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A procedure has been devised for predicting the fluid pressures in a sedimentary basin from the 
distribution of different rock types, and their burial rates. We have calibrated the procedure with 
case histories from the North Sea, Gulf of Mexico, Norway and Nile Delta. We show how the 
procedure is useful for making estimates of the fluid pressures likely to be encountered when 
drill ing a well; the directions of petroleum migration; and the abil i ty of structures to retain oil or 
gas. 

The procedure is based on a simple equation which accounts only for the vertical f low of fluids. 
To include lateral flow, laterally-continuous high permeabil ity layers, such as oil and gas 
reservoir rocks and aquifers, must be divided into pressure cells. A pressure cell is a part of the 
layer within which fluids can f low and equalize excess pressures (or overpressures). The fluids of 
all rocks within the cell are maintained at a nearly constant overpressure (actual pressure minus 
hydrostatic pressure). Pressure cells which crop out at, or come close to, the surface tend to have 
very low overpressures, because any excess pressures are dissipated by f low of fluids through 
the cell to the surface. Deeper pressure cells without a high permeability connection either to the 
surface or to the shallowest 2 km of sediments tend to be overpressured. The shallower parts of 
these overpressured cells have higher overpressures than the overlying low permeability rocks. 
This situation can prevent an accumulation of oil or gas forming. The deeper parts of the same 
cells have lower overpressures than the overlying permeability rocks, and hence are more likely 
to contain accumulations of oil and gas. 
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Introduction 

The pressures of sedimentary rocks are extremely 
important in the exploration for oil and gas. Oil and gas 
move towards and accumulate in areas of the 
sub-surface at lower excess pressures (King Hubbert ,  
1953). The pressure of the fluids in pore space affects 
both the porosities of sedimentary rocks, and the 
velocities of the seismic waves used to examine 
geological structures in the sub-surface (Dutta, 1987). 

Blow-outs of wells drilled in search of oil and gas 
often arise when the pressures of the fluids in the pores 
of the rocks change suddenly as the well is deepened. 
These changes can be transmitted rapidly to the fluids 
in the annulus around the drill. If this is not allowed 
for, the fluids can surge uncontrollably out of the well. 
The tendency of a freshly-drilled well to collapse is 
closely related to the pressures of the fluids in the pores 
of the surrounding rocks (Bradley, 1979). 

Recently, many authors have attempted to 
understand the controls on the pressures of actively 
subsiding sedimentary rocks so that pressures can be 
predicted before wells are drilled (Bethke, 1985; 
Chenet et al. 1984; and Dutta, 1987, amongst others). 
(All of these authors take the equations of Terzaghi 
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(1948), designed for soil mechanics, as their starting 
point, and require quite large and expensive computer  
simulations to make their pressure predictions.) 

In this paper we show how an empirical model,  
derived from observations of the results of a much 
more complicated model and which requires minimal 
computer  usage, can be used to give good pressure 
predictions. We audit our simpler solutions by 
comparing the pressures they predict to the pressures 
encountered by wells drilled in the North Sea, the Gulf 
Coast, Haltenbanken (offshore Norway) and the Nile 
Delta. 

Estimating pore pressures 

Some definitions 
All mention of pressure in this paper concerns the in 
situ pressure of the fluids in the pores of rocks, or pore 
pressure. Pore pressure is also known as formation 
pressure. 

Hydrostatic pressure 
The pore pressure is equal to hydrostatic pressure when 
the pore fluids only support the weight of the overlying 
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pore fluids (chiefly brine) and the weight of pore fluid 
displaced by the rock matrix. (The weight of the 
overlying rock grains minus the weight of displaced 
pore fluid is supported by the framework built by the 
rock grains.) Small deviations from hydrostatic 
pressure (generally no more than a few hundred psi) 
arise if continuous columns of hydrocarbons are 
present underneath the area of interest. Hydrostatic 
pressure (PH) in psi is given by: 

Pn = 1.42 <9,, > z  (1) 

where z is true vertical depth below sea level or the 
water table in metres, p,,. is the average density of the 
brine in the overlying sediments in g/cm 3. Typically 
< p , , >  lies between 1.0 and 1.1 g/cm -~. 

Lithostat ic  pressure 
In the absence of any tensile strength in the rock, the 
theoretically maximum possible pore pressure is 
lithostatic pressure, sometimes known as overburden. 
If the pore fluids attain lithostatic pressures, they 
support all the weight of the overlying sediments (brine 
plus mineral grains). Lithostatic pressure or 
overburden (Pl~) in psi is given by: 

PL = 1.42 < P~-d > z (2) 

where < P~,a > is the average bulk density of overlying 
sediments in g/cm -~. 

Typically < P~d > lies between 2.0 to 2.6 g/cm ~, and 
density increases with depth as sediments are 
compacted. 

Fracture pressure 
Fracture pressure is the fluid pressure at which 
fractures perpendicular to the direction in which 
minimum compressive stress acts propagate. The 
pressure required is between the hydrostatic and 
lithostatic pressure of a sample, typically 70-90% of 
the lithostatic pressure (Du Rouchet, 1981) (observed 
to be about 85% or greater in Gulf of Mexico; Stuart, 
1960). When fracturing occurs, pore fluids and pressure 
leak from the sample along the fractures. In practice 
the maximum pore pressure is often limited to the 
fracture pressure. However, if a small volume of 
sediment is receiving a pressure charge from a much 
larger volume, then pore pressures may reach 
lithostatic pressure. Mud volcanoes occur when the 
pore pressure transiently exceeds lithostatic pressure. 

Overpressure 
A rock is said to be overpressured when its pore 
pressure is significantly greater than hydrostatic 
pressure. The difference between pore pressure and 
hydrostatic pressure is called overpressure. 
Overpressures occur in rocks whose pore fluids support 
some of the weight of the overlying rock grains in 
addition to the weight of the overlying and displaced 
fluids. There are not enough grain-grain contacts in 
the framework of such rocks to support all the weight of 
the overlying sediments because the rocks have not 
been sufficiently compacted. 

Causes of overpressure 

Historically, overpressures have been blamed on three 

processes: 
(1) Chemical reactions whose products are more 

voluminous than their reactants; these include 
formation of oil and gas from kerogen (Ungerer et 
al., 1983 and the conversion of smectitic clays to 
illitic clays (Hower et al., 1976). 

(2) The thermal expansion of water (Barker, 1972). 
(3) The failure of sediments to compact on burial, to a 

porosity where the framework of rock grains can 
support all the weight of the overlying sediments. 
This situation arises when the permeability of 
sediments is so low that the pore fluids cannot be 
squeezed out fast enough. 

Most authors now agree that the first and second 
processes cause only very small overpressures (Bethke, 
1985; England et al., 1987; Ungerer et al., 1983). The 
third process, often known as compaction 
disequilibrium, is the predominant cause of most large 
overpressures observed in sediments. Hence, the 
variation in pore pressure can be predicted by 
concentrating on the third process, and ignoring the 
other processes. 

Equations for pressure prediction 

Elsewhere we have argued that most of the flow of 
water in sediments less permeable than 1 mD is almost 
vertical, approximately perpendicular to major bedding 
planes (England et al,, 1987). All mudstones and 
siltstones fall into this general category (England et al., 
1987). 

We first develop and calibrate a model for 
one-dimensional vertical flow for sedimentary 
sequences which are currently subsiding and which are 
covered by water. Later we extend this model to 
situations where extensive conduits for lateral flow 
(flow parallel to major bedding planes) are present: 
such conduits include highly permeable lithologies such 
as sandstones and fractured limestones. 

In England et al. (1987) a computer model was 
developed to predict the rate of increase of 
overpressure with depth. After running the model 
many times, it became clear that, except near to an 
impermeable basement, the overpressure gradient 
(dq~w/dz) could be given to good accuracy by the 
empirical relationship: 

dq~,,/dz [ = C/k  dh/d t  (3) 

where dO&,,/dz has units of psi/metre, k is permeability 
in mD, dh/dt is the deposition rate in metres per 
million years, and C is a constant. The value of C is 
independent of lithology because lithology differences 
are accounted for by variations in k. Overpressure 
changes faster as permeability decreases and burial rate 
increases. Near an impermeable basement, Darcy's law 
requires fluid flow rate and, therefore, overpressure 
gradient to decrease to zero. 

Due to the time taken for transmission of pressure 
fluctuations through the sediments, the deposition rate 
is normally taken as the average value for deposition of 
the top 1.5-2.5 km of sediment. The overpressure 
equation is solved for small increments of depth 
(typically 1 m). Details are shown in the Appendix. 
Starting at the sea bed where overpressure is zero, the 
average porosity of the first depth increment is 
calculated from the relationship between porosity and 
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effective stress which is most appropriate  for the 
lithology of the first depth increment (see Table 1 in the 
Appendix).  

Effective stress ( o ' ) i n  psi is given by: 

(~ '=P= - I ' l l+dO, ,  (4) 

carbonates and 2.65 g/cm 3 for sandstones and clays; p,,, 
is usually taken as 1.06 g/cm ~. 

The value of k is determined from the appropriate  
relationship between k and ~ for the lithology (Table 1 
in the Appendix) ,  and equation (3) is solved. Then the 
overpressure at the base of the first increment is: 

For the first depth increment PL = PH and dO,, = (} : o '  
= 0 (but see the Appendix).  For subsequent depth 
increments P ]  is evaluated by calculating the total 
weight of all the overlying depth increments,  where the 
weight of one increment (WI) in psi is: 

14"i = fP~,,i,, (1 - q~) "- <pp,, ) TI (5) 

where P,~,,m is grain density in g/m s, q) is calculated 
porosit} in fractional units, and Ti is the thickness of 
the increments in metres.  Pe,,i,, is taken as 2.7 g/cm :~ for 

dON = dOn I + (ddOw/d'7)NT>, (6) 

where the subscript N refers to the number  of the 
increment counting down from the sea bed. In the case 
of the first increment N = 1. and don t = 0. 

Overpressure  at the base of the first increment is then 
substituted into equation (4). and the whole process is 
repeated to calculate the overpressure at the base of the 
second increment,  and so on. 

Thus a profile of overpressurc as a function of depth 
is determined.  This m a \  be converted into pore 
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Figure 1 Plots of pore pressure as funct ion of depth for (a) Gulf of Mexico, (b) North Sea, (c) Haltenbanken, (d) Nile Delta. The trends of 
hydrostat ic pressure and pressure predicted by equat ions (3) to (7) w i t h C =  1.45× 10 7 are compared wi th measurements  of pressure 
on small isolated sandstones. Burial rates of the most  recent ly-deposited 2 km were taken as (a) 600 and 3000 m Ma 1, (b) 35 m Ma 
(c) 50 m Ma 1 and (d) 810 m Ma 1 
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Figure 2 Comparison of predicted and observed pressures of 
Jurassic sandstones from Haltenbanken, offshore Norway as a 
function of depth. The predicted pressure trend was derived 
from equations (3) to (7), with C - 1.45 x 10 7 and a burial rate 
of 250m Ma ~. The prediction assumes lateral f low in t h e  

s a n d s t o n e s  is not possible 

P P =  P~I + qbw 

and equation (1). 

(7) 

Calibration of equation (3) 

The constant C in equation (3) has been estimated by 
comparing the predictions derived from equations (3) 
to (7) with observed pressures in subsiding sediments. 
This comparison is valid only for rocks with high 
permeabilities and limited lateral extent,  which havc 
low dips and are surrounded by low permcability rocks, 
such as mudstones and siltstones. Only in these sorts of 
rocks are the pressures both measurable directly by 
well logging companies and generated only by vertical 
flow (and thus able to be directly compared with the 
results of a one-dimensioned model). 

The pore pressures of low permeability rocks cannot 
be measured directly in an open well because the pore 
fluids take too long to flow into the device which 
measures their pressures. The pore pressures of 
extensive permeablc beds with large dips (i.e. a vertical 
displacement of more than a few hundred metres 
between the updip and downdip ends) cannot be used 
as these are greatly affected by lateral flows not 
accounted for by equation (3); see England et al. (1987) 
and below for more details. 

Using this approach, the best fit value of C is 1.45 × 
10 -7 in equation (3) (i.e. 10 '~ when pressure is 
expressed in MPa). The value of C only needs to be 
calculated to within slightly better than an order of 
magnitude for the following reason: if C is too large the 
increase in pressure for one calculation interval will be 
too large. This will cause the calculated effective stress 
of the next interval to become too low. This will lead to 
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Figure 3 Schematic sedimentary sequence with fluid movements during burial (the black arrows), and pressure cells within the faulted 
sandstones marked 
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an overestimation of the porosity and therefore 
permeability of that interval. From equation (3) the 
increase in the overpressure in this next interval will 
therefore be underestimated. The net effect of 
increasing the value of C is to increase the calculated 
overpressures by only approximately the logarithm of 
C. FTgures la-d  show the fits between the results of 
pressure tests and the prcdiction of equation (3) with 
C = 1.45 x 10-7 in the Gulf of Mexico, North Sea, 
Haltenbanken (offshore Norway), and the Nile Delta. 
The pressure increases become approximately linear 
below 2 - 3  km because the change in effective stress 
between one calculational interval and the next become 
almost zero (i.e. the sediments almost cease 
compacting). The permeability k for the mudstones 
therefore becomes almost constant and from equation 
(3) the pressure increase in the mudstones becomes 
almost linear. At high sedimentation rates there is less 
time available for dewatering and therefore sediments 
almost cease to compact when the permeabilities and 
porosities are still relatively high. Therefore  the linear 
increase of pressure with depth for mudstones is 
reached at shallower depths for high deposition rates 
than for lower deposition rates. 

Effects of lateral flow of fluids 

Figure 2 plots some pore pressures of extensive and 
inter-connected Jurassic sandstones from Halten- 
banken, offshore Norway, measured in different 
wells. Also shown are the pore pressures predicted by 
equation (3). 

The pore pressures of the sandstone show 
considerable variation: at depths of 3 .5-4 .5  km sub-sea 
overpressures vary from zero to 4500 psi; some pore 
pressures are close to hydrostatic pressure, whilst some 
exceed the pore pressures predicted by equation (3). 
This variety is caused by lateral flow within the 
sandstones which can be explained using Figure 3, a 
schematic cross section, and Figure 4, possible plots of 
pore pressure as a function of depth in three 
hypothetical wells (A, B and C) drilled along the 
cross-section. 

The principal directions of fluid flow, which occur as 
the highly faulted sandstones and their surrounding 

sediments are buried, are shown in Figure 3. Over most 
of the section fluid flow is predominantly in a vertical 
direction, including within the relatively fiat-lying and 
isolated sandstones. Hence the pressures of the isolated 
sandstones are useful calibrants of the one-dimensional 
(purely vertical flow) pressure model assumed by 
equation (3) (see Figure 1). However,  fluids flow 
laterally through the faulted sandstones, until all 
of the sandstones in communication achieve a con- 
stant overpressure: pressure varies with these 
communicative sandstones, referred to henceforth as 
pressure cells, according to equation (7) where dp has a 
constant value. 

Excluding the horizontally lying sandstones there are 
two pressure cells in Figure 3, (if the two faults which 
isolate the sandstone of pressure cell 2 continue to do 
so in the third dimension, perpendicular to the plane of 
the section). The faulted sandstones in pressure cell 1, 
on the left hand side of Figure 3, crop out on the sea 
bed: any overpressures inherited from the surrounding 
mudstones and siltstones are able to leak away and all 
the sandstones are at hydrostatic pressure, a state often 
referred to as normally-pressured. 

In practice, as long as some of the sandstones in the 
pressure cell reach depths shallower than the minimum 
depth at which overpressures are developed in the 
surrounding mudstones and siltstones (generally 
1 -2  km sub-sea), any overpressures inherited by the 
sandstones can be dissipated. Pressure is transmitted 
from the deeper  sandstones to the shallower 
sandstones, then through the normally pressured 
rnudstones which surround the shallower sandstones to 
the sea bed. 

Thus the variation in pore pressure with depth 
encountered by well A in Figure 3 should resemble 
Figure 4a. Overpressure increases with depth, then 
decreases to zero (pore pressure equals hydrostatic 
pressure) in the vicinity of the sandstones. The 
overpressure inherited from the surrounding 
mudstones and siltstones by the faulted sandstones in 
pressure cell 2, on the right hand side of Figure 3, 
cannot be dissipated because none of the sandstone is 
at sufficiently shallow depth. The major fault which 
forms the boundary between pressure cells 1 and 2 
prevents the sandstones in cell 2 from communicating 
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with the shallow sandstones in cell 1. However  flow is 0 
possible, between all the sandstones within pressure * 
cell 2, to equalize their overpressures.  

1 This flow allows the deeper  sandstones in pressure 
cell 2, to export  the higher overpressures they inherit 
from their surrounding mudstones and siltstones 
up-dip. Because the shallower sandstones in the "~ 2 
pressure cell inherit lower overpressures from their 
surrounding mudstones and siltstones, the3: import  ~ 3 
some of the overpressures exported by the deeper  .,.°- 
sandstones. Thus the shallower sandstones are more 
overpressured than their surrounding mudstones and 4 
the deeper  sandstones are less overpressured than their 
surrounding mudstones.  5 

Well B drilled into the shallower sandstones of 
pressure cell 2, should encounter  the trend of pore 
pressure as a function of depth shown on Figure 4b; 
pore pressure increases steadily with depth. However  
well C, which was drilled into the deeper  sandstone, 
should encounter  a decrease in pore pressure in the 
mudstones and siltstones above the faulted sandstones 
(as shown in Figure 4c.). 

The Jurassic sandstones in Hal tenbanken have very 
similar histories to the faulted sandstones of Figure 3. 
Therefore  the Jurassic sandstones whose pore pressures 
plot on the hydrostatic line in Figure 2 belong to a 
pressure cell similar to pressure cell 1 of Figure 3. And 
the overpressured Jurassic sandstones in Figure 2 
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laterally continuous sandstone whose pressure can be 
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Figure 6 Diagram to show how a pressure cell 2 of Figure 3 
could be divided into strips of approximately constant average 
depth to the top of the sandstone, for the solution of equation (8) 

belong to a pressure cell similar to pressure cell 2 of 
Figure 3. Those with pressures greater  than predicted 
by the one-dimensional model come from the shallower 
sandstones in the cell. Those with pressures less than 
predicted by the model come from the deeper  
sandstones in the cell. 

Extension of equation (3) to three dimensions 
In the simple case of verticall~ upwards flow discussed 
above, it was adequate to solve equations (3) to (6), 
and the equations in the Appendix for a rock column by 
working down from the surface, where overpressure is 
fixed as zero. When lateral flow affects the column, the 
column must be divided into portions where the pore 
fluids flow predominantly vertically. For example,  the 
sedimentary column shown in Figure 5 could be divided 
into two portions for solution of the equation. The 
upper  portion is bounded by' sea bed or an extensive 
permeable  bed and the lower proport ion is bounded bv 
an extensive permeable  bed or by impermeable  
basement.  

The overpressures at the permeable  boundaries must 
then be estimated. If the beds which form the boundary 
are part of a pressure call in communication with 
shallow normally-pressured regions, such as the 
pressure cell 1 of Figure 3, the overpressure at the 
boundaries is zero. However ,  if thc beds which form 
the boundary arc part of a pressure cell not in 
communication with shallow normally-pressured 
regions, such as the pressure cell 2 of Figure 3, the 
overpressure at the boundary must be calculated, or 
measured from a pressure test carried out in a well 
drilled into the pressure cell. 

To calculate thc overpressurc of the pressure cell, 
each cell is divided into strips of approximately 
constant average depth to the top of the pressure cell. 
For example Figure 6 shows how pressure cell 2 of 
Figure 3 could be divided into four strips. 

The first strip corresponds to a depth interval of 
3 .0-3.5  km to the top of the pressure cell, the average 
depth to the top of the sand being about 3.4 km. The 
second strip corresponds to thc depth interval 
3 .5 -4 .0  km and has an average depth to the top of the 
pressure cell of 3.75 km. The third strip, which 
corresponds to the interval 4.(!-4.5 km actually 
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contains two separate parts of the reservoir, denoted as 
3a and 3b in Figure 6. The average depth to the top of 
the pressure cell is about 4.2 kin. The fourth strip 
corresponds to a depth of greater than 4.5 km and has 
an average depth to the top of the pressure cell of about 
4.6 kin. For each strip the expected overpressure (¢%:s) 
in the sandstone is calculated using the equations in the 
Appendix. These results assume that there is no lateral 
pressure communication across the pressure cell. These 
expected overpressures are then combined to give the 
actual overpressure of the cell when lateral fluid flow, 
causing equalization of overpressure, does occur. 

The overpressure of the cell < ~ w >  is given by: 

< ~ '~r > : El(As) (Hs) (@s) (q~ES)] 
X[ (As)(Hs)((Ps)] (s) 

Where As is the total area of a strip; Hs is the net 
thickness of the sand; q~s is its porosity; qbES is its 
expected overpressure. 

The summation sign means the terms inside the 
square brackets should be solved for each strip, then 
the results for all strips summed. Estimating the 
average porosity of the pressure cell in each strip is 
difficult, because porosity is a function of effective 
stress (see the Appendix),  which is related to 
overpressure (equation 4). Hence,  in the absence of 
actual porosity versus depth data, equation (8) must be 
solved using typical values of q)s for each strip. Then 
the calculated value of < q b w >  should be used in 
equation (4) and the equations in the Appendix to 
redetermine (Ps for each strip. Next equation (8) should 
be re-evaluated using the new values of qb s. The 
iterative process must be repeated until consecutive 
estimates of qbs agree to within a few ten psi. 

When the value of <qbw> has been estimated for a 
pressure cell, it becomes possible to recalculate the 
pore pressures in the low permeability rocks above the 
pressure cell. The deeper  part of the pressure cell has 
lost pressure laterally updip, and will therefore have a 
lower overpressure than the overlying sediments. The 
overpressure is calculated as before except that below a 
certain depth ( d .  ...... ) the overpressure change given by 
equation (3) must become an overpressure decrease 
down to the top of the pressure cell. The value of d .  ..... 
must be guessed at and only one value will give the 
correct match to < qbw>. This is shown schematically 
in Figure 7. If the value of d .  ..... is assumed to be too 
shallow, then the required overpressure will be 
underestimated; if too deep, the required overpressure 
will be overestimated. Where overpressure decreases 
with increase in depth, the sediments dewater by 
downward flow into the pressure cell. In Figure 7 the 
continuous increase in pore pressure was 
approximately linear because the permeability had 
become approximately constant due to the inability of 
the mudstones to significantly dewater further. Where 
the overpressure is decreasing with increase in depth, 
dewatering into the pressure cell has increased the 
effective stress on the rock matrix leading to further 
compaction and thus an increased (modulus of) 
overpressure gradient. Immediately above the 
depressurized pressure cell the mudstone porosity and 
permeability are at their minimum and therefore the 
modulus of overpressure gradient is at its maximum. 

If the overpressurc of the pressure cell predicted for 
a single strip, using the one-dimensional model of the 
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Figure 7 Diagram to show the calculation of the pressure profile 
of a sequence between a normally-pressured top and a reservoir 
whose pressure is known or estimated (case I). We solve 
equations (3) to (7) working down from the top (the solid line). If 
the pressure at the base of the sequence is greater than the 
pressure of the reservoir, we find a depth dm~x below which the 
overpressure change calculated by equation (3) assumes a 
negative sign (decreasing overpressure with increasing depth). 
If d(P~a× is tOO deep, the calculated reservoir pressure will be too 
high. A correct choice of d~× will match to the required 
reservoir pressure. The approach adopted when the reservoir 
pressure is greater than maximum possible pressure calculated 
at the base of the sequence, is summarized in Figure 8 

Appendix, is less than that predicted for the whole 
pressure cell using equation (8) then the pressure in the 
cell has been increased by the import of higher 
overpressures from deeper parts of the cell. Modelling 
of the overlying pore pressures resulting from this 
lateral flow becomes unclear because the 
compressibilities of low permeable rocks over 
geological times are poorly understood. It is, however, 
clear that overpressures must continually increase with 
increase in depth from the sea bed down to the pressure 
cell. The way that we model the overpressure is to 
increase the deposition rate in equation (3) above its 
true value, until the overpressure calculated using 
equations (3) to (7) agrees with the overpressure 
calculated using the geometry of the underlying 
pressure cell and equation (8) or measured in wells. 
This is shown as a diagram in Figure 8. 

Applications and implications for petroleum 
exploration 
Primary migration 
Oil and gas predominantly migrate through mudstones 
in a vertical direction. They may only migrate 
downwards from a source rock to an underlying 
permeable rock which releases pressure and allows the 
petroleum potential (~p)  to continually decrease 
downwards from the source rock to the reservoir 
sandstone. The petroleum potential is given as the sum 
of the overpressure (water potential ~w), the buoyancy 
potential ( ~ ,  = (p,, - 9p) gz), and the capillary 
potential ( ~ .  = 2yr)  (England et al., 1987). Thus 
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Figure 8 Diagram to show the calculation of the pressure profile 
of a sequence between a normally-pressured top and a reservoir 
whose pressure is known or estimated (case II). We solve 
equation (3) working down from the top. When the reservoir 
pressure is greater than the pressure calculated at the base of 
the sequence, the burial rate used in equation (3) is adjusted 
above the true value and the calculation repeated, until the 
calculated pressure at the base agrees with the pressure in the 
reservoir. The pressure profile defined by this calculation is 
taken as the actual profile. The approach adopted when the 
reservoir pressure is less than the pressure calculated at the 
base of the sequence, using the true deposition rate, is 
summarized in Figure 7 

S. Mackenzie 
downward migration is only possible above the 
downdip end of a pressure cell such as for wells A and 
C in Figures 4a and c. The overpressure gradient 
required to overcome buoyancy is such that it is 
unlikely that petroleum is able to migrate more than 
300-500 m downwards from a source rock. 

Seal capacity 
The combined effect of overpressuring and lateral flow 
in high permeability units can be to significantly alter 
the sealing capacity of a cap rock. For instance, the 
profile of pore pressure predicted to be encountered by 
well B (Figure 4b) in Figure 3 is less favourable for the 
accumulation of oil and gas in the faulted sandstones 
than the pressure profiles of the other wells (Figures 4a 
and c). This is because the overpressures of the faulted 
sandstones in well B are greater than those of the 
overlying mudstones and siltstones, which therefore 
become less effective seals for any oil or gas which 
accumulates in the sandstones. Their sealing capacity 
may be further reduced if the extra overpressures 
imported from the deeper  sandstones in the pressure 
cell raise the pore pressures of the sandstones above the 
fracture pressure of the shales and siltstones. In Figure 
4 fracture pressure is taken as 85% of lithostatic 
pressure (assuming zero water depth) (Stuart, 1960). 
However the true fracture pressure is probably higher 
than this value. 

Drilling 
Equation (3) predicts that overpressures are likely to be 
larger in rapidly deposited low permeability sequences. 
Thus, special precautions are required when drilling 
such sequences. The equations can be used to estimate 
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Figure 9 Depth contours in metres subsea (contour interval of 500 m) on the top of the major middle Jurassic sandstones on Central 
Haltenbanken, offshore Norway 
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the maximum pressures expected, and hence to 
recommend the maximum operating pressure if 
required for drilling and safety equipment  (such as 
devices for blow-out prevention).  

The different pressure profiles seen in well B (Figure 
4b) and m wells A and C (Figures 4a and c), require 
different procedures to drill the wells. Higher densities 
of drilling fluid are needed to stop the flow of fluids into 
the wells, and to prevent the well collapsing while it is 
being drilled through the mudstones and siltstones 
overlying the sandstones in wells A and C. However ,  if 
the same densities of drilling fluid are used to drill the 
faulted sandstones in wells A and C, much of the 
drilling fluid flows into the sandstones and damages 
them. This is because the average ,pore pressure 
gradient from the surface to the sandstones is lower 
than those to the mudstones and siltstones. This can 
prevent the potential flows of oil or gas from the 
sandstones from being assessed correctly by subsequent 
tests. 

In most such cases, the mudstone section is cased-off 
(lined with pipe) after it has been drilled: then the 
density of the drilling fluid is reduced before the well is 
deepened further into the sandstones. Such precautions 
are not necessary for wells such as well B in Figure 3, 
because the pore pressure gradients to the sandstones 
are similar to those of the overlying mudstones and 
siltstones. 

The recognition of the different pressure regimes 
represented bv wells A, B and C in Figure 4 could be 
difficult, because the boundaries of the pressure cells 
may be difficult to define, such that equation (8) can be 
correctly solved. In such instances it is important to use 
other indicators of overpressure (such as seismic 
velocity; Durra, 1987) to refine the fluid flow and 
pressure model. 

E - W  cross section. In thc Pl io-Pleis tocene these 
sandstones were buried by over 1 km at 250 m Ma 
The average deposition of the top 2 km of sediment 
was 50 m Ma i. Four pressure cells are marked.  The 
limits of these pressure cells are defined by faults with 
large throws, unconformities,  and some tentative 
barriers in non-critical locations (where errors in the 
exact location of the boundaries do not significantly 
affect the predicted pressure of the cell). Oil-prone 
source rocks overlie the sandstones (separated by a few 
hundred metres of barren shales). Wells had been 
drilled in cells 1-3  and predictions of the sandstone 
pressure and fluid composition were required prior to 
drilling in cell 4. 

The Jurassic sandstones intersected by the wells in 
pressure cells 1 and 2 are normally pressured or mildly 
overpressured and hydrocarbon bearing. The 
sandstone intersected by the wells in pressure cell 3 is 
highly overpressured and dr}. Ungerer  et al. (1987) 
have already studied this region in great detail using 
much more sophisticated pressure modelling. We have 
re-examined it in order to validate our simpler 
approach. Our overall conclusions are similar to those 
already reported by Ungerer  et al. (1987). 

For each pressure cell the total areas were calculated 
where the tops of the pressure cell were in the inter- 
vals: less than 2.5 kin, 2.5 3.0 kin, 3 .0-3 .5  kin, 
3 .5 -4 .0  kin, 4 .0-4 .5  kin, 4.5 5.0 kin, and greater 
than 5 . 0 k m :  all depths arc sub-sea. Since the 
sandstone was overlain almost entirely by shale, the 
generated overpressure corresponding to the average 
depth of each interval (qbEs in equation (8)) was read 
from the curve in Figure lc. The areas were combined 
using equation (8) to give the average overpressure for 
each cell. Cell 1 was assigned an overpressure of zero, 
because some of its sands crop out on the sea bed. 

These overpressures were used to determine the 
pressure profiles of three of the wells shown in Figure 9 
(in cells 2 and 3) using the method summarized by 
Figures 7 and 8 and discussed above. The resulting 
pressure profiles are shown in Figures l la -c .  

Case history 

Figure 9 is a map on the top of the Middle Jurassic 
sandstones in Hal tenbanken:  Figure 10 is a schematic 
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Figure 11 Calculated and observed pressures f rom three  wells 
on Central Hal tenbanken,  o f f shore  Norway:  (a) well 6406/3-1; 
(b) well 6406/6-1; (c) well 640714-1. Calculated using equations 
(1) to (8), C = 1.45 x 10 7, and a burial rate f o r t h e  m o s t  recently 
deposited 2 km of 50 m Ma 1 

The match between predicted pressures and 
observed values is good in Figures l la and b (cell 3). 
The results are less good in Figure l lc  (cell 2) but this 
can be explained by poorer connectivity in sands of 
pressure cell 2 than was assumed. Evidence for this is 
that the pressure measurements in the Jurassic 
sandstone lie on a pressure gradient which is greater 
than hydrostatic. The profiles explain why the wells in 
pressure cell 3 (6406/3-1, 6406/6-1, are dry: the pore 

S. Mackenzie 
pressure of the parts of the pressure cell encountered 
by the wells exceeds that of the overlying shales and 
siltstones, and approaches fracture pressure (Figures 
lla and llb). Also migration of oil and gas from the 
overlying source rocks is upwards, away from the 
reservoir. The pore pressure of the parts of pressure 
cells 1 and 2 encountered by wells 6407/1-2 and 
6407/4-1 are predicted to be less than that of the 
overlying shales and siltstones (Figure llc), and the 
wells found mobile hydrocarbons sourced by downward 
migration from the overlying oil-prone source rocks. 

The results for cells 1-3 gave confidence that the 
assumptions of sediment types, deposition rates and 
pressure cell boundaries had been correctly located and 
this allowed a prediction to be made for pressure cell 4. 
It was predicted that the reservoir in cell 4 would be dry 
with an overpressure of 4670 psi. Subsequent drilling of 
well 6406/8-1 produced a dry hole with a sandstone 
overpressure of 4730 psi. 

Requirements for pore pressure modelling 

The accuracy to which pore pressures may be predicted 
is ultimately determined by the accuracy of the 
geological input rather than by approximations made 
by the model. Good pore pressure predictions can 
usually be made if deposition rates are reasonably 
constant, the sediment types can be determined and the 
three-dimensional lateral extent of all permeable 
sediments such as sandstones and limestones can be 
found. The model may be calibrated and the accuracy 
improved if there are pressure measurements available 
from nearby wells, even if the measurements are made 
in different pressure cells. Lithologies are usually found 
by combining well log data from nearby wells with 
seismic data. Ideally three-dimensional seismic data 
should be used, but if an area has constant strike then a 
two-dimensional model, based on a seismic line 
through the direction of maximum dip, will give good 
pore pressure predictions. The major source of errors 
usually arises from incorrect positioning of the 
boundaries of the pressure cells formed by the 
permeable sediments. The positioning of these 
boundaries is less critical for relatively flat-lying 
sediments than for steeply dipping sediments. 
Therefore the accuracy of the pore pressure predictions 
will generally be greatest for low relief structures, 
particularly where the bounds of any high permeability 
sediments can be clearly delineated. 
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A p p e n d i x  

Calculation o f  overpressures in one 
dimension (using, SI  units') 
The overprcssure (or water potential) gradient dCbw/dz 
is given by equation (3): 

i dqb,,/dz I=  C/k dh/dt (3) 

where C = 10 is (Pa Ma i) (empirically derived by 
comparing calculated and measured overpressures), 
k = permeability (m e ) - (1 m 2 = 10 l~_ D) and 
dh/dt = deposition rate (rn Ma-I) .  

The permeability is given as a function of the 
porosity (q0 by the equations: 

k = Aq) u for elastics 

k = A × l() Bq' for carbonates 
(9) 

where the values of the constants A and B are given in 
Table 1. 

The porosity is related to the void ratio (e) by the 
equation: 

q~ -- e / ( l  + e) (10) 

pore f luid pressures: D. M. Mann and A. S. Mackenzie 
The void ratio is given as a function of the effective 
stress (o') by the equation: 

- ~(> = -Co l o g l 0  [ o ' / o l i ]  (11) 

where Cc is a lithology dependent constant known as 
the compaction coefficient. Values of C,, are given in 
Table 1. 

Because o~)cannot be allowed to equal zero, 
calculations are started 1 m below the surface of the 
sediment where oi) = 7800 Pa. Values of eo are given for 
different lithologies in Table 1. 

The effective stress is related to the overburden (PL) 
by the equation: 

PL = O' + PH + qb,~ (12) 

where: PH is the hydrostatic pressure (Pa) 
is the overpressure (Pa) 

By differentiating and rearranging equation (12) the 
change in effective stress can be calculated at each 
depth increment (dz): 

do' = dPL - dPH - dqb,~, (13) 

Equation (13) may be written: 

d o '  -- (1 - (J)) (Pgrain -- P W ) ~  Ti - dC l )w /dz  T~ (14) 

where: Pgrain = rock grain density (2650-2700 kg m 3) 
Pw = water density (1000-1100 kg m -3) 
Ti = dz = thickness of depth increment 

The overpressure profile can be calculated at each 
depth interval by solving the above equations cyclically 
in the order: 3, 14, 11, 10, 9. 

In equation (3) only the modulus of the overpressure 
gradient is calculated. If fluid flow is entirely upwards 
then the gradient is always positive. If downward flow is 
possible then a base overpressure must be specified. An 
iterative match to the base overpressure is then 
obtained by guessing a depth above which the 
overpressure is continually increasing and below which 
the overpressure is continually decreasing. 

Table 1 Model Parameters for est imat ion of overpressures and pr imary migrat ion directions 

Lithology Pore size Porosity Void ratio Compaction 
coefficient 

(m) q)o ~o Cc 

Permeabil i ty 
coefficients 

k A(p B (m 2) 

A 

Shale 10 8 0.629 1.695 0.43 

Sil tyshale 3 x 10 8 0.629 1.695 0.40 

Shaly silt 10 7 0.629 1.695 0.40 

Silt 10 e 0.629 1.695 0.40 

Fine-grained sand (d<200/zm)  10 5 0.54 1.174 0.25 

Coarse-grained sand (d >200/~m) 10 4 0.54 1.174 0.25 

Limestone 10 7 0.764 3.237 0.88 

4 × 1 0  1 8 
5 × 10 15 8 

3 × 10 14 8 

4 x 10 ~3 8 
10 9 8 

10 8 5.1 

k A x 10 B* (m 2) 

2 x 10 ~7 6.44 

Near-surface effective stress o~ = 7800 Pa 

The above values are only correct if 1 m calculation intervals are used 
1 m 2= 10 ~2D 
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