Pressure decline in t h i s  reser- 
voir  has been s l i g h t  considering the  7.5 

oduced i n  a period of almost 
salt  water has appeared and 

1s of f r e sh  vater per mill ion 
been reported. 

The shale-water inf lux has been very res- 
ponsive, apparently from the  first day of pro- 
duction. 
and gas withdraw& has existed almost from the 
earliest production. The ,875 pressure-depth 
ratio indicates readi ly  available shale-water 
subject t o  sufficient shale  area. The $#lo- 
g i c a l  data indicates  a gas reservoir with axi 
area af approximately 3E0 acres, and aquifer 
i s r e  of approximarsly 5Q30 acres or a ratio 
of k4. The reserwir and aquifer are limited 
fa e11 d h e c t i o n s  by faulting. The gross s a d  
thickness is Z50' w.d gas cofunn is approxi- 

The cEm3fnatfoa of preasure-de?rh 
ratio a t  ,675, apuXf.fer plus gas rtsarwir 
of L8303: acres, and rsservofr 3csssurrr 

A material balance of water inf lux 

mately 200'. 

. 
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drop of 100 p s i  apparently joined t o  
supply water from the  shale at almost 
the exact r a t e  of gas withdrawal. 

CASE 8e (Fig. 13) 

Two wells have produced 14 b i l l io?  
SCF of gas i n  a period of 3 years. 
s a l t  water has appeared but the  history of 
the  reservoir is not complete. 
sure data is limited t o  two bottom hole 
static pressures. The i n i t i a l  pressure- 
depth r a t i o  was .881. 
highest of which we  have data available f o r  
t h i s  study. 

In  addition t o  the  very high pressure- 
to-depth r a t i o ,  t h e  production history in- 
dicates  a s tabi l ized pressure (surface shut- 
in )  during the withdrawal f r o m  a cumulative 
of 10.2 b i l l ion  t o  13.1 b i l l i o n  SCF. 
c la r i fy ,  the reservoir space being drained 
of gas w a s  being f i l l e d  with an equal vol- 
ume of influx water; thus the  reservoir 
pressure has remained constant. 

reflect t h e  quantity of recoverable gas 
unless the  rate of water inf lux is known. 
A reservoir pressure decline of 900 p s i  was 
required t o  achieve s tab le  and equal iqf lux 
and withdrawal conditions. . I n  t h i s  case the 
monthly withdrawal rate has been unusually 
uniform. 
stable pressures is proof of act$ve shale- 
water influx. 

is estimated t o  have an area of 800 acres 
while the  aquifer has an estimated area of 
1700 acres. The gas column exceeds 200' i n  
a sand with a gross thickness of 30'- The 
water free condition, t o  a degree, is due t o  
the high posit ion of the  perforations above 
the  water/gas interface and t o  the  limited 
size of t h e  aquifer. 
2500 acres is completely "boxed in" by faulting 

No 

Basic pres- 

This is one of the  

To' 

The P/Z cumulative p lo t  w i l l  not t r u l y  

We feel t h a t  t he  achievement of 

From t h e  geological data t h e  gas reservoir 

The t o t a l  area of 

CASE 8 f ( F i g .  14) 

The production from t h i s  reservoir has 
reached 38 biXlfon SCF w i t h  the  end not 
qui- i n  sight .  Dur productive hfstary 
w r s  Is yeam and 5 wells, not a l l  pro- 
ducing a t  the s- ti=. The exact t i m e  
e€ first salt water produetim t pot kam 
but ?he earliest w e l l  watered out when the 
tht restrvair had produced about 19 b i U m  
ScrF. I;a plor t ing  the resemrofr static 
pmsses we have tlirninated lw pressures 
in we133 having low perraeabilftias. 

rrc &Viaus affect of shale-water Lnflux 
al&sugk the prothced water Ldicstes that 

"ha pla t  of P/Z vs. cumulative sham 

water is entering the reservoir while the 
rescrvoir is 1000 p s i  or more greater than 
the pressure/depth r a t i o  of .465. 

For a number of years it has been sur- 
mised t h a t  the geolop  of the area could 
not be made t o  accommodate a gas reservoir 
of the s i z e  indicated by the P/Z cumulative 
plot.  
face a watery grave after a br ie f  period of 
additional production. 

A t  t h i s  stage the remaining w e l l s  

As w i l l  be noted, the rate of water 
inf lux never approached the gas withdrawal 
rate although production declined i n  t h e  
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 t h i s  gas reservoir 
caused the i n i t i g t i o n  of t h i s  project when 
the w e l l  had a residual  surface pressure of 
3500 p s i  with 100% sal t  water production. 
Because of the  mechanical problems no bottom 
hole static pressures w e r e  taken. A number 
of shut i n  surface pressures are available 
and f r o m  these bottom hole static pressures 
and P/Z have been estimated. The or ig ina l  
pressure-depth r a t i o  was .847.*Salt water 
appeared after the production of 2.5 b i l l i o n  
cubic feet of gas and condensate. 
unable, of course, t o  use surface pressures 
during the production of water and gas. U1- 
timately the  well produced 100% salt water 
and continued t o  produce LOO0 bbls. of salt 
water per day f o r  a month but no gas appear- 
ed. 

This reservoir was depleted with a sin- 
gle w e l l .  The high sustained pressures sug- 
gested a reservoir  ccmtaining possibly SO 
h i l l i o n  SCF. Consequently 3 of fse t  w e l l s  
were d r i l l e d  attempting t o  get i n t o  the re- 
servoir. A l l  found the sahd f i l l e d  with 
water. 
total  depth of the  productive w e l l  with no 
water level visible.  

We are 

The gas sand was j u s t  above the 

A t  the tine of abanhment  the  w e l l  
would flow 100% salt water with a shut-in 
surface pressure of 3500 psi. 
dcmumt the w e l l  got loose and f i l l e d  the 
adjacent rice f i e l d  w i t h  hot salt water. 
A t  t h a t  time the bottom hole static pressure 
w a s  estimrited to be roughly 9000 p s i  equal 
to the cstfrratcd pressure at  the  time of 
first water production 5 years earlier, 

During aban- 

After a reservoir pressure drop of 1000 
p s i  the quantfF3 of water coming i n  matched 
the q w t i r p  cf gas baing wizhdram. 

equal mluw is b e l e o e d  t o  have remsfned 

This 
Stable cc€iditiar. of equal volume replacing 

c 
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constant f o r  5 years. 

We make a crude estimate of water in- 
flux as follows: (1) 1 million ba r re l s  of 
water was produced during a 5 year period 
together with 4.1 b i l l i o n  SCF of gas, (2 )  
This represents roughly 3.1 million barrels  
of reservoir space which emptied. (3) The 
water inf lux maintained the same reservoir 
pressure, so the voided space was f i l l e d .  
(4) .The water which entered the reservoir 
during production, including the 1 million 
produced barrels ,  was of the order of 4.2 
mill ion barrels .  We estimate the reservoir 
area t o  be 200 ac. and the aquifer 6000 ac., 
r a t i o  1 : 30. 

CASE 8h (f ig .  16) 

11 reservoir  has produced 4 
b i l l i o n  SCF a t  the time of writ ing and 
water production has occurred only during 
the past year. Behavior has been typ ica l  
for the small reservoir  of 200 ac. and 
small aquifer of 700 acres. 
of course, are estimated. 

CASE 81 (fig.  17) 

Both figures, 

.. 
This case is defini te ly  one of the 

most unusual in behavior. The bottom hole 
static pressures reflect a decline of 12,450 
p s i  t o  10,900 p s i  during the production of 
about 8 b i l l i o n  SCF of gas. A t  t h i s  point 
water appeared in  one of the two w e l l s .  The 
productivity curve then shows a sharp re- 
duction i n  dai ly  withdrawal. 
responded by increasing s l i g h t l y  but defi- 
ni te ly .  
creased whfle the reservoir pressure 
increased 100 psi. 

The pressures 

The producing rate w a s  then in- 

Water production bas 
significant in quantity, 

The P/Z plot is not a s t r a i g h t  l i n e ,  
We believe t h a t  it reflects the varied flow 
mites and the very definite'shale-water 
fnflux. It is clear in t h i s  instance t h a t  
varied flow rates can create a response Sn 
t he  P/Z plot, which may give helpful  quan- 
titative information. 

We have taken the l i be r ty  here of as- 
suming a commdn reservoir( fer these two 
wells because of the i den t f ca l  pressur8 
behavior during t h e  period o f  prodwtion. 
The geological information suggests two 
separate reservoirs. Tlae reservoir aredl 
is berieved t o  be U O O  ac. The aqufkr 
area is unkncm. 

CASE 8 j  (Fig.  18) 

of surface shut-in pressures. An abrupt 
drop of about 900 p s i  occurred when produc- 
t i c m  began. Half of t h i s  drop w a s  regained 
during the production of about 3 b i l l i o n  
SCF. We do not have detailed reservoir 
pressures t o  determine exactly what happen- 
ed. 
sure w a s  followed by a rebounding shale- 
water drive which appears t o  be quite effec- 
t ive.  
the two P/Z points does not give the de t a i l s .  I 

Agah we see a s i tuat ion with active, 

This reservoir  shows unusual behavior 

Apparently a drop i n  reservoir pres- 

The s t r a i g h t  l i n e  projected between 

* 

. abncrrmally pressured water drive,  the water . inf lux being almost equal t o  the withdrawal 
of gas and water. 
ably end with 100% water production and a 
high residual pressure. 

This reservoir w i l l  prob- 

Reservoir is esifmated t o  have an area 
of 680 ac. 
known. 

CASE 8k (Fig. 19) 

has had sustained pmssms, although water 
productive, from an early date. 
water, some 350,000 bamel s ,  was produced 
during year 1-2 and the first quarter  of 
year  2-3, at which time the water produc- 
t i v e  well w a s  shut in. Seven b i l l i o n  SCF 
have been produced with a reservoir pres- 
sure drop of 300 psi .  
have been vexy helpful. 
sures suggest variations i n  the reservoir  

The size of the aquifer is un- 

This is one of the reservoirs which 

U ' o s t  of the 

More data would 
The surface pres- 

that a vexy responsive shale- 
u a t e r  drive is present. Tbe withdrawal of 
gas and water have been very close t o ,  but 
aUgh t ly  p a t e r  than, the water influx. 
Es t imat i7& o f ' t he  gas in  place cannot be 
made f r o m  the productive his tory alone. 

The reservoir i s  estimated t o  cover 
1325 ac. The aquifer ske is unknown-but 
i f i  l imited by faulting in three directions.  

Thfo gas condeamta rcseruofr Is in the 
sxtrensly high range with a pressure-depth 
ratio af ,081. 
2-3 but the quaztity is small. The water 
producrfve welz. was shut-in L? pear 3-U: As 
oceurs fn $*vera1 cases, the  reaert.c?ir prer- 
S U T ~  has &ern almost stabiUzsd after wafer 
pro&xx:an developed. 

and aquifer m not knotm. 

Salt water appeared in year 

*.e dimensions of %he gas reatserVci3 
The prcduction 

. . 



8 %  

RESERVOIRS IN SOUTH SPE 2225 DISIANA, PART I1 

of 33 b i l l i o n  SCf f r o m  those wells would 
lead us t o  i n f e r  the presence of a l a r p  
aquifer or shale boundary area which devel- 
oped a strong shale-water drive. 

CASE 6m (Fig. 21) 

voir  w i t h  dawn bending P/S vs. cumulative 
plot.  
ac. 
minable l imitations i n  size. The resem- 
b e c e  t o  Brw,  Fetkovich, Meitzen's (1965) 
curves f o r  water in f lux  with reservoirs and 
aquifers of f i n i t e  dimensions and water 
compressibility effect is s t r i k i n g  ( t h e i r  

This is our single  example of a reser- 

We estimate a reservoir s ize  of 720 
The aquifer appears t o  have no detep 

figures 5,6,8,9). 

This gas-condensate reservoir is in  an 

The pressure-depth ratio of 
area where extreme pressures have already 
been reported. 
-903 was recorded after a br i e f  period of 
production. The original reservoir pres- 
sure w a s  probably greater.. Eighteen b i l 4 m  
SCF of gas have been produced in a period of 
less than five years f r o m  a single well. 
There is no reported water production. 
unusual featam here is the decline i n  re- 
se rvo i r  pressure *om 12650 p s i  t o  12050 
p s i  and then a subsequent increase t o  U275 
psi. If we assure t h a t  the measurements 
w e r e  cmect ,  it is only reasonable t o  con- 
clude t h a t  shale-water drive or some other 
type of  extremely high pressure drive w a s  
developed by a reservoir  pressure decline 
of 600 psi .  . 

The dimensions of this reservoir and 
aquifer a m  not known. An examination of 
the data  presented here gives no clue as 
t o  the quantity of gas which is i n  place 
or uhfch would be recoverable. We guess 
t h a t  t he  residual  pressure wiu be extreue- 
l y  high when 100% water productian ultimate- 

The 

l y  occurs. 

CONCLUSIONS 

1. Abnormal pressures in South Louhiana 
have a s ing le  cause. 
t i on  of shale  and sand is taking place faster 
than the  process of adjustment of the included 
fluids. The rapidly increasiag ha0 m u s t  f i nd  
p a r t i a l  support upon the trapped fluids. 'This 
entrapment is due t o  the  decreasing porosity 
urd permeability of the shale  during t he  pro- 
cess o f  compaction. Older sedimentary basins 
usually have bad time for the pore f l J &  to 
w i v e  at  a state of aquiUbrium, except where 
the extremely 2ow permeability ef t v a p r i t e  
sequences OM maintain prestures over 1- 
periods of geologic time, i.t. abnormally 

The process of deposi- 

pressured zones of Cambrian age a re  reported 
by R. Byramjee (1966). The only trapping 
medium i n  South Louisiana is shale,  evapor- 
i tes being absent from the Tertiary sedi- 
ments. 

2. The process af shale compaction re- 
s u l t s  i n  the squeezing out of vast quant i t ies  
of intergranular water and proportionally 
lesser mounts of hydrocarbons. 
loading is more rapid than the escape process, 
abnorrr,ally pressured o i l  and gas reservoirs 
and aquifers result. In these cases, the  
process of compaction may be described as 
temporarily arrested.  
compaction may be resumed by withdrawal of 
gas or f lu ids  from the reservoir,  thus 
creating a pressure d i f f e r e n t i a l  across the  
shale/sand interface.  

which w e  w i l l  call shale-water drive. 

Where the 

The process of shale 

This i n i t i a t e s  a type 
b of abnormally pressured water influx dr ive 

3. This  shale-water drive is controlled 
by the  factors  involved i n  Darcy's Law. i.e.r 
(i) t h e  permeability of the shale,  (2) t he  
pressure d i f f e ren t i a l  across the  shaleband 
interface,  (3) the cross sect ional  area of 
t he  sand interface and ( Q )  t h e  vfscosity of 
the  water. The first three are variables over 
a wide range. The peqmeability of shale is 
closely r e l a t ed  t o  the porosity of shale. 
As porosity declines w i t h  compaction so does 
the permeability decline, and dramatically 
so (Hubbert and Rubey, 1959). 
porosity is a d i r ec t  measwe of the f l u i d  
content, the higher porosi t ies  (and pemea- 
b i l i t i e s )  have the most available water. 
hessure-depth r a t i o s  of .8 and .9 are indic- 
a t ive  of the highest water ava i l ab i l i t i e s .  

t o  the pressure d i f f e r e n t i a l  across the shale/ 
sand interface.  The higher abnormal pressures 
make possible extremely high d i f f e r e n t i a l s  
during the productive l i f e  of some reservoirs. 

Since the 

The flow of water is d i rec t ly  proportional 

The third item, the surface area, may be 
the one which exerts the most influence on the  
quantity of water which enters.  The flow f s  
d i rec t ly  proportional t o  t h e  CMSS sect ional  
area. If we include the upper boundary, t he  
lower boundary, and the  surface of interfin- 
gering shale layers,  the surface area may ac- 
tually Cover many, many square miles. 
unit of area used fn Darcyts Law, the square 
c e n t t e t t r ,  l i t e r a l l y  becomes b i l l i o n s  in t he  
case o f  t he  larger aquifers and associated 
reservoirs. 

h. 
t i o n a l  t o  the area of t h e  shale/sand iaterface 
(square miles), the  degree of  mc!er?-campaction 
(prsssrtre/depth ratio), and t he  pressure dif-  
fertntial (psi)  developed by withdrawal du--irig 
the process of production. 

The 

The shale-water drive is propor- 

EwAy production 
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data plus geological data 'should indicate 
c lear ly  t h e  behavior of t h i s  shale water influx 
For some reservoirs,  withdrawal rates may need 
to be manipulated, but ultimately quantitative 
data should result .  The draw-down and build- 
up procedures described by Matthews and 
Hlcrsell (1YL7) should, w i t h  moclification, he 
applicable with quant i ta t ive results. 

dwelled upon here i n  regard t o  abnormal 
pressures also is present t o  a degree i n  
the normal pressure range and t o  a lesser 
degree i n  subnormal pressure conditions.* 
Although the maximum amount of shale-water 
available 1s present a t  pressure-depth 
r a t i o s  i n  excess of .9,  the  compaction 
process w i l l  make water available a t  
r a t i o s  less than .46S as w e l l .  Likewise, 
the condition i s  not l imited t o  gas reser- 
voirs alone. 
the  water continues t o  -be available 
proportionately less per p s i  drop. 

Case 4a has shown defini te  evi 
water influx in s p i t e  of  the fact t h a t  a l l  
pressures, including the i n i t i a l  pressure 
were below a ratio of .465. 

Case 5b has re-ceived an estimated inf lux 
of 30 million ba r re l s  of water while the 
r a t i o s  declined from .547 t o  .350. 

5. The shale-water drive which w e  have 

In conditions of lesser r a t i o s  

Textbooks contain many references t o  
water inf lux i n  the range of normal and 
subnormal rangers but f e w  i n  the higher 
ranges. O i l  reservoirs i n  any pressure * 

range a.re also subject t o  shale-water 
drive when sufficelnt pressure d i f f e r e n t i a l  
is present a t  the shale-sand boundary. 

by shale-water influx affect three pmts of 
the comp ry process. All are fa- 
oardb le : 

a. The cancellation p 
of the pressure drop due t 
may defer or prevent retro 
i n  the reservoir and the consequent loss of 

6. The p r e s t w s  sustained or increased 

~ l u a b l e  products 

b. The cancellation of pressurr! decline 
w i l l  p v e n t  sandstone porosity shrinkage 
and h e 4  prevent reduction in permeability 
due t o  such shrinkage. 

,perretttage of gas or oil reccnrerod. 

c. The water influx w i l l ,  as in t h e  
C a s 8  of artesian watw drive, sustain the 
gas pressure t o  a favorable economic level, 
if ax t o  the  l imit ,  a t  least for a favor- 
able parlab of time. 

"his should iuprovlr 

7, ACI unfavorable comcquence of shalt- 

water influx w i l l  be the by-passing of some 
of the gas. 
water interface w i l l  not be recovered. 
is unlikely t h a t  the water sweep w i l l  be 
completely effective.  Gas i n  extremely small 
pockets or ''dead end" s i tuat ions e i t h e r  above 
or betow t h e  gas-watcr interEact!, w i l l  not 
be recovered due t h e  high residual pressure 
remaining when production is terminated. 

Any gas remaining below the gas- 
It 

8. There is a tendency t o  surmise t h a t  
a high residual pressure, a t  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 
iriasmuch as t h e  gas does not supply the pres- 
sure. 
t o  the gas remaining i n  the reservoir  but 
r a the r  t o  shale-water drive. 

The residual pressure may not be due 

9. The sealing of high pressure reser- 
takes place i n  two basic  stages. These 

stages may be-in reverse order depending upon 
circumstances. 
place along t h e  directions of greatest  per- 
meability. In sand beds and along bedding 
planes the t r a v e l  w i l l  be parallel t o  the 
bedding. During t h i s  stage the water which 
has no such opportunity t o  move p a r a l l e l  t o  
the bedding w i l l  t r a v e l  transversely. If 
faul t ing should sever the t r a v e l  access 
pa ra l l e l  t o  t h e  bedding planes, t he  only es- 
cape route remaining w i l l  be transverse t o  
t h e  pa r t i c l e  arrangement. 
t h i s  stage t h a t  substant ia l  pressure dif-  
' ferent ia ls  begin t o  accumulate. 

its extremely low permeability becomes t h e  
seal for  more permeable but undercompacted 
shales below. A shale zone 100 f e e t t h i c k  
with a r a t i o  of .Q65 at the top can con- 
ta in  a reservoir with 8 ratio of .8 at t h e  
bottom, the intervening shale being t ransi-  
t ional.  
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APPENDIX 
. .  

"he following f igures  a re  from the JOURNAL OF PETROLEUM TECHNOLOGY (March, 1965, p. 289) a r t i c l e  
titled, "The Effect of Water Influx on p/z Cumulative Gas Production Curves", by J. R. Bruns, 1. J, 
Lovich and V. C. Meitzen: 
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by 

Raymond €3. Wallace, J rO2 

Abstract 

Abnormally pressured del ta ic  and near-shore marine 
deposits of Cenozoic age in the Rio Grande Embayment of 
Texas contain large quantities of fresh t o  moderately saline 
ground w a t e r  in w h i c h  dissolved solids are commonly less 
than 10,000 milligrams per l i ter .  

of geopressure range upward t o  16OF. per 100 feet ,  and 
gradients i n  excess of 2.50F. per 100 feet  are common. 
Isogeothemal surfaces a t  relatively shallow depths in the 
Rio Grande Embayment probably r e f l ec t  the s h i f t  of the 
depocenter from south Texas t o  the Mississippi Embayment 
during Neogene time, Igneous and metamorphic act ivi ty  along 
the margins and within the Rio Grande Embayment is  also 
believed t o  have been a factor i n  the upward displacement of 
i6OgeOthe~Td. surfaces. 

area i n  Sdalgo County, Texas reveals that geothennal 
gradients and isogeothenaal surfaces are strongly affected 
by growth faulting and Bltapirism; and tha t  "deep basin" 
hydrOaynamic processes--themal diagenesis of clay minerals, 
chemical and thermal osm06fei8 and redistribution of sa l in i ty  
-=appear responsible for the hydxalogic conditions. 

Vertical variations i n  geothermal gradients i n  zones 

A preliminary investigation of the Tabasco-Weslaco 

lpublicatfon authorized by the Director, U. S. Geo- 

ZGeologist, U. S. Gec3XogicaJ. Survey, Gulf Coast 

Logical Survey . 
Eydroscience Center, MTF-NASA, Bay St. toub,  Mississippi 
39520. 



Geologic and hydrologic conditions in the R i o  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. 



e 

Introduction 

(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 i n  buried del ta ic  and near-shore marine 
deposits of the northern Gulf of Mexico basin. 
water-resource and thennal-energy potential  i s  evident, 
apparently the r e s u l t  of dynamic evolutionary processes 
unique t o  young sedimentary basins; To identify and evaluate 
the principal factors in t h i s  hydrogeologic process, the Rio 
Grande Bnbayment area was selected for detailed investigation, 
and research leading t o  t h i s  report was conducted by the 
U. S. Geological Survey. Later , ' s tudies  w i l l  be extended 
into par ts  of the basin tha t  are characterized by l e s s  
advanced stages of hydrologic evolution, as w e l l  as those 
more advanced. 
because the resu l t s  of geologic reconnaissance, correlated 
with regional data collected, reveal well-defined conditions 

The F i r s t  Abnormal Subsurface Pressure Symposium 

A sizable 

The Rio Grade Ernbayment was selected 

* of structure, temperature, p re and w a t e r  quality. 

The most prominent st ral feature i n  the western 
Gulf of Mexico basin i s  the Rio Grande Embayment (Fig. I) 
which plunges southeastward fromwthe D e l  Rio Ridge of Texas 
toward the Gulf of Mexico. It  includes wi th in  i t s  flanks a 
large pa r t  of southeastern T a r t s  of the Mexican 
States of Coahu aulipas ray, 1961, 

The Sierra Madre Oriental which forms the southwestern - boundary of the Rio Grande Embayment (Murray, 1961, p. 128), 
aro6e from the narrow Mexican geosyncline during the L a t e  
Cretaceous Laramide orogeny. lowing t h i s  event, violent 
diastrophism i n  early and m i  
numekous southeastward-plunging foMs , the Coahuila Marginal 
Folded B e l t  (Fig. l), w h i c h  trends parallel t o  the axis of 
and lies within the Rio G r a d e  Embayment: northeast of the 
Sierra Madre Oriental. front (Alvarez, 1949, p. 1330; Humphrey, 
1956, p, 28; Fowler, 1956, p. 41). Volcanic act ivi ty  also 
occurre4 a t  this time along the southwestern and upper norU1- 
eastern m a r g  f the R i o  Grand ie  Embayaent (LyOnS, 1957, 
pp. 8-9) e tinued "into Mioceae time. Ash beds an8 
volcanic de t r i tus  i n  Tertiary deposits of the Gulf basin 
provide evidence of 

Eocene time resulted i n  

.extent o f  this ectivfty. 

eriods of basinal subsidence, very thick and 
ive deposits of deltaic and delta-agsaciated 'sands and 

clays accumulated in the Embapcnt. 
contenpozaneously deformed by regional dm-to-the 6ulf 
faulting [F9gs and 2). Some fauSts have disphcemehfs 
exceeding I mi 

Thc~e deposits were 

and can be traced for aver SO mile8. These 



i 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 sediment facies 
boundaries. 

n of sand-bed aquifers by faulting 
contemporaneous w i t h  continued sedimentary loading restricts 
the normal up-dip release of fluids (Fig. 3) from the com- 
pacting, rapidly-buried sequences of sand and clay i n  the Rio 
Grande Embaymerit @ones, 1967, pp. 126-127). ese water- 
logged sands and clays form an abnormally-pr 
approximately 100 m i l e s  w i d e  (Fig. 4) in  the southeastern 
RiO Grande Embayment: the top of the geopressured zone 
(Jones, 1969a, p. 803) occurs a t  depths generally i n  excess 
of 5,000 feet.* Geostatic ra t ios  reflecting f lu id  pressure 
exceeding 0.9 times the weight of the overlying deposits 
have been observed 

gradient maps (Figs. 5 and 6 )  for the Rio Grande and M i s s i s -  
sippi Ernbayments reveals an apparent upward displacement of 
isogeothermal surfaces in the Rio Grande Embayment. 
geothermal conditions may reflect the sh i f t  of the Gulf Basin 
depocenter t o  the Mississippi mbayment area of the Gulf 
Coast geosyncline during Neogene time (Williamson, 19598 
p. 25): or they may be the r e su l t  of tectonic activity in 
the Rio Grande Embayrnent. 
Tectonic activity capable of providing the thermal energy 
required is  evident within and adjacent t o  the northern 
margin of the Embayment, and along the steep southwestern 
flank of th i s  triangular sl ightly assymmetrical basin. Up- 
lift of $he Sierra M a d r e  Oriental ,  f o r  example, could have 
been accompanied by isostat ic  upwarp of the upper mantle t o  
the northeast. 
closer to the basal sediments i n  the Rio Grande Embayment, 
in i t ia t ing metamorphism and driving superheated water upward. 
Another possibility i s  that  dynamic and thermal metamorphism 
associated with pre-upper Eocene folding, aided by aqueous 
emanations, has caused a rise of isogeothermal surfaces. 

buried water-filled deltaic and near-shore m a r i n e  sediments 
in the Rio Qxerrrde Embayment should (1) accelerate diagenesis 

Compartmentaliz 

Comparison of published and unpublished geothermal 

These 

Perhaps both factors are important. 

This upwarp would bring the upper mantle 

. 
Rising temperature within great thicknesses of deeply- 

* A l l  depths cited in Ehfs report are An feet  below 
mean sea level unless otherwise indicated. 
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* and dehydration (Burst, 1969, p. '90) of montmorillonite clays, 
releasing large volumes of "fresh" pore water t o  d i l u t e  
formation waters i n  adjacent sands; (2) increase thermal 
conductivity w h i l e  reducing porosity and permeability as 
aqueous emanations move upward i n  the system1 (3) decrease 
viscosit ies of i n t e r s t i t i a l  fluids; (4) produce high geo- 
thermal gradients and pressures immediately beneath beds 
which are most effective i n  retarding the upward discharge 
of superheated water (Jones, 1969, pp. 71-72). 

Deltaic and near-shore marine deposits in the Rio 
Grande Embayment including (1) extensive thick aquifer 
systems w h i c h  commonly contain water one-third as sa l ty  as 
normal sea w a t e r  [35,000 mg/l ( m i l l i g r a m s  per l i t e r )  dissolved 
soridsj a t  depths i n  excess of 6,000 feet ,  and in which forma-. 
t i o n  w a t e r s  freshen toward the i r  down-dip pinch-out (Fig. 7 ) ;  
(2) a general decrease i n  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 grad in the upper par t  of zones of abnormal 
pressures. 

the R i o  Grande Embayment are described and explained i n  this  
paper, which is based upon preliminary findings of a detailed 
investigation of the hydrogeology of the Rio Grande Embayment, 
and same prelimina 
thermal potential. area of investigation covers about 
425 square m i l e s  and is located-north of the Rio Grande in 
southern Hiaalgo County, Texas (Figs. 1 and 8 )  . . The eastern 
and western margins are defined by the 98°00t and 98O30' 
meridians {W Longitude) 8 

Salient featur f a ' relatively small area' within 

observations are made as t o  the geo- 

associated w i t h  ild-out of Frio 
"sands '' over Vicksburg "clays " dominate 
$a the Gulfxard par t  of the R i o  e. Four major 
northeast-southwest trending, d ths-Gulf fau l t s  c u t  
acros6 the study area. (See Fig, 8 . )  From w e s t  t o  east8 
these are the Tabasco-Mante ~ h r i s t o ,  Mission, ~cAllen, and 
Donna f au l t s .  The Mission f a u l t  merges with the Tabasco- 
Honte C h r i s t o  f au l t  northeastward, and the Donna gault joiner 
the Mcalen f a u l t  system. 
McAllen f au l t  systems, are traceable for many miles north- 
eastward generally paralleling the Gulf coastline, 
ward into Mexico these f au l t  s y s t e m s  adopt a more southeasterly 
course (Yzaguirre, 1957, p. 195), possibly reflecting the 
influence o f  Sierra Madre Oriental structures . 

The McATlen fault and i t s  splinter faults control t%e 

s t ruc tu ta l  scene 

The Tabasco-Monte Christ0 and 

Southwest- 



geologic setting i n  the study area. 

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, b u t  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 
faul t  plane decreases from 550 SE in  shallow beds to  450 SE 
at  about l l , O O O  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 apprdximately 2 ,500  
feet  t o  the northeast, trends northwest-southeast between 
the McAllen and Donna faults. 
faul t  is  greatest along the f a u l t  plane from east  t o  w e s t ,  
reflecting the structural dominance of the McAllen fault. 
myriad df 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- 
formity i n  the Frio; below it, the pressure gradient 
increases abruptly. 

thrown side of the McAllen faul t  are i n  the Vicksburg forma- 
tion-of Oligocene age. They are predominately shales that  
were deposited gulfward from the very sandy shallow m a r h e  
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 ,  w i t h  one 
exception. A w e l l  i n  the Donna f ie ld  logged the top of the 
Vicksburg formation a t  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 o f  the Miocene 
Frio formation with cumulative thicknesses greater than 
lO,OOO feet have been penetrated in the study area i n  the 
search for o i l  and gas. The top of the farmaticm l ies  
approximately 4,000 feet below the land surface in the 
Pherr-McATlen field,  and the formation dips generally south- 
eastward. The sediments of the Frio formation are mainly 
medium- to very fine-grained quartzose sand and montmoril- 
lonite-illite clay. Immediately downdip from the major 

This is a classic 
growth f a u l t  exhibiting all the significant characteristics. LJ 

Thickening of beds across the 

A 

The oldest beds penetrated by the d r i l l  on the up- 

*The nomenclature used in th i s  report is not neces- 
S S r i l Y  that: O f  the USGS. 
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f au l t s  the degree of so ing i s  generally poor, reflecting 
an extremely high rate of deposition contemporaneous with 
f a u l t  movement. with increasing distance from the f a u l t s ,  
however, the degree of sorting increases significantly, 
presumably as a r e s u l t  of winnowing by longshore currents. 
The areal continuity of individual beds i s  poor; it gen- 
eral ly  i s  somewhat bet ter  i n  the direction of strike than i n  

~ other directions. Individual sand and clay beds range i n  
thickness from less than 1 foot t o  about 1,000 feet .  
According t o  Fisher (1969, p. 2 5 0 ) ,  Frio sediments were 
deposited by a "wave-dominated high-destructi 
system, " they formed i n  distributary channels 
shallow enibayments subject t o  marine transgressions, and i n  
strand-plain and coastal-barrier systems 
of the m o d e r n  %one delta. 

h i lar  t o  those 

osit ion occurs i n  high-destructive 
de l ta  systems as i n  high-constructive systems, bu t  
the lobes are less numerous (that is ,  the modern 
M i s s  f s s ippi  de l ta  s the Rhone delta) (Fisher, 
1969, p. 2 6 0 ) .  

The Andhuac formation of Pliocene age overlies the 
F s i o  formation in the eastern pa r t  of the study area. W e s t -  
ward, the Anahuac wedges out i n  the vicini ty  of the McAllen 
fault .  A maximum thickness of about 0 feet: was penetrated 
in a well in the South Weslaco field.  e remainder of the 
stratig.raphic section overlying the Frio and Anahuac beds is 
represented by sandy deposits of the Catahoula, Odkville and 
Lagarto-Goliad formations (Corpus Chris t i  Geological SocJety, 
1954) . 

Hydrolow of Deposits 

Chemical analys of more than 100 formation waters 
from oil - tes t  and production wells i n  the Tabasco-Weslaco 
area (Fig. 8 )  show dissolved solids (sal ini ty)  ranging from 
about 2,000 to about150,OOO mg/l at depths between 5,353 
and 11,836 feet .  The samples analyzed were collected during 
B r i l l - s t e m  and wire-line tes t ing o f  poten 
reservoirs, Reported results of many d r i  tern tests where 

. produced water was analyzed, and a number reports fnvolving 
sa l in i ty  estimation by t a s t e  indicated relat ively high flow 
rates of brackish and fresh w a t e r  at the well-head. According 
to Collins (1968, p. 84), hydrocarbons are presently produced 
Era several. "water-drive" reservoirs within the abnannd.ly 
pressured zone in the Pharr-McAllen field.  

logs o f  weX1s fn the study area show subdued negative or small 
positive def;LsctionPs of the spontaneous potential curve 

gas or o i l  

W i % h  Eew exceptions, electrical and fnduction-electrical 
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opposite massive sand beds below a depth of about 10,000 
feet. Calculations of i n t e r s t i t i a l  water sa l in i tes  show 
that  they are commonly less  than 10,000 mg/l (dissolved 
solids as Nacl). 

i 
Salinity-distribution maps have not been completed for 

the Tabasco-Weslaco area, b u t  p re l  h i n a r y  inves t igation 
suggests tha t  there i s  a general decrease in formation-water 
s a l in i ty  with depth and down-dip-highly camplicated by 
faulting; also, tha t  extensive "fresh" t o  brackish-water 
aquifer systems occur a t  depths greater than 6,000 f ee t  and 
extending below 14,000 feet. 

Low sa l in i ty  waters i n  aquifers wi th in  the abnormally- 
pressured zone are believed t o  be derived from bound and 
intracrystall ine water i n  the adjacent clay beds, as a 
r e s u l t  of thermally controlled diagenesis of montmorillonite 
(Fig. 9) .  This produces free pore w a t e r ,  as described by 

Burs t  (1969, pp. 80-87). Same of the free pore w a t e r  
appears t o  have escaped into adjacent sand beds. 
(1967, p. 164) states, "water released by clay dehydration 
is fresh w a t e r  and i ts  volume may be equal t o  10-15 per cent 
of the bulk volume of the clayey sediments." Movement of 
this "fresh" w a t e r  into adjacent aquifers would tend to flush 
out and d i lu te  the original waters of deposition. Production 
of f luids  from these aquifers would lower the head i n  t h e m  
and cause releipse of additional free pore w a t e r  from adjacent 
clay beds. Continued freshening of aquifer w a t e r s  could 
thus occur. 

Formation waters of the so-called Frio brackish-water 
sediment facies in t h i s  area (Corpus Chris t i  Geological 
Society, 1954; Johnson and Mathy, 1957, p. 207; Holcomb, 

more saline than w a t e r s  from sediments deposited i n  "inner- 
middle ner i t ic"  and "open-to-the-sea" marine environments. 
Redistribution of dissolved solids has taken place i n  these 
sediments since deposition (Fig. 9) . 
McAllen f i e ld  occurs j u s t  above a 100-fwt-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 tha t  s a l i n i t i e s  decrease upward 
across this confining shale layer, which i s  immediately 
underlain by massive sands. Upward freshening of waters by 
hyperfiLtxation has probably occurred (hyperfiltration is a 
precess whereby selected ionic species are allowed t o  pass 
through clay-shale membrsnes while others are retained and 
concentrated), Jones (1967, pp, 170, L72-173) considered 
this process an Lrnportant mechanism in sgLinity redistribu- 
t ion in Seogene deposits of the northern GiJ3.f o f  Mexico basin. 

Jones 

1964, p. 29; and Collins, 1968, p. 86) are COmInOnly 25 t heS  

The brackish-water sediment facies in the Pharr- 
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Porosity and permeability data presently available are 
insufficient to permit reliable conckasions regarding their 

I 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 relatively high temperatures of the geo- 

i 

ressured zone, 

Bottom-hole temper measurements recorded on 
electrical log headings f proximately 150 deep oil and 
gas test wells were used eparation of isogeothermal and 
geothermal gradient maps of the Tabasco-Weslaco area. 
polated data were used only where the observed temperature 
was within 100F. of the isogeothenn mapped. No correction 
factors were applied to the log-heading temperature data. 

Considerable skepticism-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 temp ature information 
fs further attested by a decision of Research Committee 
.of the American sociatian of Petroleum Ge 
April, 1968, to e this data source in its 
of North Americ The use of log-heading 
attacked mainly on the grounds that the measurements are 
maae before the bore-holes have reached thermal equilibrium 
and, therefore, do nQt represent true geothennal conditions. 
There is general agreement that bottom-hole temperatures 
measured durhg drilling operations will be lower than actual 
temperatures at b o C t o m ; h o l e  depths, Kowever, Schoeppel and 
Oilarranz (1966, p. 672) state that "observed temperatures 
are likely to be w i t h i n  5 percent o f  the formation tempera- 
ture. )I 

Extra- 
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Temperature Distribution 

surface (Fig. 11) i n  the Tabasco-Weslaco area, w i t h  reference 
t o  mean sea level, ranges from about 6,000 feet, med ia t e ly  
downdip from the Tabasco-Monte Christo fault, to about 
10,760 feet  a t  the eastern margin of the area. Maximum 
re l ief  on the 200°F. isogeothermal surface t h u s  exceeds 
4,100 feet. 
8,000 and 10,000 feet, and slopes generally southeastward. 

The depth of occurrence of the 200°F. isogeothermal 

The surface usually occurs between depths of 

The McAllen, Shepherd, and Tabasco-Monte Christo 
faults appear t o  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. 
temperature distribution is  best i l lustrated by a northwest- 
southeast cross-section (Fig. 12) . Continuing movement 
along the McAllen fault  w i t h  time has resulted in a westward 
migration of structural apexes (Collins, 1968, p. 83). I n  
most instances it is evident that structural highs and 
themal highs are coincident (for example, between w e l l s  2-38 
6-7,  10-11, 11-12, 12-13). The geopressuring or capping 
shale bed (see Fig. 12)  appears t o  be a relatively effective 
thema& barrier i n  the vicinity of the l i n e  of section. 
There are two areas, on< between the McAllen faul t  and w e l l  
3, and another beneath w e l l  7 ,  where the 2000F. isogeotherm 
is above the capping shale. L e w i s  and Rose (1969, p. 1) 
s ta te  "wherever flowing heat meets an obstacle (an insulator) 
there is a build-up of heat against i t s  face. The tempera- 
tu re  rises on th i s  face u n t i l  a higher temperature gradient 
exists across the obstacle. Enough heat w i l l  then flow 
through the insulator t o  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 
faul t  planes are also factors tha t  cambine to  determine 
geothermal gradients and isogeothermal surfaces- 

The effect  of these s t ruc tu res  on subsurface 

The depth of the 2500F. isogeothemal surface (Fig. 
13) ranges from about 8,160 t o  11,900 feet below sea-level 
and i ts  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 o f  the 2500F. * 

isogeotherm reflects the same general structural controls 
indicated for the 200oF . isogeotherm-but regional anomalies 
are more apparent. 

The elongate northwest-southeast-trendbg high at, the 
Shepherd-Donna fault  juncture is the issogeothermal expression 
of a piercement-type shale diapir. The 25O0F. isogeothenn 

- 
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ccurs a t  i t s  shallowest depth i n  t h i s  area--within 8,150 
eet of the land surface, One well i n  t h i s  vicinity has a 

recorded temperature of 3400F. a t  a depth of about 10,000 
feet. 

on the map of 200°F. isogeotherm 
are alsorgeothermal highs on the 2500F. isogeothenn with few 
exceptions. However, the 2500F , isogeotherm has about 400 
fee t  less re l ie f  than the 2000F. isogeothenn and appears t o  
be less irregular, probably because the l a t t e r  i s  nearer the 
top of the abnormal pressure zone, This re l ie f  difference 
i s  caused principally by the shale diapir  anomaly mentioned 
above, and it is  reasonable.to expect that ,  a t  progressively 
greater depths below the confining layer, temperature dis- 
tr ibution should bec more uniform. 

ed by Nichols (1947, 

This i s  a 

show isogradient l ines  i n  the 
Tabasco-Weslaco area; the gradients increase inland from 
1,90F. per 100 feet  t o  2.l0F. per 100 feet. 
reasonably accurate representation of conditions above the 
zone of abnormal pressu s -- above a depth of about 8,000 
f ee t  in the study area. beotherma1 gradieht map of the 
depth interval  between 2000 and 2500F. isogeotherms 
(Fig. 14) indicates a geothermal gradient' generally higher 

.than 2,50F, per 100 feet  for the interval. This thermal 
interval occurs mainly i n  the upper pa r t  of the abnormal 
pressure zone, where maximum geothermal gradients would be 
expected. Nichols' and Moses' maps'are probably adequate t o  
describe subsurface temperatures under normally pressured 
conditions, but the gradients they show should not be 

ed into the a l ly  pressure 

thermal grad atterns in'the T 0-Weslaco 
area appear to rezlect two alignments; one 
west attributed to the e f fec t  of growth f 
other, a series of northwest-southeast trending '%highs" with 
intervening "SOWS" interrupted by faulting, The northwest- . 
southeast orientation conform with the general alignment of 
the folded province northeast of the Sierra Madre Or ien ta l  
f ront  -(Fig, 1) and with the general a x i s  o'f deposition in  

feet  of litholugy 
th interval b en the 
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The maximum geothermal gradient in  the area (see Fig. 

L 14) ranges upward Of 10°F. per 100 feet: the max imum recorded 
gradient, 16.70F. per 100 feet ,  occurs above the shale 
diapir  in  the vicini ty  of the Donna field. 
(Fig. 15)  that  the percentage of sand i n  the depth interval 
between the 2000 and 250°F. isogeotherms is  greatest i n  the 
areas of maximum geothermal gradient. fn  the Donna area, 
the sands are very fine grained and have good porosity bu t  
very low perrneabilities, This loss of permedbility appears 
t o  be caused by precipitation of calcium carbonate i n  the 
sands. Adjacent shale beds have also become indurated by 
precipitation of calcium carbonate. Water, o r  possibly gas 
--which has 25 times the insulating e f fec t  of water-appears 
t o  be locked within the inters t ices  between-the s k d  grains, 
reducing or eliminating convective heat flow and restricting 
thermal conductivity t o  that of the mineral grains and 
trapped water. 
areas for heat and f l u i d  release, it is suspected tha t  
waters of different chemical species, channeled by fau l t s  
and driven by diapir ic  movements, have mixed in the sands 
above the diapir ,  the reactions and changes i n  the physical 
conditions (tempera d pressure) resulting in cementa- 
t ion (Rwuiels, 1969, 188-1201). If the observed geo- 
thermal gradients continue downward, ser ic i t izat ion of clays, 
which occurs a t  temperatures on the order of 5700F.,could be 
i n  progress a t  depths as 11,000 feet  i n  this area, Unfor- 
tunately, mo information on conditions a t  depth below these 
zones of maxirmrm gradients is available. 

Itcan be seen 

- 

Since structural  highs are the most favorable 

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 w i t h  
lower geothermal gradients have lower insulating values. 
The data generally conform t o  heat flow theory as presented 
by Guy& (1946, pp. 5-39) and by L e w i s  and Rose (1969, pp. 
1-8). Areas of maximum geothermal gradient are also areas 
of abnormal pressures. 

geothermal Resources Development 

Thermal resources of deep geosynclinal basins are not 
dependent upon recharge and deep circulation of meteoric 
wa te r :  t he i r  thermal waters are derived from the sediments 
themselves, and fluid depletion occurs with energy release. 
Bowever, the very large anount of water in storage makes 
possible a continuhg large-scale rate of energy production. 
Development o f  the resource must r e s u l t  in dynamic compaction 
of the sediments of Ne geothermal reservoir and subsidence 
must occur w i t h  pressure depletion-the rats and extent of 

b 
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the subsidence depending upon the physical dimensions and 
drainage function of the reservoir. 

Potential uses of t h i s  resource have been discussed 
by Jones (1967, p. 173; 1968, p. 124: 1969, p. 8 8 ) ;  they 
include production cf e lec t r ica l  energy by flashing super- 
heated w a t e r  t o  steam t o  drive generators; self-dis t i l la t ion 
of low-salinity waters t o  produce fresh water; extraction of 
industrial  chemicals precipitated as a r e s u l t  of d i s t i l l a t i on ;  - and injection of superheated water or  steam from geopressured 

L- zones into pressure-depleted reservoirs a t  shallower depths, 
for  secondary recovery of o i l  or g . TWO of these processes 

Geothermal energy production does not r e s u l t  i n  air 
pollution, and concentrated brines can be pumped back into 
saline aquifers in the hydrostatic zone. There are, however, 
many engineering and legal problems which must be solved 
before t h i s  resource can be developed. 

SUmmarV and Conclusions 

The Rio Grande Embayment is  an area of increased 
geothermal flux. 
f au l t  systems-in a subsiding bashaproduced large-scale 
stzatigraphic separations of deltarc and near-shore marine 
sand-shale sequences. 
been restricted: as a consequence of t h i s  res t r ic t ion,  

s t i t i a l  f luid pressures. 
f i l l e d  sediments i n  an area of high geothermal flux has, 
because of the insulating e f fec t  of the w a t e r ,  resulted i n  
subsurface temperatures which are higher than those in 
nearby better-drained areas. 

High geothermal gradients within geopressured zones 
have apparently hastened thermal diagenesis of swelling 
clays, creating large reservoirs of low-salinity w a t e r .  
High temperatures also decrease viscosit ies of i n t e r s t i t i a l  
fluids, but associated geochemical e f fec ts  reduce porosity 
and permeability as formation water moves upward i n  the 

' system. 

Rapid sedimentation across regional growth- 

Upward drainage of these deposits has 

'coupled w i t h  rapid sedimentation, broad areas are underlain 
by deeply buried, undercompacted sediments with high inter-  

Restriction of drainage from w a t e r -  

The geothermal regime within the upper pa r t  of the 
geopressured zone i n  the Tabasco-Weslaca area appears t o  be 
dominated by the structural  controls. 
by altering spa t ia l  relations and physical characterist ics 
o€ confining clay layers as w e l l  as the aquifer SYCtems,  
have greatly affected the hydrology oi? the system. 
structure directky or  indirectly fr.fluences fLufd migration 

Faulting and diapirimn, 

Therefore, 
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id 
(and hence salinity distribution); it defines areas of ther- 
mal and fluid release; it faci l i ta tes  mixing of chemically 
different  waters w i t h  positive or,negative effects on the 
permeability of reservoirs; and it brings superheated 
aquifers closer t o  the surface, where they can be more 
economically exploited. 

An accurate appraisal of geothermal resources i n  the 
Tabasco-Weslaco area and in the Rio Grande Ernbayment is  not 
possible a t  the present time. 
however, that  geological, thermal, hydrological, and 
hydrodynamic conditions i n  the study area favor geothermal 
development. Future detailed research effor ts  w i l l  define 
more fully the geothermal resource potential of the Rio 
Grande Rnbayment. ~ 

Preliminary s tudies  indicate, 
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Figure 7. Distribution of formation water s a l i n i t y  within 100 fee't of 
the top of the Wilcox Foxmation i n  the northern Gulf of Mexico 
basin (Couttesy of Tom Hingle, Mobil O i l  Corporation). 
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Figuze 8. Map of Hidalgo County, Texas showizlg study area and 
principal faults i n  r e l a t i o n  to o i l  and gas f i e l d s  
(modified from C o l l i n s ,  1968). I .  
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B Y P E R A T U R E ,  IN DEGREES FAHRENHEIT 
.--- ---- --- ~ --- ... - 

Figure 9. Fluid redistribution model for the northern 
Gulf of Mexico basin (from BurSt, 1969). 
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Figure lo. Relation between the viscosi%y, tempexatura, 
and dfssa2ved solids content of  water,  
(Pfirsson, 1963, figures 4 - 6.)  
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Figure 11. Depthof-ociiirrence of the 20O0F. isogeo&herm 

within the study area outlined i n  Figure 8. 
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Figure l2. The 2 0 0 * ~ .  and 2SO*F. isageoe)zerms related to 
structure i n  the fharr..McAllen FiRW area af 
Hiaalgo County, T e X a S o  (Modified f ram Callins,  
1968). . - e  
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mpth of occiiriien .- is-q'errn 
within the study area ou n Figure 8. 

Figure 2,4* mp ~f geothermal gradient i n  the interval 
between #e 200*Fo and 2S0°F. isogeotherms 
within the study atea outlined i n  Figure 80 
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Figure 15. Per cent sand i n  &e interval between the 200*Fo 

and the 25O0F0 isogeotherms within the study 
area outlined in Figure 80 

Figute 16. Isopach map of the interval between the 200*FI 
and 250°F. isegeotherms w i t l r i n  the stutly area 
outlined in Figure 6. 
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Abstract 

tudies of muds and shales have shown 
tha t  the clay Is are modified by deep burial. Side 
w a l l  core samples from 4,223 t o  16,450 feet in  the G u l f  of 
Mexico (courtesy Chevron O i l  Co.) and from the surface t o  
24,003 f ee t  in the Anadarko .Basin, Oklahoma (courtesy Shell 
O i l  C o o )  were studied i n  order t o  obt . ditional infOnna- 

e processes involved. 

th  depth the montmorillonite i n  these montmorillonite- 
es i s  altered Axed-layer i l l i te-chlor i te-  

ntmorillonite of the mixed-layer phase . Much o f  the h t e r l a y e r  
e, acquired before deposition- 
and sea water, ter 
Increase l a t t i  rge in  the 

gely beidel l i te)  fs due t o  the 
ahedrd layer and the incorpora- - 
tetrahedral layer. It is  
ndmenon is caused by 
e hexagonal holes i n  
rotate  sufficiently 
tetrahedral layer. Most of 
ccurs-by 12,000 feet. 

temperature kaolinite is 
ad between the expanaed layers 
s of dioctairedral chlorite. 
r i te  and mixed-layer i l l i te-  
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dioctahedral chlorite-montmorillonite (ultimately mixed- 
layer i l l i te-chlor i te)  is  formed. During regional meta- 
morphism the sequence is  kaolinite and mixed-layer i l l i t e -  
montmorillonite > mixed-layer illite-dioctahedral 
chlorite -> muscovite + chlorite. 

the Pliocene-Miocene muds of the Gulf Coast i s  approximately 
t w i c e  t ha t  of sea w a t e r .  The cation concentration increases 
t o  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. 
t h i s  i s  presumably a function of the increase in  temperature. 
In the shallow samples the N a  concentration increases as the 
pore water.decreases, I n  deeper samples the r a t io  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 i n  pore water 
content coincides with the- top of a high pressure interval. 

C 1  system- 

Lr 

The cation population of the i n t e r s t i t i a l  waters of 

K and Mg increase w i t h  depth: 

The anion concentration is  HCO3>SO Xl, 
a t ica l ly  decreases with depth and i s  one- 4 ourth the concen- 
t ra t ion of sea w a t e r  by 10,000 feet. This is presumably due 
t o  selective flushing. 
increases by a factor of 6-7, comparable t o  the decrease i n  

. pore w a t e r ,  suggesting concentration by selective f i l t e r ing .  
HCO3 increases i n  concentration t o  10,000 feet  and then 
remains constant. The high HCO3 values are due t o  the 
decomposition of organic-matter and calci te .  

medl00 gms down t o  approximately 8,000 feet;  deeper samples 
average 20 meq/lOO gm. 
10,000 then remain constant, confirming the X-ray h t e rp re t a -  
tion. N a  i s  the dominant exchange cation i n  the shallow 
samples and C a  in  the deeper samples. 
able Mg is  used t o  form dolomite or is  flushed into the sands 
where it combines with montmorillonite t o  m a k e  chlorite.  

The a 2 0 3  content of the bulk samples ranges from 9.94 
t o  17.47 percent. 
75 percent clay minerals. The Al203/k2O, Al203&O, and 
AlaO3/Fe2Os values of the Chevron antl Mississippian (except 
for Al93,&gO) sunples indicate a deficiency of X I  Mg. and 
Fe w i t h  respect to the Paleozoic and Precambrian shales. 
There is no increase in these cations with depth. These 
mntmorAllionite-rich cL&ys cannot be converted to the typical 
i l l i te-chlor i te  clay suite of the older shales without the 
addition of these ions from external sources. Dioctahedral 
chlorite,  both as discrete chlor i te  and as mixed-layer 
i l l i t e -ch lor i te ,  i s  present in most Paleozoic and Precambrian 
shales and wi2l be even more abundant in deeply buried 

Over the same depth interval SO4 

The t o t a l  exchange cations (Na+K+Mg+Ca) averages 30 

The C.E,C./A1203 values decrease t o  

Most of the exchange- 

This i s  equivalent t o  approximately 55 t o  

k, 



Tertiary shales unless cations are added from outside the 
system. 
of montmorillonite-rich clays to  i l l i te-chlorite clays 
occurs the geothermal gradient i s  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 b u t  
not ,the controlling factor in the development of high pres- 
sures  in the Gulf of Mexico. 
to  be more c r i t i ca l .  
high pressure interval occurs a t  the top of a thick mud 
section, underlying a mixed sand and mud section, 

The data indicate that i n  areas where the conversion 

Loss of permeability appears 
I n  the Chevron well the top of the 

Expandable layers exist  t o  temperatures of a t  leas t  
2000C. 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 
5 percent: there i s  no abrupt mineralogic change through 
this interval. The increase i n  pore water correlates with 
an increase in  AJ.20 or clay content, 
ions migrate throug2 the permeability barrier even though 
water does not. 

It i s  suggested that  

c 
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THE DIAGENETXC  ISOPLETH^ 
b Y  

J. F. B u r s t  

Technical Director 
General Refractories Company 
Philadelphia, Pennsylvania 

Diagenesis i s  alive and' well mong other 
places# in the Gulf Coast of the United States andapparently 
contributes effectively t o  the economic importance of the 
area by providing a m e d i u m  for the accumulation of petroleum 
hydrocarbons. This, i n  i t s e l f ,  should be suff ic ient  basis 
for  our in te res t .  Diagenesis, as a precurser t o  meta- 
morphism has been recognized i n  geolggic history for many 
decades. Its use, however, as a tool i n  petroleum geology 
has been limited t o  the past  two.decades when techniques a n d .  
instrumentation for measuring low-level energy responses i n  
sediments were developed. Although Winkler has established - 
the upper l i m i t  of diagenetic reordering as 3OO0C, i t s  use- 
fulness 
the lower half of tha t  temperature range. 
changes which have occurred below 15OOC (302OF) llnits 
investigation essentially t o  liquid, gaseous, and semi-solid 

regarding low temperature 

sive carbonization. 

atives, it doesn't 
-layer clay minerals, w i t h  

absorbing and desorbing water in response 

All things considered, the clay minera3.s 

petroleum exploration appears t o  be limited t o  
Evaluating rock 

from measuring the 

to their environment, offer  an opportunity to evaluate 
diz+genetic impact. 
must rank as the diageneticists principal working tool. 

l ~ h i a  i s  the text of Dr, ~ u r s t ' s  o ra l  presentation, 
for references cited see J, F, Burst (1969) "Diagenesis o f  
Gulf Coast Clayey Sediments and i t s  PossibXe Relation to 
P e t r O L e u m  Migration," AAPG, 8u11., V, 53, 13-93. 
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C l a y  mineral changes aren ' t  limited t o  water content 
readjustments, of course, they run the gamut from s l u r r y  t o  
s la te ,  tripping over the diagenesis--metamorphosis boundary 
somewhere in  between. 
which develop a characterist ic mineral population. 
natural population of organics and inorganics w i t h  which we 
are familiar a t  the ear th 's  outer surface is  stable t o  an 
elevation of about 10,000 f t .  above sea level. Finding 
limitation not in elevation per se b u t  i n  environment, 
principally temperature and atmospheric content, 
dence, perhaps, the same population i s  stable t o  burial  
depths of about 10,000 f t .  (perhaps a b i t  less). Dependent 
once again, not on burial  depth, bu t  principally on condi- 
tions bf temperature and atmospheric content. 
in the relatively shallow subsurface indicates a general 
populationbalteration wherein clays densify principally 
t ~ o u g h  the loss of water, solid organic m a t e r i a l  adjusts 
i t s  carbon-hydrogen r a t io  in a coalification process and 
simple liquid and gaseous hydrocarbons mature t o  character- - 
istics which resemble petroleum. 
such? as unusual adjustments in formation w a t e r  sa l in i ty  and 
thermal gradient fluctuations have also been observed. 
interesting aspect of these various chemical, structural ,  
and volumetric changes is  tha t  they occur i n  close relation- 
ship with one another withip rather narrow q d  w e l l  defined 
burial  limits related t o  energy input. 
ex is t  in the subsurface wherein the balance of many su r f i c i a l  
chemical and physical systems is  broken and these systems 
begin a re-equilibration t o  the i r  new energetic environment, 
The plateau lends itself t o  subsurface contouring. 
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 t o  as the diagenetic 
isopleth, I have found it useful as a subsurface marker. 

Geopressures, which occur within t h i s  zone, represent 
a portion of the subsystem which is  unable t o  re-equilibrate 
and exists therefore as a disequilibrated anomaly. 
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 a8 the common metamorphic markers however, and i ts  
significance w i t h  respect t o  petroleum geology may be 
considerably greater. 

Pressure, t h e ,  and temperature are the three ayencies 
responsible for diagenesis--as w e l l  as, I presume, most every 
geolqic elteration. Unfortunately, somewhere along the way, 
popular dimensioning of the effects  of pressure anb tempera- 
ture  led t o  the erroneous conclusion that overburden psersure 
produced diagenetic changes. 

The changes are environmental reactions 
The 

By coinci- 

Research work 

O t h e r  secondary effects ,  

An 

A plateau seems t o  
. 

The 

Character- 
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More recent work argues that  temperature i s  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 t o  
a relatively ineffective role i n  diagenetic processes. 
Equally c lear  is the greater effectiveness of temperature vs. 
pressure, 
of overburden pressure equal t o  several thousand atmospheres. 
Even using the classic rule of thumb that  a 10°C r i s e  i n  
temperature doubles reaction rate gives u s  some idea of i t s  
relat ive effectiveness over pressure and time as we can 
equate such a temperature rise t o  an appropriate overburden 
pressure increase on the basis of geothermal gradient 
(loo rise = 1 8 O F  r i s e  = 1000 f t ,  of sediment in Houston area) 
and’to time on the basis of sedimentation rate, 

also be judged from direct observation.’ Figure l a  shows the 
.effects of squeezing hydrated Wyoming bentonite a t  40,000 
p s i  and room temperature. Alterations are confined t o  in- 
f i l l i n g  of air  space. In  Figure lb, a similar cylinder of 
semihydrated monthnorillonite clay s 
pressure but,  a t  a temperature of 50 c shows lineation and 
micacegus flakes formin?. 
pronounced flake development (Fig. IC). X-ray investigation 
showed tha t ’ the  swelling capacity of the flake material w a s  
reduced about 25% ind t ing a permane OSS of interlayer 
water , 

Occur in the form of clay platelets ,  diagenetic growth 
generates crystal  building such as the delicate l a th  develop- 
ment i n  Figure 2 shows and it encourages the extension of 
crystal faces such as indicated by the transparent border on 
the b io t i t e  flake shown i n  F i  

This type of reaction 
reduction of  the ferric iron 
a muscovite t o  biot i te  type transition: 

A 10% rise i n  temperature i s  equal t o  an increase 

The re lat ive effects  of these various parameters may 

eezed a t  the same F 
Further heating showed more 

In  the subsurface, wher nucleation centers 

the p a r t i a l  
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The reaction, w h i c h  has been confirmed i n  the 
laboratory, accounts for deep burial  b io t i t e  formation, the 
development of siliceous binding agents i n  shale members and 
a source o f  potassium for the i l l i t i z a t i o n  process. 

. 
Actually, t h i s  process begins toward the end of the 

diagenetic sequence and continues through the metamorphic 
stage. More pertinent t o  our considerations are the pre- 
recrystall ization changes effected principally by mineral 
lat t ice water loss. This subsurface reaction expresses 
i t s e l f  i n  a variety of measurable dimensions. 
water i s  non-saline, probably as a resu l t  of an anion 
repulsion i n  which the net negative charge of the clay 
lattice prevents the C1- ion from entering the par t ic le .  
simple demonstration of t h i s  phenomenon can be observed i f  a 
quantity of dehydrated, but  s t i l l  active, montmorillonite is 
mixed w i t h  saline water. As the montmorillonite absorbs i ts  
noma1 complement of water, the sa l in i ty  of the remaining 
l iquid phase w i l l  r i s e  i n  l inear  proportion. 

waterloaded montmorillonite dehydrates during early diagenesis, 
a freshening of subsurface w a t e r s  in the diagenetic isopleth 
should be apparent. 

character of sandstone pore brines. 
in any measurement taken i n  strata under hydraulic gradient, 
because they may be transporting water unrelated t o  the 
immediately adjacent dehydrating shales. It also makes 
sa l in i ty  measurements near evaporites o r  salt  plugs of 
questionable value. 

from shale dehydration have been reported, 
and Maricelli (1953) sa l in i ty  values are an inverse function 
of shale volume and degree of compaction, The authors note 
that  connate waters i n  younger sediments (Miocene-Pliocene) 
fn the Gulf Coast were generally more saline than those in 
older (Eocene and Oligocene) sediments and tha t  ia sediments 
of the same age, s a l in i t i e s  we often higher in the updip 
sections than i n  more deeply buried downdip extremities. 
Their General assumption appears t o  be tha t  this s i tuat ion 
i s  normal for Gulf Coast sediments and not an isorated 
phenaenon. 

water escape properties of shales, the higher salknity 
measurements in younger sediments can now be expressed a8 an 
inverse relation between connate brine sP3hfty and the volume 
of interlayer water expelled Prom an aajacsnt shale, 
SfmilZrly, Tinn and Maricelli's second concbusion now can be 

A 

Considering what must obviously happen i n  reverse as 

Subsurface sa l in i ty  measgrements usually re f lec t  the 
This l imits  confidence 

In spi te  of these d i f f icu l t ies ,  anomalies resulting 
According t o  Timm 

On the basis of more recent interpretations of the 



id t o  suggest tha t  the dehydration point a t  which in te r -  
layer water i s  released presently occurs above Eocene sedi- 
ment bu r i a l  depth d often traverses dipping s t r a t a  of the 
same age. 

data appear t o  be subdivided into several unrelated groups, 
each containing a few data points. A replot of the i r  data, 
referenced t o  the calculated level of clay dewatering i n  the 
area under study, shows tha t  the sa l in i ty  anomaly may be 
more specifically associated w i t h  shale dewatering than the 

alinity-shale volume relationship reveals. 

igure 4a shows that  the Timm and Maricelli points 

As plotted i n  report, the Timm and Maricelli 

are not necessarily divided into isolated groups but  may all 
be related as a function of t he i r  distance from the calculated 
cLay dehydration point. 
and clay dehydration appears t o  be independent of the 
stratigraphic position or  relat 
Sa l in i t ies  measured near or bel the dehydration level are 
significantly lower than those ve. The average sa l in i ty  
i n  samples below clay dehydration and up t o  300 feet  above 
it is 20.6 x 1000 ppm. Samples from 300 t o  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 
sa l in i ty  by f E s h  w a t e r  from adjacent shales during clay 
dewatering. ve th i s  point, a gradual increase i n  s a l in i ty  
values re f1  the gradually decreasing e f fec t  of clay 
dewatering as i t s  effluent i s  mixed w i t h  the higher sa l in i ty  
pore waters above. 

graphically i l l u s t r a t e s  the sa l in i ty  variation as an orderly 
zone of abjustment between two consistent bases, 
regarded 86 evidence that the interval at ,  and j u s t  above, 

l e  for subsurface 

The relationship between sa l in i ty  

age of the s m ~ l e s .  

F 

A three-point moving average of the data (Figure 4b) 

This is 

clay dehydration point is most 
i d  redistxibu e 

t o  the three-p 
ferenced t o  $agenetic isopleth, a three-point moving 

and Maricelli data, plotted solely as a average of the 
function of b u r i a l  depth i 
configuration demonstrates 
would not reveal the natur sa l in i ty  reduction to  be a 
dilution process between two rather cons 

me le base lfne--&tennediat rmisition zone 
presentstfon o f  the diagenetic isopleth i s  a convenient and 
instxuctitm format. Figure 4b €or instance, can be conpared 
fsverably with F i q v Y e  5 wherein the actual measurement af 
IaCSce dehydration f e  plottea versus sanple recovery depa.  
Thfa; is &?I@ parmeter to which other diagenetic indicaeors 

own as Figure 4c. 
t a purely depth reference 

Its irregular 

e n t  sal ini ty  bases. 

-w 
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such as sal ini ty  reversals, BHT anomalies and 
are apparently related and from which they ma 
Plotted here i s  a l a t t i c e  dehydration log w h i  
an adjustment t o  new subsurface conditions through a transi- 
t ion zone. I n  t h i s  case however, the adjustment i s  assumed 
t o  represent a direct measurement of water loss rather than 
the secondary sal ini ty  effect. S t i l l  another similar curve 
was presented by F e r t l  and Timko ea r l i e r  t h i s  month i n  the 
O i l  and Gas Journal although their data did not quite get 
down t o  the second base l ine .  

We have talked sufficiently about clay dehydration 
thus f a r  and i t s  relationship t o  a specific zone i n  the sub- 
surface that I fee l  we should spend a f e w  minutes in an 
explanation of i ts  possible uniqueness. The continuous 
diagenetic effects  of time, temperature, and pressure 
experience a discontinuity w i t h  respect t o  sediment dewater- 
ing a t  the stage where the clay l a t t i c e s  i n  shale sections 
contain only two w a t e r  interlayers. A t  t h i s  stage, the 
at t ract ive forces generat'ed by exchange s i t e s  within clay 
lattices cause the last two water layers t o  be 

!b 

1. 

2. Inf i l led  with extra water molecules a t  the 

. molecules normally present; and 

3. Compacted i n  an overlapped geometry due t o  - 
This r e s u l t s  i n  a configuration in which the w a t e r  

Spread sl ight ly  t o  accommodate the charge 
distribution: 

ra te  of one additional water for each eight 

the hexagonal close-pack rule. . 

trapped within the clay mineral lattice occupies less space 
inside the clay l a t t i c e  than it would i n  the pore space. 
Pressure therefore is no longer an effective dewatering 
agent and the shaley interval resists the normal diagenetic 
progression as it w a i t s  for formational temperatures t o  
increase sufficiently t o  force the stabil ized interlayer 
w a t e r  in to  the pores. The ver t ical  extent of t h i s  stabil ized 
tone depends essentially upon the rates of sedimentation and 
pore w a t e r  expulsion. In  rapidly depositing sections, heat 
accumulation is slow due t o  excessive entrapped w a t e r .  This 
results in a lowering of the geothennal gradient and a 
deepening o f  the interlayer dewatering level. Under normal 
cbcumstances the sediment tesnperature eventually rises 
Sufficiently t o  mobilize the bterliayer w a t e r  and it drains 
out through the pore system. 
perhaps by the self-sealing action of monolayer inm\obility in 
thick shdle sections, the pore space cannot accommodate the 
mbilized w a t e r  which is attempting to increase its volume 
by 10 or 15% upon liquefaction etna the condition of over- 

If the system i s  closed, however, 

pressuring develops. - 

L I  

126 



8 

i 

L d  

This can perhaps be i l lustrated by Figure 6 where the 
densify of interlayer water i s  plotted against the number of 
water interlayers in  swelling clay lattices. The upper 
curve shows suggested density variations when the l a t t i c e  i s  
overpacked due t o  the in-fi l l ing of voids i n  those water 
layers immediately adjacent t o  the la t t ices .  
layers, as I mentioned previously, have been restructured i n  
accordance with the l a t t i c e  charge distribution. 
two w a t e r  layers are present, dewatering cannot take place 
without thermal assistance even against pore water dens i t ies  
of three times sea water sal ini ty .  Without the overpacking, 
dewatering is  viewed as considerably less  d i f f i c u l t  although 
even i n  this instance the normal close packing tendencies of 
the lattices densifies interlayer w a t e r  t o  the point that 
dehydration i s  inhibited. 

These water 

When only 

The density reversal a t  the two interlayer water 
level m g s t  have same effect on subsurface pressure relation- 
ships. It represents a f l u i d  flow s t a b i l i t y  interval between 
the point a t  which the free flow of pore water t o  the surface 
diminishes and the point a t  which thermally activated inter- 
layer w a t e r  flow begins. 
interval for shale over-pressuring as neither of the two 
major dewatering processes operates effectively and over- 
burden pressure can increase without engendering appropriate 
volume adjustment i e sedimentary section. 

The system is essentially "closed" and overpressuring 
develops as the thermally excited w a t e r  molecules press 
against the confining pore water. Even though sufficient 
water molecules are present t o  form a continuous phase, the 
w a t e r  i s  not &n l iquid form and refuses t o  respond t o  the 
pressure grailient, 

The ef fec t  of t h i s  condition is observed i n  bulk 
density, conductivity, res i s t iv i ty ,  and sonic measurements 
by inversions or  reversals w h i c h  are certainly reflecting a 

e i n  sedbent w a t e r  Characteristics. There is l i t t l e  
Shood that these can be attributed to a rewaterinq 

phenomenon. The diagenetic process appears t o  be unidi- 
rectional. They must represent various stages of dewaterincr 
and inasmuch as the clay minerals control i n  large measure, 
the dewatering of sediments, f t  can only be construed as 
prudent to carefully examine the characterist ics of the clay 
mineral suite in sedimentary sections, Clay mineral de- 
watering i s  the key to sedimentmy diagenesis, the basis for 
many measurable secondary effects,  and the principal trahs- 
port control fur petroleum hydrocarbons, Each stage of 
geologic ileveLoprcent i s  best studied Sy some particular 
research technique and insafer as 1 a!,!, able t o  perceive, 
diagenesis belump t o  the clay mineralogist. 

The s t ab i l i t y  zone is  the optimum 
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REVIEW OF TECHNIQUES USED I N  THE DETECTION 

Walter H. Fer t l ,  Continental 1 Co,, Ponca C i t y ,  Oklahoma 
Donald J. T w o ,  Continental O i l  Co., Houston, Texas 

Presented by 

Aldo M. Zanier 
al O i l  Company 
t o  the 

2nd Symposium on Abnormal Subsurface Pressures 
L.S.U. - January 

Abstract 

Formation pressures higher than hydrostatic occur 
worldwide and are important factors i n  the successful 
planning and dr i l l i ng  programs i n  the search for o i l  and 
gas. It has been noticed i n  several areas that the 
distribution of hydrocarbons appears t o  be related to the 
pressure environments i n  the area. 
properties o f  shales can be used t o  detect overpressured 
formations. 
surface measurements of shale resistivity, sonic travel 
t h e ,  bulk dens , clay mineral abundance ra t io ,  and 
salinity change =so, bore hole temperature and rate of 
penetration by dr i l l  b i t  are wed to detect overpres- 
awes. Knowledge of the expected pore pressure.eurd 
fracture gradient is the basis for e f f ic ien t ly  dr i l l ing  
wells with correct mud weights and casing programs, This 
prevents 8 breakdown of exposed formations and contains the 
high pressure f luids  in deeper formations, thus enhancing 
t h e  chances of successfully dr i l l ing these zones. Examples 
gram the Gulf Coast illustrate the various techniques of 

Observed changes in the 

These parameters include in s i t u  and/or 

ing o f  overpressured fomations. 



Worldwide Occurrence of Geopressures 

I .  

I n  the worldwide search for o i l  and gas, geopressures 
have been encountered in many countries (Figure 1). 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 to ta l  
solids. 
have been reported i n  the l i terature  (no claim, however, of 
a complete l i s t ing  is being made). These areas include the 
USA (Arkansas, California, Louisiana, Oklahoma, Texas, 
Wyoming), Europe (Austria, France, Germany, and the Carpathian 
and Caucasian Regions of eastern Europe) , Africa (Algeria) , 
Middle East (Iran, Iraq, Pakistan), Far East (India, BUrIna, 
Indonesia, New Guinea, Japan) 8 and South America (Argentina, 
Cobmbia, Trinidad, Venezuela). It i s  believed that 
increasing exploratory effor ts  in new areas, on- and off- 
shore, and the general trend t o  deeper d r i l l i n g  w i l l  further 
broaden the areas of overpressures w h i c h  are accompanied by 
associated dr i l l ing and production problems. 

Geolosical Sisnificance of Geopressures 

W e  have compiled a l is t  of areas where geopressures 

One of the first and certainly most extensive s t u d i e s  
of geological aspects related to  geopressures has been 
carried art by Dickhson (1953), who summarized sane of h i s  
observations as follows “High pressure zones commonly m a k e  
dr i l l ing of wells most d i f f icu l t  i n  a belt about 50 miles 
wide along the coastal plain northwest of the Gulf of Mexico 
from the Rio G r a n d e  to the Mississippi Delta. 
abnormal pressures occur commonly in isolated porous reser- 
voir beds in  thick shale sections developed below the main 
sand series, 
facies change i n  the G u l f  Coast Tertiary province, and they 
appear to be independent of depth and geological age of the 
formation. 

Dangerous 

Their locations are controlled by the regional 

The high pressures are caused by compaction of the 
shales under the weight of overburden which is equivalent t o  
approximately one pound per square inch per foot depth. 
Difference fn density between gas and w a t e r  causes abnormal 
pressure where hydrocarbon accumulations occur above w a t e r ,  
irrespective o f  whether the water i s  a t  normal or abnormal 
pressure. The magnitude of this pressure depends on the 
structural ekevation above the source of pressure in the 
watex and may cause very high pressure gradients in isolated 
sand boues. Sowever, *e trend of pressures Sn the Gulf 
Coast region fnbicakes that m a x b  pressures probably do 
not exceed 90 percent of the overburden pressure.” 
more recent wurk, Dickey et al. (1968) observed that “the 
pettern o f  t%e high pressure zones is not obvious but 

In a 
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appears t o  be re1 
contemporaneous w i t h  sedimentation which are characterist ic 
of the G u l f  Coast." Harkins and Baugher (1969) discuss some 
pressure anomalies being associated w i t h  s a l t  domes. 
addition, they s t ress  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 tha t  thick clay masses have t o  be 
deposited rapidly over considerable areas, t o  prevent any 
hydrostatic reservoir equilibrium. 

ed t o  the peculiar patterns of faulting 

I n  

idence shows that  transit ion zones 
1 and overpressured zones may be abrupt or  may 

extend over more than 1000 feet. Our experience also indi- 
cates tha t  the presence of f au l t  planes may or  may not mark 
pressure discontinuities, which become an important factor 
i n  planning of fse t  w e l l s .  
barrier,  the so-called caprock, normally encountered a t  the 
top of geopressures, w i l l  be discussed i n  more de ta i l .  

The nature of a permeability 

vement of water through a shale section overlying 
red reservoir rock takes place mainly along the 

directions of greatest  pemeabili ty and may cause slow 
li thological changes in the character of the shale section. 
Escaping water carries dissolved solids such as carbonates 
and s i l i c a ,  and gases. ' Pressure and temperature drop across 
the transit ion interval-and cause precipitation and mineral- 
ization i n  t h i s  zone. F i n e  grained sediments, such as clays, 
act as semipermeable membranes permitting dissolved solids 
fn the remaining pore space t o  react chemically w i t h  the clay. 
The f i l l i n g  of the pore space causes a decrease i n  the 
formation porosity. Presence of such an indurated limey 
shale barrier, which acts as a sealing cap, normally i s  found 
in the shale overlying geopressured zones. Evidence is  
observed on well logs as a re lat ively high bulk density, an 
fncrease in electric r e s i s t i v i ty  (or decrease i n  conductivity) , 
ana a decrease in measured sonic travel times. Sidewall 
samples Which have been taken i n  the caprock confinn such 
cibsenrations 

Thickness of the caprock seems t o  vary greatly. W e  
observed thickneqses as low as a few feet to as much as 

several hundred feet. 
sealing barriers may be encountered. 

o have *originated by imperfect sealing and/or dis- 
turbances caused by tectonic movements over geologic times. 
Ta any event,.very low shale permeabilities ( i n  the order of 
Zt1-5 tc 10-6 m i ~ i d a r c i e s )  in connection with non-Newtonian 
bhavior of the Wter in the f iner  interstices, of sediments 
rewire consideration of the time factor i n  foming such a 
sealing bzkrzier. The rate of solid precipitation responds 
t o  rhrr;;nges in  physical and chemical environments which are 

Occasionally a sequence of several 
Such conditions are 

L33 



I 

dependent on the composition of brines and clay minerals, 
pressure, temperature, and the path taken by escaping water, 
all of which are largely speculative. 

Composition and Abundance of Clay Minerals 
and Their Effect in Drillinq 

Not much data has been published in the clay abundance 
ratio in wells penetrating geopressured zones, 
Barrington (1961) in such a study of four wells in the 
Caillou Island Field, Louisiana, noted major changes in the 
relative amounts of montmorillonite, illite, and kaolinite 
comparing geopressured and normal pressured formations . 
Their study showed compaction reversal, 
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 methylene blue tests on shale cuttings have 
shown increasing percentages of high cation exchange capacity 
clays as high formation pore pressures and high temperatures 
are encountered in deep wells. 

wall cores in a well in Cameron parish, ~ouisiana, are given 
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). 

Kerr and 

The decrease in 

The results of a field case study carried out on side- 

- 

Chenevert (1969) stresses the major role of the 
hydration effect over erosion and mechanical actions. Darley 
(1969) distinguishes two modes of shale hydr+tion, 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 fn shale drilling. 
muds ashouZd be considered as special purpose drilrhg fluids, 
which are being used in the Gulf Coast area particularly in 

such o i l  base 

. deep, high temperature wells, Ewever, these muds are 



sult i n  reduced penetration rates,  and 
l l i ng  crews do not particularly l i ke  t o  work with them. 

gure 2, phots of depth versus shale res i s t iv i ty  and 
S sal ini ty ,  str ikingly shows the f l u i d  sensitive shales. 
Drilling operators, t o  avoid hole problems i n  this area often 
use air or  gas as the 

Osmosis and Semipermeable Flow Conditions 
Throuqh Shale Zones 

l l i ng  medium. 

An osmotic pressure can ar ise  when two solutions of 
ferent concentrations (or a pure solvent and a solution) 

. are separated by a semipermeable membrane. Irrespective o f  
the mechanism by which the semipermeable membrane operates, 
the Yinal r e s u l t  i s  the same. Osmoti ow continues u n t i l  
the chemical potential  of the d i f fus i  
on both sides of the barrier. O f  utmost importance tQ geo- 
pressured formations is the fact  tha t  i f  the flow takes 
place into a closed volume, the pressure inside necessarily 
increases u n t i l  equilibrium conditions are obtained. 

* disturbance, physical o r  chemical, would cause a resumption 
O f  flow until equilibrium conditions are reestablished. 

The behavior of the fine grained sediments, such as 
shales, si l tstones,  and shaly sands, as semipermeable mem- 
branes ("salt sieves") tha t  allow w a t e r  t o  pass out of the 
formation while retaining and concentrating dissolved s a l t s  
has been recognized for years by many investigators alike 
(DeSitter, 1947, etc.) . 

omponent is  the same 

Any 

McKelvey and Milne (1962) gave experimental evidence 
of the s a l t  filtering ab i l i t y  of compacted bentonite and 
clay, whereas Young and Low I1965) measured osmotic flow of 
w a t e r  and pressures i n  shale6 and si l ts tone,  
e spec id ly  shaly sands, obviously may not be considered as 
perfect membranes. 
increase with higher compaction. 

Shales, and 

Egwever, their efficiency should 

st ,  waters fresher than sea water are 
tered down t o  approximately 3000 feet. This appears 

t o  be the critical compaction depth w h e r e  shales begin t o  
act as semipemel3ble membranes. Figure 3, plo ts  of shale 
r e s i s t i v i ty  versus depth, 
these shallow intervals . 

actic 
been propose8 
logs to seek nomotLC" entrapment of hydrocarbons. 

eadily shows fresh waters in 

licaticm oE some of these concepts has 
son (1967) in the application of w e l l  
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Jones (1968) s ta tes  tha t  "the pressure difference 
across a simple clay bed could, under na tu ra l  conditions, 
exceed 3500 psi.  I n  known geopressured reservoirs, stepwise 
increments of osmotic pressure with depth through a ser ies  
of bedded sands and Clays could, as by a multistage pump, 
produce any of the reservoir pressures observed t o  date i n  
the northern Gulf of Mexico basin. Conceivably, osmotic 
derived f luid pressure could equal o r  exceed that due t o  the 
weight of the overburden causing reservoir rupture and 
diapirism, especially where heating had reduced the load- 
bearing strength of clay beds." 

In  a study of the pressure-hydrocarbon-salinity rela- 
tionship in the Gulf Coast area, Fowler (1968) suggests the 
sa l in i ty  variations in the Frio section t o  be resu l t s  of 
selective ion concentration by the shale membrane effect, 
It is interesting t o  note tha t  the "freshest formation 
waters are found a t  the base df the normally pressured sec- 
t ion i n  the Lower Eoouston Farms Sand," Overton and Timko 
(1969) have shown similar examples of freshening of w a t e r s  
above overpressures. 

Figure 4, a plot  of sa l in i ty  versus depth made from 
log data and s i d e w a l l  core data, shows this freshening a t  
6000 fee t  which i s  above the pressure transit ion zone s ta r t ing  
a t  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. 
Louisiana (Tinnu and Marcelli, 1953) indicates i n  the updip 
direction a marked sa l in i ty  increase from 12,500 ppm t o  
72,500 ppm. 
sequence and relatively fresher waters a t  the b o t t o m  have 
been observed in the recent field study by Fowler (1968)- 
Similar r e s u l t s  for Southwest Louisiana were published 
earlier by Timxn and Marcelli (1953) 8 who found that 'la 
re lat ive decrease in saline Concentrations of connate w a t e r s  
becomes apparent in: 
below intertonguing marine shales, (b) marine sands which 
klce grading downdip i n t o  sol id  marine shales, (c) older more 
marine parts of a regressive phase as compared with i ts  
younger (except very top) non-marine part. . . . 

A f i e ld  case from South 

In addition, saline waters a t  the top of a sand 

(a) massive continental sands above and 

H 

Geopressure Detection Techniques 

The technique of "balanced pressure dri3.ling" is  now 
used effectively in  the o i l  industry. The balanced pressure 
technkqus applies hydrostatic pressure equal to the rnaximm 
pressure af the uncased formations, adding only a few hundred 
psi to contain the formation while tripping the drill pipe 
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to change d r i l l  bits. 
These include f a s t e r  penetration rates, minimized l o s t  circu- 
l a t ion ,  and d i f f e r e n t i a l  s t icking,  less hole i n s t a b i l i t y ,  
and decreased forma damage. Wowever, proper pressure 
balance i s  a precis e ra t ion  w i t h  only l i t t l e  difference 
between e f f ec t ive  control  and threatened blowouts (0'Brien 
and Goins, 1960; Goins, 1968). Therefore, experienced 
d r i l l i n g  personnel and pressure control  equipment are needed. 
Dr i l l i ng  i n  t h i s  manner does provide a direct indicat ion of 
formation p pressures. 

be inferred from a number of d i f f e ren t  sources, one of the 
best being w e l l  logs.  
wherein some characteristic data of the formations penetrated 
by a bore hole are recorded i n  terms of depth, Unfortunately 
wire-line logging methods and their evaluation are "a f t e r  
the fact" techniqu 8 $.e., a f t e r  penetrat ion of the d r i l l  
bit ,  Nevertheless it is a s ign i f i can t  advancement i n  w e l l  

9, even though sometimes very shor t  zones have t o  be 
t o  continually monitor pore pressure v 

Bulk densi ty  measurements.--Such measurements can be 
carried o u t  in s i t u  by means of the Den t y  log (Ham, 1966) 
o r  on shale cu t t ings  (Boatman, 1967). 

The method o f fe r s  several  advantages. 

* 

Detection and evaluation of downhole geopressures may 

' ' W e l l  logging" denotes any operation, 

ks i n  the shales includes 

'. 
t he  Density log  cons is t s  

. source irradia the formation w i t h  gamma rays which react 

sca t te red  rays which va r i e s  w i t h  the bulk densi ty  of rocks 

a gamma ray 

I w i t h  e lec t rons  surrounding the bore hole  and are back 
I scattered. A detector  records the in t ens i ty  of the back 

measurements on 
ou 

f shales versus 
e that the bulk 
n the s i t u  log mea- 

went i n  the caprock a t  
10,500-11,000 feet, &ere flushing of the cut t ings  has no t  
been severe because of the caps lower permeability and 
mineralization, 
are s imi la r ,  

Conductivity measurements,- Induction log, 
fornations are energized by elsctrornagnetic induction. 
Resulting electromotive farcedi (eddy currents)  are detected 
by recefver coil  and transmitted t o  the surface w h e r e  both 
conductivity reciprocal, xes i s t iv i ty ,  are recorded. 

Transition t o  overpressured shale zones i s  indicated 

The magnitude of the bulk densi ty  data hare 
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L situation as gas can 
come to  the surface. 
circulate out gas before dr i l l ing and weighting up the mud 
system to be positive that the gas cutting is  actually due 
t o  geopressures. 

Refinements in Geopressure Determination 

lve  from formation cuttings' as they 
Generally, it is a good policy t o  

It has been shown (Timko, 1968) that  refinements in  
the conventional techniques of determining pore pressures 
from w e l l  logs are often necessary. For example, for the 
w e l l  in Figure 11, shale res is t ivi ty  and shale travel t h e  
are plotted i n  the conventional manner on a depth scale of a 
half inch t o  1000 feet. 
and 10,160-210 feet. Both plots confinn that  the upper zone 
has normal hydrostatic pressures w h i l e  the lower zone has a 
gradient in the vicinity of 0.75  psi/ft.  

well required mud weights exceeding lS.O#/gal, 
data further confirmed the log calculated high pressures, 
Because of the expected high pressure in the lower zone, it 
was decided not t o  dually complete 3.n the two gas zones b u t  
t o  complete only i n  the lower zone through a tieback string 
a l l  the way to  the surface. 
and tested, the expected high pressure did not exist .  The 
actual pressure was 0.55 psi / f t  instead of 0 , 7 5  psi/ft .  

100 feet for the interval 9600-10,500 feet. The pressure 
variations are seen in more detai l .  

Note that  the shales exhibit a decreashg pressure 
gradient from 9925 feet  t o  the sand and an increasing 
gradient below the sand. The sand, therefore, is not a t  the 
same high pressure as the shales 100 t o  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  w h i c h  can readily be seen on M expanded 
depth scale. 

Two gas zones are present a t  7820-90 

I n  dr i l l ing the interval from 9600-10,500 feet , - the 
This on-site 

When the lower zone w a s  completed 

F igure  1 2  is an expanded scale plot of a half inch t o  

Enqineered APP roach 

The best engineering approach for the detection and 
evaluation of geopressurea is the study of  a cambination o f  
several measured parameters as discussed in  this paper. 
This stateqent i s  based on our experience, and that aisinter-  
p re ta t i~ns  may be made when xelyfng on one type of nkasure- 
rr;ent or tecbnique only. 



Such conditi 6, as changes i n  lithology, can a f fec t  
in  some manner a l l  the detection techniques. An example of 
th i s  lithology change i s  shown i n  Figure 13 w h e r e  a t  16,300 
feet ,  the shales became limey and more resis t ive,  b u t  the 
pressure gradient remains the same, Drilling rate  and bulk 
densit ies would also change, 
new techniques t o  compensate for such p i t f a l l s .  

Conclusions 

used in - the  petroleum industry t 
pressured zones, 

area and need to be understood for e f f ic ien t  operations, 
They af fec t  modern d r i l l i ng  techniques, are blowout hazards, 
influence 'completion e t h o d s  and are a factor in producing 
characterist ics of a reservoir, 
data is derived from shales, additional clay research w i l l  
be necessary t o  ful ly  understand and cope with these problems. 

We must undertake t o  develop 

Concepts and methods as outline i n  this paper are 
e tec t  and evaluate gee- 

Such geopressures are related t o  the geology of an 

Since most of the pressure 
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by .greater than normal conductivity due t o  higher than normal 
w a t e r  content (Wallace, 1965; McGregor, 1965) and porosity. 
These measurements are affected by the sa l in i ty  and tempera- 
ture of the formation water and tool instrumentation problems 
in very high conductivities. 

Figure 6 i s  an example from. a w e l l  located i n  offshore 
Louisiana. 

Resistivity measurements,--The Electrical  log measures 
the r e s i s t i v i ty  of the media surrounding the tool. 
several different  electrode configurations are used i n  combi- 
nation t o  estimate r e s i s t i v i ty  parameters in formations 
penetrated by the d r i l l i ng  bi t .  

In overpressured shales the so-called Sh6rt Normal 
curve. shows a departure from the “normal” trend, indicating 
the high water content and increasing porosity i n  these 
shales (Hottman and Johnson, 1965; Ham, 1966). AS bl the 
case of conductivity measurements, this log is affected by 
the sa l in i ty  and temperature of the formation w a t e r .  

Commonly 

1 -  

Figures 2, 3, 7 ,  and 11 are plots  of this technique. 

Neutron measurements.--The Neutron log measures the 
hydrogen density of the formations, 
and corresponding w a t e r  allows application of this tool for 
overpressure detection. However, experience has shown t h i s  
device is not as accurate for quantitative pressure data a s  
other logging tools. 

Pulsed neutron measurements,--A downhole accelerator 
or  neutron generator bombards the rocks with 14 Mev neutrons 
in a t h e  sequence pattern. During the t h e  the accelerator 
is off ,  a gamma ray detector records two readings spaced a 
f ew microseconds apart, thus determining how long the neutron 
exists, or how f a s t  they are captured, This measures the 
so-called thermal neutron capture cross-section of the forma- 
t ion and i ts  contained fluids. The advantage o f  this device 
over the conventional neutron described above is t ha t  casing 
and cement have mall effects on the overall  response, 
Figures 7 through 9 exhibit a particularly useful application 
o f  the pulsed neutron. 
r e s i s t i v i ty  versus depth for a well drilled in  1946. AX1 
the sand zones listed in the figure below 8200 feet have been 
productive in this f ie ld  for at least 25 years, 
t icular well was producing frnrn &e sump series, but produc- 
tion was lost because of casing problems bsbw 8100 feet. 
f t  was planned to get  the well back on production by 
recompleting in the Eomseekera “AN sand at 9060 feet by 
sidetracking above the fish and redriltlling t o  the Hcsmseekers 
“A“ mne. 

The increase of porosity 

In Figure 7 ,  we have plotted shale 

This par- 

The mud weight requirements needed to &riU this 



well i n i t i a l l y  in 1946 t o  the Homeseekers "A" was approxi- 
mately 14.0#/gal, 
pressures of this magnitude . 
over the years, most of the sands presently have producing 
pressure gradients throughout the f ie ld  considerably less 
than hydrostatic. Therefore, it i s  known that  the formations 
would not sus ta in  ,the high mud weights used originally. 
pulsed neutron w a s  run in the old cased hole t o  evaluate 
present pressure conditions. 
response of the device versus depth t o  9110 feet. As shown 
i n  the figure, the maximum mud weight requirements as deter- 
mined from the pulsed neutron t o  reach the Homeseekers 
sands w e r e  lO.Z#/gal. 

pressure of the .shales, shows the change i n  &s 
due to pressure depletion of the sands. 

d r i l l ed  t o  9215 feet  without d i f f icu l ty  w i t h  a mud weight of 
lO.Q#/gal, where originally 14,3#/gal was required. 
19 Shows how the sa l in i ty  of the formation water has 
increased with pressure depletion, 

.--The sonic 
log records the t r a n s i t  time of e l a s t i c  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 
required for the signal t o  travel a predetermined distance 
in the formation is recorded as t ravel  t h e .  For practical  
purposes, t h i s  log is unaffected by temperature and sa l in i ty .  

A n  trend of t r ans i t  time i 
versus dep Pxeasure anomalies will be indicate 
increase o eursit time because of the 
in overpressured shales (~ot tman 

since the sands and shales contained geo- 

However, because of production and pressure depletion 

The 

Figure 8 is  the p lo t  of the 

"A" 

Figure 9, a p lo t  of depth v 

The w e l l  was sidetracted 1 2 0  feet i n  1968 and 

Figure 

Figqre 11 shows an example 0% this technique. 

Shale formation factor measurements .--This method, 
proposed by Foster and Whalen (1965), assumes the shale 
w a t e r  eo have the same salinity as w a t e r  in adjacent sands. 
The shale formation factor i s  derived from chis data and 
plotted versus depth. The major criticism of 4M.e technique 
is the assumption tha t  sands and edjacent rshalcs have exact 
sa l fn i t ies ,  which is open to question. 
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carried out i n - s i t u  with proper logging tools or at the 
surface on shale cuttings (Overton and T W O ,  1969). As 
discussed previously, salinities decrease w i t h  increasing 
pore pressures . 

The limitation of t h i s  technique is that formation 
sa l in i t i e s  can vary quite markedly with rock stresses due t o  
tectonics such as faulting, unconformities, sa l t  dome u p l i f t  
and other local o r  regional geology. 

sa l in i ty  plot,  previously discussed. Figure 2 show 

Gewhvsical measurements.--The seismograph has been 
used over the years primarily as a tool  t o  determine sub- 
surface structure. Recently, techniques (Pennebaker, 1968) 
have been developed using seismic data t o  predict the depth 
a t  which abnormal pressures occur and the magnitude of such 
pressures. 
d r i l l i ng  operations where l i t t l e  is  known of geopressures 
as in a rank wildcat area. 

velocity energy w i t h  depth. Undercompacted and overpres- 
sured shales existing a t  depths exhibit a decrease in the 
interval velocity trend as calculated i n  the compacted 
formations above . 
Drillfng ra te  has been recorded for  many years, i ts  relation 
to  overpressured zones being recognized in the las t  decade- 
only. Jordan and Shirley, i n  1966, developed a technique 
for identifying the first occurrence of overpressured forma- 
t ions from interpretation of d r i l l i n g  performance data. 
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 w e l l s .  Forgotson (1969) suggests that "an 
increase in the rate of penetration of @hales, i n  which the 
increase is  a minimum of 200 percent of normal, is  an indica- 
tion of the proximity, either ver t ical ly  or  horizontally, of 
a high-pressure f luid f e s e r ~ o i r . ~  

This information is  particularly valuable in  

The technique is t o  determine the changes of interval 

Penetration rate of dr i l l i nq  b i t  measurements.-- 

A 

Bore hole tezmerature measurements.--It has been 
remorted that as oeonressures ere encountered, formation 
te&perertures fncr&uss (Jones, L968). 
logging devices to tn&e such measurements. 
Company rou tbe ly  measures m a  flow line temperatures for 
such pressure deWictiun. 

presencpat  gas &n the mud rsystern is often fnterpreted as an 
underbahnced condition. Iiowever, t h i s  is not always the 

There are numerous 
Continental O i l  

eseace of PES i n  mud system xueasurements.--The 

L 
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s c 

D e p t h  
Feet 

6648 
7116 
7394 
7707 
7803 
7860 
8014 
8094 
8160 
8326 
8438 
9203 
9254 
95 93 
9714 
9718 
9821 
9931 
9975 
10057 
10142 
10145 
10303 
10311 
10393 
10415 

- 
TABLE I 

Montmorillonite Illite 
(%I (XI 

18 30 
15 25 
18 31 
15 26 
10 28 
10 34 
11 
10 
9 
21 . 19 
12 
12 
8 
8 
7 
5 
7 
6 
7 
9 
3 
5 
6 
12 
20 

31 
27 
30 
28 
27 
17 

' 20 
23 
22 
21 
28 
22 
23 
23 
21 
18 
18 
19 
17 
20 

Kaolinite Chlorite 
(%I , (%I 

10 3 
14 4 
8 2 
10 4 
11 4 
10 5 
11 4 
10 4 
11 4 
15 - 6  
11 4 
9 6 

13 5 
9 6 

11 3 
11 5 
15 4 
12 6 
15 6 
13 4 
13 4 
18 7 
14 4 
14 7 
14 5 
12 7 
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