
ABSTRACT

The overpressure history of a sandstone can be
estimated using a numerical model if the burial
curve and geological setting are known. From the
resulting effective stress, the maximum potential
porosity (MPP) can be calculated. The MPP is the
maximum porosity the rock could theoretically
hold open at the modeled burial depth and pore
pressure. Measured rock porosities should be at or
below the MPP. We have determined the MPP his-
tory for the Fulmar Formation sandstones (Upper
Jurassic) of the Central Graben, North Sea, and
have compared the predictions to measured core
data. We conclude that for the majority of the
Fulmar Formation sandstones, the porosity evolu-
tion is a simple pattern of reduction during burial
caused by compaction and cementation.
However, in wells sited close to regional overpres-
sure leak-off points, the porosity has been signifi-
cantly increased from an end-of-Oligocene low
(mean 21%) to the present-day values (mean 31%).
This porosity increase occurred by feldspar disso-
lution, with the reaction products being removed
from the sandstones. Secondary porosity genera-
tion and the export of solute occurred while the
sandstone was highly overpressured, although still
part of an open hydrogeological system. The gen-
eration of porosity within deeply buried sand-
stones is of commercial importance and potential-
ly can be predicted.

INTRODUCTION

Considerable diagenetic work has been focused
on the processes of porosity destruction and gener-
ation during deep burial in sandstones. This work
is of considerable commercial interest because of
the implications for the porosity development of
petroleum reservoirs. Numerous studies have
described the petrographic features produced by
secondary porosity formation and have speculated
as to the cause of mineral dissolution (e.g., Schmidt
and McDonald, 1979; Surdam et al., 1984; Giles et
al., 1994; Pittman and Hathon, 1994). The timing of
secondary porosity formation has been a source of
some debate. Because of the apparent difficulty of
moving large quantities of solute out of a sandstone
during deep burial, some workers have suggested
that the majority of secondary porosity must form
during shallow burial under the influence of mete-
oric water flushing, making large volumes of water
available for solute transport (e.g., Bjørlykke,
1984). In contrast, many workers have used textu-
ral and geochemical evidence to ascribe secondary
porosity formation to deep burial diagenesis (e.g.,
Surdam et al., 1984). The products of this mineral
dissolution must be removed from the sandstone,
or any secondary porosity formed will be balanced
by porosity infilled by authigenic minerals precipi-
tated. This process does not result in a net gain in
porosity, merely a redistribution of porosity (e.g.,
Giles and de Boer, 1990), whereas the loss of disso-
lution products can result in a net gain in porosity.

In this paper we summarize the results of a pet-
rographic study of a reservoir sandstone from a
commercially important North Sea petroleum
province (the Upper Jurassic Fulmar Formation),
and combine these results with the results of com-
puter modeling of the porosity development and
overpressure patterns. From this combination we
can draw important conclusions as to the timing of
secondary porosity development. We present a
model describing the interaction of overpressure,
pore-f luid f low patterns and secondary porosity
development, and present a new concept for
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porosity prediction in sandstones: maximum
potential porosity (MPP).

GEOLOGICAL SETTING

The Fulmar Formation was deposited predomi-
nantly on a shallow-marine shelf within the Central
Graben of the North Sea (Figure 1) (Johnson and
Stewart, 1985; Howell et al., 1996). The Fulmar is
an aggradational sand of remarkable homogeneity,
consisting largely of bioturbated and structureless
fine to very fine grained sandstones with little varia-
tion in sedimentary facies. Simplified versions of
the paragenetic sequence have been presented 
by Stewart (1986), Clelland et al. (1993), and
Wilkinson et al. (1994). Our own regional studies
show that the cementation sequence within the
Fulmar Formation is similar throughout the Central
Graben (Figure 2). Important authigenic cements
are dolomite, quartz overgrowth, illite, ankerite,
albite, and bitumen. Microquartz coats many of the
grains in the wells discussed in this paper, but it is
not usually a pore-filling cement, unlike elsewhere
within the Fulmar Formation (Stewart, 1986).
Significant dissolution of dolomite and feldspar has
occurred; the majority of the secondary porosity
was produced by the dissolution of potassium
feldspar (Figure 3). The Fulmar Formation is locally

highly overpressured, a factor that must be taken
into account when studying porosity development.
Overpressure may approach the lithostatic pressure
(up to 40 MPa [5800 psi] overpressure at 4500 m
depth). Differing levels of overpressure and porosi-
ties encountered at similar burial depths within the
Central Graben suggest compartmentalization of
basin f luids and f luid pressure (Powley, 1990;
Gaarenstroom et al., 1993).

In this paper we present data from two Central
Graben wells (22/30a-1 and 23/27-6, Figure 1) in
both of which the Fulmar Formation is buried to
depths greater than 3750 m (Figure 4). Although
the two wells have undergone similar burial histo-
ries and the Fulmar Formation is currently at similar
depths in the two wells, the porosities of the sands
are significantly different (mean 31% and 21%,
respectively). These differences cannot be the
product of depositional factors such as grain size,
sedimentary facies, or the position of cored inter-
vals relative to sequence stratigraphic boundaries
(Donovan et al., 1993) because sedimentological
work has shown these features to be uniform
across the study area (Howell et al., 1996). A
regional study of diagenetic alteration has shown
that the sediments at the time of deposition were
of uniform bulk composition across the basin
(Wilkinson and Haszeldine, 1996). Hence, we
relate the present-day porosity differences to the
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patterns of diagenesis. In this case, we infer that
subsurface pore-fluid flow, driven by differences
in overpressure, was important in dissolving
framework feldspars at structurally controlled
locations.

METHODS

Resin-impregnated thin sections were made for
27 samples from the two wells, and SEM examina-
tion of core chips was also undertaken as part of a
study of the regional diagenesis of the Fulmar
Formation of the south Central Graben (Wilkinson
et al., 1994; Wilkinson and Haszeldine, 1996). This
regional study involved the examination of thin sec-
tions and core material from a total of 14 wells.
Porosity data for the wells are released by the Unit-
ed Kingdom government.

We have used the BasinMod 2-D™ basin model-
ing software to simulate sediment compaction and
pressure evolution along a two-dimensional cross
section (Figure 5) that includes the two study
wells and the graben depocenter. The reduction of
sediment porosity during compaction is modeled
using a widely accepted exponential relationship
(Bethke, 1985; Person and Garven, 1992; Mello et
al., 1994) based on the effective stress acting on
the sediment:

where φ is the porosity, φi is the initial porosity at
the sediment-water interface (0.45 for sandstones),
A is a fit coefficient (see Table 1), Z0 is sea level,
and Z is effective burial depth.

The coupled relationship between porosity and
effective stress forms the core of the model. As
porosity decreases, pore water is expelled. Model
permeability is related to porosity by a power law
(Lerche, 1990):

where K is the permeability, Ki is the initial perme-
ability, φ is the porosity, φi is the initial porosity, and
B is a fit coefficient (Table 2).

Fit coefficients are varied to calibrate model
porosity and permeability to present-day measured
pressures, following the methodology of Burrus et
al. (1991). Low-permeability formations, such as
Lower Cretaceous shales within the study area,
restrict pore-water expulsion and lead to overpres-
sure. In turn, overpressure reduces effective stress
and retards compaction, leading to “compaction
disequilibrium” (Reike and Chilingarian, 1974).
The details of modeling the pore pressures in this
region are contained within Darby et al. (in press).

Implicit in this modeling approach is the as-
sumption that the compacted sediment cannot
decompact or expand when the effective stress is
reduced (de Marsily, 1986; Mello et al., 1994). For
example, the rocks may experience a decrease in
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effective stress as overpressure increases to levels
that approach the lithostatic pressure (Miller, 1995).
Deep burial in overpressured conditions with low
levels of effective stress is effectively equivalent to
shallow burial in hydropressured conditions (Bethke,
1985). Although we do not believe that sandstones
can experience a mechanical recovery of their poros-
ity, we have found it instructive to calculate a
“reversible” model porosity equivalent to the porosi-
ty in the sandstone at the modeled effective stress in
hydropressured conditions. For this purpose, the
pore pressure modeled by BasinMod 2-D is used to
calculate the effective stress acting on the rock; from
this value, we calculate the equivalent depth under
hydrostatic conditions and recalculate porosity using
the exponential relationship (Bethke, 1985).

The porosity value calculated by this approach
is a “virtual” porosity that represents the maxi-
mum porosity permitted by the stress state in the
rock at the modeled depth and pressure. We term
this value the maximum potential porosity (MPP).
The observed porosity of the sandstone must be
less than or equal to MPP, otherwise compaction
would occur. Departures from the model porosity
could result from nonideal compaction due to
grain support by cements, for example. However,
our proposal is that secondar y porosity can
increase to fill the virtual field in a manner gov-
erned by rates of geochemical reactions (Figure
6). Note that this porosity increase does not imply
any increase in the stratigraphic thickness of the
sandstone.
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Figure 3—Scanning electron microscopy (SEM) and thin-section photomicrographs from well 22/30a-1 showing
extensive secondary porosity. (a) Thin-section photomicrograph (plane-polarized light) showing several secondary
pores after feldspar; scale bar = 100 µm, depth 4665.8 m. (b) SEM photomicrograph showing a highly corroded
alkali feldspar; scale bar = 30 µm, depth 4657.2 m.

Figure 4—Burial curves for
the two study wells. The
two wells have had very
similar burial histories.



RESULTS

Figure 7 shows the compositions of sands within
the two study wells derived from point-count data,
with the mean composition data listed in Table 3.
Figures 8 and 9 show the modeled overpressure
through time for these wells, along with the mod-
eled MPP and the mean measured present-day Hg-
porosity and pore-fluid overpressure for compari-
son. Table 1 presents the mean present-day core
plug horizontal-porosity data for these wells, also
shown in Figure 10.

Both wells 22/30a-1 and 23/27-6 experienced
rapid burial in the Cenozoic, which would tend to
reduce porosity. However, in this basin (Figure 5),
the proximity to the low-permeability pressure seal

formed by the Lower Cretaceous shales and the
Upper Cretaceous chalk has produced abnormal
pressures due to restricted f low in the Upper
Jurassic sandstones beneath the seal. There is good
agreement between the modeled pressures and the
present-day pressures measured by repeat forma-
tion tests in the Jurassic sandstones (Darby et al., in
press). This agreement suggests that our numerical
model is adequately calibrated.

DISCUSSION

Well 23/27-6 can be taken to be representative of
the majority of wells within the Central Graben (Wil-
kinson and Haszeldine, 1996), so that the porosi-
ty type and abundance are typical for the Fulmar
Formation at the sampled burial depth (Figure
10). Well 22/30a-1, however, is anomalous in that
the porosity is exceptionally high for this depth,
although the observed paragenetic sequence is
not unusual. Figure 11 illustrates the difference in
present-day porosity between the two study
wells, and also the relationship to MPP. For well
23/27-6, the mean present-day porosity is approx-
imately equal to the MPP at 10 Ma, before the
regional Pliocene–Pleistocene burial. Hence, the
most simple explanation of the present-day 
porosity values is that cementation and com-
paction reduced the porosity to approximately
21% at approximately 3000 m depth, and that the
sand was buried an additional 800 m during the
Pliocene–Pleistocene with no significant porosi-
ty change (Figure 8). We consider that feldspar
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Table 1. Hg-Porosity Data

Well Mean Depth 
Number Porosity (%) 2σ Interval (m)

21/30-3 20.9 0.9 2588.2–2660.5
22/30a-1 21.6 0.8 4646.6–4667.0
23/27-3 20.1 0.5 4010.4–4052.8
23/27-4 21.0 0.9 3402.5–3430.6
23/27-6 31.0 0.6 3868.1–3907.4
29/2a-2 14.6 0.7 3933.0–3977.8
29/5b-6 15.7 2.1 5206.2–5454.4
29/10-2 19.7 1.2 4188.6–4397.3
29/12-1 16.4 1.5 2692.3–2714.8
30/12b-3 16.2 2.7 4020.1–4073.8



dissolution has occurred in this well, but has not
increased porosity.

The porosity evolution in well 22/30a-1 is more
complex. At the middle Oligocene (30 Ma) the 
sediments were buried to 3000 m depth with mod-
eled porosities about 21.5% (Figure 9). However,
present-day porosities are approximately 10% high-
er than this minimum value, such that 10% porosity
must have been formed during the last 30 m.y. The
majority of this porosity increase must have taken
place within the last 10 m.y. (see Figure 9). Present-
day porosities of 31% cannot be preserved primary
porosity from the time of shallow burial. Pres-
ervation of this amount of porosity would require
the existence of near-lithostatic pore pressures
from the Late Cretaceous (65 Ma, when the Fulmar
Formation was at only 1500 m depth) to the pres-
ent day. Our numerical model suggests that over-
pressure commenced at 40 Ma, and achieved high
levels only during rapid Pliocene–Pleistocene 
burial.

Petrographic evidence strongly supports the dis-
solution of potassium feldspars as the principal
porosity-generating process. A lack of reaction
products (e.g., albite and illite) preserved within
the sandstone today implies open-system condi-
tions during feldspar dissolution, with the export
of the reaction products (silica, aluminum, potassi-
um) (see Wilkinson and Haszeldine, 1996) from the
sandstone. How can an overpressured sandstone
be an open chemical system? The answer to this
question clearly depends upon the nature of over-
pressure. If overpressure is generated within a
sealed box (a cell), then removing solute is difficult
(other than by the geologically slow process of dif-
fusion). However, if overpressure is a dynamic phe-
nomenon (Neuzil, 1995) that can be maintained
despite fluid loss to structurally higher and less-
overpressured units, then solute movement can
readily be explained. The open-system behavior of
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Table 2. Maximum Potential Porosity Modeling Parameters

Sandstone Siltstone Shale Limestone

Density (g/cm3) 2.64 2.64 2.7 2.72
Initial Porosity 0.45 0.55 0.60 0.60
Initial Permeability (md) 30,000 100 100 5000
Porosity Reduction Factor (A) (m–1) 0.00012 0.00023 0.00030 0.00019
Permeability Reduction Factor (B) 7 6 6 6
Permeability Anisotropy 1.0 0.2 0.2 0.5

Shallow burial - no overpressure
Porosity equals MPP
Porosity reduced by compaction

Overpressure develops
then remains constant
MPP increases as fluid pressure holds actual
porosity open - effective stress reduced. Porosity
either (A) remains constant as feldspar
redistributed (closed system) or (B) increases due
to feldspar removal (open system)

A
B

Overpressure drops, effective stress increases.
MPP decreases as fluid pressure no longer
supports rock load
If porosity is higher than MPP it must be
reduced (C). Otherwise no change
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Figure 6—Diagram of a hypothetical three-stage burial
history explaining maximum potential porosity (MPP)
(see text for explanation). The initial burial is hydropres-
sured, the second stage is overpressured, and in the third
stage the overpressure is released. The arrows (A, B, and
C) show possible porosity-depth paths.
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Figure 7—Ternary diagram of sandstone composition.
Note the low feldspar content of well 22/30a-1, which we
attribute to dissolution during late diagenesis. Regionally,
the Fulmar Formation has up to 35% feldspar (Wilkinson
and Haszeldine, 1996), so that the sandstones of well
22/30a-1 are anomalous.



overpressured reservoirs has been noted by several
workers, including Jansa and Urrea (1992) and
Helgeson et al. (1993).

Recent studies of the overpressure pattern and
pore-fluid flow paths within the Central Graben
(Gaarenstroom et al., 1993; Darby et al., 1996)
revealed that well 22/30a-1 is sited close to a
regional pressure leak-off point. The leak point in
this case is the eroded crest of a Jurassic tilted fault
block (Roberts et al., 1990). The pressure seal on
the crest of this block is thinner than elsewhere in
the adjacent graben (Figure 5), which facilitates
overpressure release vertically into the overlying
hydropressured sediments. Additionally, pore pres-
sures at this leak point are close to the minimum
stress (Darby et al., 1996), so vertical f luid f low
may be occurring by hydraulic fracturing of the top
seal (Gaarenstroom et al., 1993). Pore-fluid flow is
channeled toward leak points and is driven by the

high overpressures developed within structurally
deeper units. This pore-fluid flow, focused onto the
crest of this fault block, we hypothesize to be
responsible for removing the products of feldspar
dissolution within well 22/30a-1, and hence
responsible for the anomalously high present-day
porosities.

The rapid burial that generated the hard over-
pressures within the Central Graben occurred
within the last 10 m.y. Because the formation of
secondary porosity by silicate hydrolysis (i.e.,
feldspar dissolution) is not an instantaneous pro-
cess, the present-day porosity may not be the maxi-
mum that could be developed. In other words, sec-
ondary porosity may be forming today within the
Fulmar Formation at locations where diagenesis is
not inhibited by a hydrocarbon charge.

Limitations of the Model

The application of quantitative computer models
to fluid flow in basins requires the reduction of com-
plex geological processes into simple mathematical
descriptions. Numerical models in geology are
unverifiable (Oreskes et al., 1994) and at best serve
as a framework for hypotheses. Generalizations are
impossible to avoid; for example, we have consid-
ered the abnormal pressures arising solely from dis-
equilibrium compaction. This is accepted as the
major overpressuring process active within the
North Sea (England et al., 1987), although other pro-
cesses that are less well understood, such as hydro-
carbon generation (Bredehoeft et al., 1994), also
may be contributing to the overpressure. Addition-
ally, we have used a two-dimensional computer
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Table 3. Sandstone Composition Data*

Well 22/30a-1 Well 23/27-6
Mean 2σ Mean 2σ

No. Thin Sections 5 8
Quartz 77.6 3 65 6
Rock Fragments 1.4 0.7 3 1
Plagioclase 1.4 0.7 2 1
Alkali Feldspar 8.4 0.5 23 3
Mica 1.4 0.2 0.3 0.2
Clay 8 2 5 2
Dolomite/Ankerite 1.0 0.9 1.0 0.4
Quartz Overgrowth 0.8 0.8 0.7 0.6

*As percentage of solids, 250 counts per thin section.
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model to investigate pressure-related phenomena
within the complex three-dimensional setting of
the south Central Graben. Because the modeled
cross section includes the deepest region of the
graben, which was the first region to become
overpressured, the lateral transmission of pres-
sure should be adequately simulated. Our model
provides a phenomenological explanation for the
porosity history of the sandstone located at the
leak point, even if the actual flow paths are more
complex than those suggested by our present
model.

IMPLICATIONS

We believe that MPP is a concept that can be
widely applied in petroleum basins that have expe-
rienced overpressure. For the Fulmar Formation,
we demonstrated that the generation of useful sec-
ondary porosity can be controlled by the MPP.
Open-system dynamic flow of pore fluids controls
the generation of potentially economically impor-
tant secondary porosity in well 22/30a-1. The con-
trol of secondary porosity generation by an elevat-
ed MPP is also important in other major sandstone
reservoirs within the North Sea (e.g., McLaughlin
et al., 1994). To understand the distribution of sec-
ondary porosity, we require a combination of struc-
tural mapping and basin modeling, complemented
by measured pressure and borehole porosity data.
In principle, the geographic distribution and tim-
ing of secondary porosity generation can now be
predicted prior to drilling. If secondary porosity
fairways can be identified and mapped, then zones
of high secondary porosity can be targeted. In the
case of the Fulmar Formation, we found porosities
of 31%, instead of the regional 21%, a finding with
obvious economic implications.

CONCLUSIONS

(1) The United Kingdom Central Graben con-
tains depositionally uniform shallow-marine shelf
feldspathic Jurassic sandstones. These have greatly
differing porosities today at 4 km burial depth.

(2) Petrographic sequences of diagenesis in all
these sandstones are similar regionally. We can
estimate apparent primary porosity and definite
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secondary porosity. From regional observations, we
believe these sandstones must have lost 30%
feldspar while buried deeper than 3 km.

(3) Using two-dimensional basin modeling, we
can reconstruct the overpressure history of a sand-
stone. This information can be inverted to yield the
effective stress acting upon a sandstone. From this,
we calculate the maximum potential porosity
(MPP) of a sandstone for a given effective stress. A
low effective stress (i.e., a high overpressure) trans-
lates into a high MPP at depth.

(4) Well 23/27-6 is typical of most Jurassic sand-
stones in the Central Graben. Compaction in
hydropressured conditions has reduced the mean
porosity to 21%, and Pliocene–Pleistocene over-
pressure preserves this level of porosity during
deep burial.

(5) The sandstones of well 22/30a-1 were deposi-
tionally similar but are now anomalous, showing
mean present-day porosities of 31%. This high
porosity cannot be preserved primary porosity.
Such preservation would require support by
extreme levels of overpressure since 65 Ma. Onset
of overpressure in the region has been modeled to
occur at 40 Ma, by which time porosity was already
reduced to 22%. High overpressure capable of sup-
porting 31% porosity has occurred only during
rapid regional Pliocene–Pleistocene burial.

(6) We infer that secondary porosity is being cre-
ated in well 22/30a-1 today. This porosity is being
created by a process of void support by high over-
pressure, combined with vertical leakage of over-
pressured pore fluid focused on a structurally high
leak point. Pore-fluid flow must take place in over-
pressured sandstones, and this f luid f low has
removed Si, Al, and K from the sandstone. Removal
of reaction products allows porosity to increase
toward the MPP. Deep diagenesis within the
Central Graben is not isochemical.
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