
AAPG Bulletin, v. 86, no. 2 (February 2002), pp. 301–328 301

Anomalously high porosity and
permeability in deeply buried
sandstone reservoirs:
Origin and predictability
Salman Bloch, Robert H. Lander, and Linda Bonnell

ABSTRACT

Porosity and permeability generally decrease with increasing depth
(thermal exposure and effective pressure); however, a significant
number of deep (�4 km [approximately 13,000 ft]) sandstone
reservoirs worldwide are characterized by anomalously high po-
rosity and permeability. Anomalous porosity and permeability can
be defined as being statistically higher than the porosity and per-
meability values occurring in typical sandstone reservoirs of a given
lithology (composition and texture), age, and burial/temperature
history. In sandstones containing anomalously high porosities, such
porosities exceed the maximum porosity of the typical sandstone
subpopulation.

Major causes of anomalous porosity and permeability were
identified decades ago; however, quantification of the effect of pro-
cesses responsible for anomalous porosity and permeability and the
assessment of the predictability of anomalous porosity and perme-
ability occurrence in subsurface sandstones have rarely been ad-
dressed in published literature. The focus of this article is on
quantification and predictability of three major causes of anoma-
lously high porosity: (1) grain coats and grain rims, (2) early em-
placement of hydrocarbons, and (3) shallow development of fluid
overpressure.

Grain coats and grain rims retard quartz cementation and con-
comitant porosity and permeability reduction by inhibiting pre-
cipitation of quartz overgrowths on detrital-quartz grains. Cur-
rently, prediction of anomalous porosity associated with grain coats
and grain rims is dependent on the availability of empirical data
sets. In the absence of adequate empirical data, sedimentologic and
diagenetic models can be helpful in assessing risk due to reservoir
quality. Such models provide a means to evaluate the effect of geo-
logic constraints on coating occurrence and coating completeness
required to preserve economically viable porosity and permeability
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in a given play or prospect. These constraints include thermal his-
tory and sandstone grain size and composition.

The overall effect of hydrocarbon emplacement on reservoir
quality is controversial. It appears that at least some cements
(quartz and illite) may continue to precipitate following emplace-
ment of hydrocarbons into the reservoir. Our work indicates that
integration of basin modeling with reservoir quality modeling can
be used to quantify, prior to drilling, the potential impact of hy-
drocarbon emplacement on porosity and permeability.

The best-case scenario for significant reservoir quality preser-
vation due to fluid overpressure development is in rapidly deposited
Tertiary or Quaternary sandstones. Our models suggest that signifi-
cant porosity can be preserved in sandstones that have experienced
continuous high fluid overpressures from shallow burial depths.
The models also indicate that the potential for porosity preservation
is greatest in ductile-grain–rich sandstones because compaction
tends to be the dominant control on reservoir quality in such rocks.
The case for significant porosity preservation associated with fluid
overpressures in pre-Tertiary basins, however, is more problematic
because of the complexities in the history of fluid overpressure and
the greater significance of quartz cementation as a potential mech-
anism of porosity loss.

INTRODUCTION

General

Hydrocarbon accumulations can occur only if all essential elements
(source rock, reservoir rock, seal rock, and overburden rock) and
processes (generation-migration-accumulation of petroleum and
trap formation) have operated adequately and in the proper time-
space framework (Magoon and Dow, 1994). Absence or inade-
quacy of even one of the elements or processes eliminates any
chance of economic success. Thus, sandstone reservoir parameters
(reservoir size, porosity, and permeability) are among the geologic
controls that have to be included in the consideration of risk factors
for plays and prospects (e.g., Rose, 1992; White, 1993).

The importance of accurate predrill assessments, including res-
ervoir quality, is growing as oil and natural gas companies are in-
creasingly exploring deeper targets. A case in point is provided by
a recent review of oil and gas production in the North Sea (Appert,
1998). The review performed by Institut Francais du Petrole indi-
cates that only 10% of the reserves produced by 1998 were located
deeper than 3500 m; however, one-third of all identified, but un-
developed, reserves occurred at depths below 3500 m (Appert,
1998). The proportion of undeveloped, deep reservoirs was even
higher for gas fields. The trend toward greater producing depths has
not been limited to the North Sea (Megill, 1988).

Anomalously high porosities and permeabilities in deeply bur-
ied sandstones can extend the economic basement and provide criti-
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cal support for commercial production. Four known
major causes of anomalously high porosity in sand-
stones are as follows: (1) grain coats and grain rims
(effective only in detrital-quartz–rich sandstones), (2)
early emplacement of hydrocarbons, (3) shallow de-
velopment of fluid overpressure, and (4) secondary po-
rosity. Although these phenomena are generally
known to geologists, misconceptions exist regarding
their occurrence and effectiveness. In this article, we
discuss quantification and predictability of anomalous
porosity as the result of the first three causes. The im-
pact of secondary porosity on reservoir quality and its
predictability are not addressed here as they have been
discussed at length in previous publications (e.g.,
Bloch, 1994; Giles, 1997).

Mean Porosity, Maximum Porosity, and Anomalously High
Porosity

Geologic methods used to predict, prior to drilling, po-
rosity and permeability in potential reservoirs depend
on the type of anticipated reservoir rock and the
amount and quality of available information. Different
approaches to reservoir quality prediction in frontier
and mature areas have been discussed in several pub-
lications (e.g., Schmoker and Gauthier, 1988; Meshri
and Ortoleva, 1990; Bloch, 1991; Byrnes and Wilson,
1991; M. D. Wilson, 1994a; Bloch and Helmold, 1995;
Kupecz et al., 1998; Lander and Walderhaug, 1999).
The main objective of most of these approaches is pre-
diction of mean porosity and permeability. Monte
Carlo analysis done in conjunction with the prediction
provides one of the ways to more rigorously evaluate
the porosity distribution for a prospective reservoir.

The methods referenced previously are applicable
to prediction in normal sandstone reservoir targets.
Such targets can be expected to have porosity distri-
butions typical of reservoirs with a given lithology
(composition and texture), age, and burial/tempera-
ture history. Empirical data indicate that in a majority
of sandstone reservoirs, porosity values at a given depth
(or over a relatively small depth range) display either
an approximately normal distribution (Figure 1) or a
lognormal distribution with a small variance (small
skewness). If the porosity distribution is clearly skewed
to the right (tailing off to the right), it may be due to
a skewed distribution of the sample population or sam-
pling problems. Common sampling problems include
an insufficient number of samples or a large number of
biased samples. In sandstone units not affected by sam-
pling problems, skewness reflects primarily diagenetic

effects. The heavier the diagenetic overprint affecting
the sandstones, the more skewed the porosity popu-
lation tends to be. Expectedly, extensive cementation
and/or compaction shift the porosity distribution from
approximately normal (Figure 1) toward lognormal
(Figure 2).

In addition to mean porosity, the maximum po-
rosity concept is useful in characterizing porosity dis-
tribution in a reservoir or a potential reservoir. Empir-
ical maximum porosity values are determined by
smoothing the line connecting the highest porosities on
a porosity-depth plot (Maxwell, 1964). Maximum po-
rosity of normal sandstones is different from anoma-
lously high porosity. In sandstone units containing
anomalously high porosities, such porosities exceed the
maximum porosity of the normal sandstone subpop-
ulation, although some overlap may exist with the high
end of the normal subpopulation (Figure 3). The
anomalous porosity subpopulation itself can also dis-
play approximately normal distribution (Figure 3).

Generally, a bimodal porosity distribution in clas-
tic bodies indicates a distinct lithology change. By con-
trast, bimodal porosity distributions characterized by
normal and anomalous subpopulations occur in lith-
ologically similar sandstones. This definition of anom-
alous porosity is based on a statistical analysis of po-
rosity distributions. The occurrence of such porosity,

Figure 1. Approximately normal porosity distribution in a
sampled interval of a Tertiary channel-fill sandstone, offshore
west Africa.
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Figure 3. Bimodal porosity distribution in sandstones of the
Middle Jurassic Ile Formation, North Sea. Well in Block 6406 of
the Haltenbanken area; 4603.0–4699.75 m of measured depth
(15,102–15,420 ft). The mean porosity for the whole population
of 344 samples is 11.6% (standard deviation � 5.2%). The
median porosity and the mode are 9.6% and 9%, respectively.
The normal subpopulation (samples with porosity � 15%) of
263 samples represents sandstones with no or sporadic coat
coverage of sand grains. The mean porosity is 8.9% (standard
deviation � 2.0%). The median porosity and the mode are
8.9% and 9%, respectively. Although the porosity distribution of
this subpopulation is different from that of the subjacent Ror
Formation (Figure 2), the maximum porosities are very similar
(approximately 15%). The anomalous subpopulation (samples
with porosity � 15%) of 81 samples represents sandstones with
nearly complete to complete coat coverage of sand grains. The
mean porosity is 20.1% (standard deviation � 2.7%). The me-
dian porosity and the mode are 20.4% and 20%, respectively.

Figure 2. Lognormal porosity distribution in a deep, heavily
silica-cemented sandstone unit. The highest porosities (�16%)
occur in proximity to the contact with the overlying Ile Formation
and reflect the presence of sporadic chlorite coats. Jurassic Ror
Formation, North Sea. Well in Block 6406 of the Haltenbanken
area, 4700.0–4800.75 m of measured depth (15,421–15,751 ft).

however, can be explained by known diagenetic phe-
nomena as discussed in this article.

GRAIN COATS AND GRAIN RIMS

General

Grain coats are the result of authigenic processes and
form subsequent to burial by growth outward from
framework grain surfaces, except at points of grain-to-
grain contact (M. D. Wilson and Pittman, 1977). Grain
coats include clays and microcrystalline quartz. To
avoid confusion, M. D. Wilson (1992, p. 209) pro-
posed the term “inherited clay rims” to describe coats
of detrital clay on framework grains “where the clays
were present on the grains prior to their arrival at the
site of deposition.” Because clay rims can form at the
site of deposition following transport (e.g., infiltrated
clays), we use in our discussion the term “clay rims”
rather than “inherited clay rims.”

Grain coats and grain rims retard quartz cemen-
tation and concomitant porosity/permeability reduc-

tion by blocking potential nucleation sites for quartz
overgrowths on detrital-quartz seed grains. Regardless
of their origin, the effectiveness of grain coats or rims
in preserving porosity is a function of their complete-
ness, as well as their thermal history and grain size and
the abundance of quartz grains (Walderhaug, 1996;
Bonnell et al., 1998).

Grain coats and rims have no effect on the pre-
cipitation of cements other than quartz and therefore
have no effect on porosity where the primary control
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on reservoir quality is the occurrence of cements such
as carbonates, sulfates, or zeolites (Pittman et al.,
1992). Grain coats and rims also have little impact on
porosity preservation in mineralogically immature
sandstones, because in these rocks quartz cement pre-
cipitation is typically negligible.

Authigenic chlorite and corrensite are the most
commonly reported effective coats occurring in hydro-
carbon reservoirs (Pittman et al., 1992, table 1).
Microcrystalline-quartz coats are much less commonly
reported, but this is at least partly due to the fact that
they may be difficult to recognize upon cursory pet-
rographic examination. In some instances, detrital-
quartz grains coated by microcrystalline quartz have
been erroneously interpreted as being leached. Finally,
the importance of clay rims (inherited grain-rimming
clays) in preserving sandstone porosity has not received
much attention until fairly recently (M. D. Wilson,
1992).

Chlorite Coats

Origin of Chlorite Coats

Introduction
Authigenic chlorite coats are commonly iron rich
(Pittman et al., 1992; Ehrenberg, 1993), but mag-
nesium-rich chlorite coats also have been reported
(Kugler and McHugh, 1990; Pittman et al., 1992).
Although some occurrences are controlled by spe-
cific depositional environments (e.g., Ehrenberg,
1993), others are not (Pittman et al., 1992). The
differences in composition and geologic occurrence
imply multiple origins for authigenic chlorite coats.
Despite the profusion of publications, there has
been no attempt either to classify chlorite coats in
sandstones or to establish criteria to distinguish their
different origins.

In our opinion, there appear to be at least four
different modes of formation of authigenic chlorite
coats in sandstones:

1. Depositionally controlled iron-rich chlorite coats in
shallow-marine sandstones (e.g., Lower–Middle Ju-
rassic sandstones of the Norwegian continental shelf
[Ehrenberg, 1993])

2. Depositionally controlled chlorite coats in turbi-
dites (Houseknecht and Ross, 1992)

3. Provenance-controlled iron-rich chlorite coats (e.g.,
Upper Cretaceous Tuscaloosa sandstone of Louisi-
ana [Pittman et al., 1992])

4. Magnesium-rich chlorite coats formed by interac-
tion of precursor clay/iron oxide grain rims with
magnesium-rich saline brines derived from under-
lying evaporites (Upper Jurassic Norphlet Sand-
stone in the Gulf Coast [Kugler and McHugh,
1990])

Depositionally Controlled Iron-Rich Chlorite Coats in Shallow-
Marine Sandstones
Although specific depositional environments (Ehren-
berg, 1993) are a prerequisite, they are not alone suf-
ficient to form depositionally controlled chlorite coats
on sand grains. Instead, several conditions have to op-
erate adequately and in conjunction to ultimately
generate a high-quality, deeply buried sandstone res-
ervoir. These are an adequate source of ions (par-
ticularly iron), adequate grain size, high rigid grain
content, and absence of a late carbonate killer
cement.

Depositional facies control on the occurrence of
chlorite has been emphasized by Ehrenberg (1993).
He concluded, based on sedimentologic and petro-
graphic evidence, that chlorite-preserved porosity in
Jurassic sandstones of the Norwegian continental shelf
is confined to sandstones deposited in fluvially influ-
enced, highest energy zones of nearshore marine en-
vironments. The results of a sedimentologic study of
other offshore Norway sandstones containing chlorite-
coated grains, by Gjelberg and Dreyer (Bloch et al.,
1997), were in agreement with Ehrenberg’s (1993)
conclusions.

The high depositional energy is indicated by the
presence of chloritic ooids and ooidal grain coatings in
all chlorite-rich sandstones (Ehrenberg, 1993). The
ooids are concentrically layered (Figure 4A) and most
likely formed by mechanical accretion. In some sam-
ples, however, detrital grains are surrounded by a
detrital-clay rim (consisting of chlorite plus illite) that
does not exhibit internal layering (Figure 4B). The rims
are coated by authigenic chlorite that grew on the de-
trital substrate (Figure 4B). In an experimental study,
conducted under conditions approximating as much as
possible the natural environment, Aagard et al. (2000)
synthesized chlorite coats from clay rims occurring
in sandstones from offshore Norway fields. Transmis-
sion electron microscopy analyses indicated that the
precursor rims consisted of a berthierine-dominated
mixed-layer clay.

Source of iron. Concentration of iron in seawater
is very low, and a fluvial source of this element for
chlorite-rich sandstones in shallow-marine sandstones
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Figure 4. (A) Ooid in the cen-
ter of the photomicrograph
made up of concentrically lami-
nated clay accreted on a quartz
grain. The concentrically lami-
nated clay is coated by radial
chlorite. qtz � detrital-quartz
grain, carb � carbonate ce-
ment, cc � authigenic chlorite
coat, rim � detrital-clay rim.
Well in Block 6406 of the Hal-
tenbanken area; sample depth
is 5096 m (16,720 ft). Back-
scattered electron (BSE) image.
(B) Quartz grain (qtz) is
rimmed (rim) by clay (illite and
chlorite), which, in turn, pro-
vides a substrate for growth of
the radial chlorite coat (cc).
Well in Block 6406 of the Hal-
tenbanken area; sample depth
is 5096 m (16,720 ft). BSE
image.

is a logical hypothesis. Ehrenberg (1993) noted that
chlorite-coated sandstones consistently occur in near-
shore marine facies likely to be influenced by riverine
water influx. He postulated that the riverine iron was
most likely transported as amorphous iron hydroxides

and then flocculated upon mixing with seawater. Ac-
cording to Ehrenberg (1993), in high-energy environ-
ments, detrital grains, rolled by water currents over
the flocculated iron-rich clayey substrate, developed
ooidal coatings (Figure 4A).
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Figure 5. Chlorite-coated sandstones with a mean grain size
greater than 0.45 mm have, with a few exceptions, better po-
rosity than finer-grained chlorite-coated sandstones. Ile, Tofte,
and Tilje formations, Jurassic, North Sea. Well in Block 6406 of
the Haltenbanken area.

Figure 6. Chlorite-coated sandstones with a mean grain size
greater than 0.45 mm have, with a few exceptions, higher per-
meability (�10 md) than finer grained chlorite-coated sand-
stones (�10 md). Ile, Tofte, and Tilje formations, Jurassic, North
Sea. Well in Block 6406 of the Haltenbanken area.

Additional evidence for Ehrenberg’s hypothesis is
provided by the presence of the berthierine precursor
of chlorite coats (Aagard et al., 2000), and the frequent
association of the coats with siderite, an Fe-rich car-
bonate. Formation of berthierine is limited to shallow-
marine environments in tropical climates (Aagard et
al., 2000). The association of chlorite and siderite ce-
ment, in turn, suggests a meteoric-water source of iron.
The siderite formed at shallow depths as suggested by
high minus-cement porosity and lack of any discernible
compaction of easily deformable grains (chloritized
pellets and chloritic ooids) in samples containing sid-
erite cement. Precipitation of siderite in marine envi-
ronments is favored by high iron activity (meteoric-
water influx) and alternating anoxic and oxic pore
fluids in sediment (e.g., nearshore sediments [Cole-
man, 1985]).

Grain size control. Although grain size is con-
trolled, to a large extent, by the depositional environ-
ment, there is typically a significant grain-size range
within each facies. This range is due to the variability
of the factors that control grain size and sorting within
any given environment, such as the average energy
level, the maximum energy level, fluctuations in en-
ergy level, the rate of dissipation of high energy levels,
the level of biogenic activity, provenance, and so forth.

An example of the control of grain size on the ef-
fectiveness of chlorite coating in preserving porosity is
shown in Figure 5. Although the mean grain size does
not display a significant statistical linear correlation
with porosity in this example (r � 0.66), with a few
exceptions, chlorite-coated samples with mean grain
sizes greater than 0.45 mm have porosities in excess of
18% (Figure 5). A few coarse-grained sandstones have
relatively low porosities because of carbonate cemen-
tation, poor sorting, or low grain-coat coverages, but
the preceding relationship holds for moderately or
better–sorted sandstones with a relatively low (�5%)
carbonate-cement abundance.

Expectedly, grain size also affects permeability in
chlorite-coated sandstones (Figure 6). With a few ex-
ceptions, chlorite-coated sandstones with a mean grain
size greater than 0.45 mm have permeabilities greater
than 10 md (10 md permeability corresponds to a po-
rosity of roughly 18% in the studied sample suite).
Simple statistical data illustrating the effect of grain
size on porosity and permeability are given in Table 1.

The control of grain size on porosity and perme-
ability is a function of the relationship between grain
size and (1) surface area and (2) pore-throat size. In a
given volume of sandstone, the larger the grain size,
the smaller the surface area that must be coated to
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Table 1. Effect of Grain Size on Porosity and Permeability in Chlorite-Coated Sandstones

Number of Grain Size (mm)

Ambient Porosity (%)
Horizontal

Permeability (md)

Lithology Samples Average Median
Average

(std. dev.) Median
Average

(std. dev.) Median

Chlorite-coated sandstones with
grain size � 0.45 mm 16 0.60 0.60 19.4 (4.4) 19.5 157 (249) 34

Chlorite-coated sandstones with
grain size � 0.45 mm 39 0.25 0.20 9.9 (3.7) 9.5 0.9 (2.6) 0.1

significantly reduce quartz cementation. Therefore, it
takes a smaller volume fraction of chlorite to achieve
comparable coat completeness in coarse-grained sand
than in otherwise identical fine-grained sand. Even
where the completeness of grain coats is identical, the
higher surface area associated with finer grain sizes re-
sults in more quartz cement and, therefore, lower po-
rosity and permeability than in otherwise similar,
coarser grained sandstones (provided that the sand-
stones have had sufficient thermal exposure). The con-
trast in surface area between fine- and coarse-grained
sandstones is accentuated because coarser fractions of
sand are consistently better rounded (smaller surface
area) than the associated finer grained fraction.

The effect of the larger surface area in finer grained
sandstones is intensified because an equal thickness of

chlorite coating has a significantly higher deleterious
impact on permeability in a fine-grained sandstone
than in a coarse-grained sandstone. This is due to the
fact that the constricting elements that control the
movement of fluids through rocks are pore throats, not
pore bodies (Ehrlich et al., 1991). In sandstones with
a high rigid-grain content and limited amount of ce-
ment, pores and pore throats are wider in coarse-
grained sandstones than in finer grained sandstones. A
chlorite coat of a given thickness (coat thickness does
not depend on grain size) is much more constricting in
a narrow throat than in a wider one (Figure 7).

Compositional (rigid-grain content) control. The pro-
portion of rigid grains (grains that do not undergo sig-
nificant ductile deformation during burial) in a sand-
stone has a profound effect on reservoir quality. The

Figure 7. Chlorite coats (cc)
constrict narrow pore throat
(upper left-hand corner). This is
one of the reasons why chlorite
coats accentuate permeability
differences between fine- and
coarse-grained sandstones (see
also Table 1). sid � siderite ce-
ment, qtz � detrital-quartz
grain, rim � detrital-clay rim.
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importance of a high rigid-grain content in preserving
porosity in chlorite-coated sandstones is underscored
by the fact that anomalously high porosity in chlorite-
coated sandstones has been reported only in quartz-
rich sandstones. Quartz cementation in quartz-grain–
poor sandstones is limited because of the small amount
of quartz seed grains that provide nucleating sites for
silica cement. Furthermore, porosity cannot be pre-
served because of extensive ductile-grain deformation
with increasing burial.

Carbonate cement postdating chlorite coats. In
publications discussing chlorite coats as a factor in
preserving porosity, there is little mention of car-
bonate cementation postdating chlorite coat forma-
tion. Although in Jurassic sandstones on the Nor-
wegian shelf the amounts of late ankerite are
generally small (2–3%), locally its impact on reser-
voir quality is significant. Occurrence of late ankerite
indicates that even if all other conditions listed pre-
viously are met, there still is no guarantee that a
sandstone body will have adequate reservoir quality
in deep reservoirs.

Occurrence of late carbonate cements is a poten-
tial problem not only in chlorite-coated sandstones. A
large number of reservoirs contain late ankerite or
other iron-rich carbonate cements. Among such res-
ervoirs are the lower Tertiary of the Gulf Coast
(Loucks et al., 1979), the Oligocene Frio of south
Texas (Lindquist, 1976), the Eocene Wilcox of central
Texas (Stanton, 1977), the Pennsylvanian Strawn
(Dutton, 1977), the Triassic Ivishak Sandstone in the
Prudhoe Bay field (McGowen and Bloch, 1985), and
the Eocene Wilcox of south and east Texas (S. G.
Franks, 1982, unpublished Arco data). The most plau-
sible interpretation of the origin of these cements in
clastic reservoirs is elimination of excess CO2, gener-
ated by thermal maturation of organic matter, by car-
bonate precipitation (Smith and Ehrenberg, 1989).
This process occurs at 100–120�C (Smith and Ehren-
berg, 1989). By contrast, chlorite coats precede quartz
cementation, which is commonly initiated at tempera-
tures above 75�C (Walderhaug, 1994b). The tempera-
ture constraints, indicating that precipitation of anker-
ite postdates chlorite coat formation, are thus in
agreement with petrographic observations.

Depositionally Controlled Chlorite Coats in Turbidites
The occurrence of chlorite coats is not limited to
shallow-marine sandstones. Abundance and distribu-
tion of clay coats and rims also can be depositionally
controlled in turbidites.

In the Atoka Formation (Middle Pennsylvanian)
of the Arkoma basin, sandstones with little clay (un-
confined turbidite deposition on submarine-fan
lobes) are extensively cemented by quartz over-
growths (Houseknecht and Ross, 1992). By contrast,
in sandstones deposited by confined (channelized)
sediment gravity-flow processes, much of the pri-
mary porosity is preserved. The preservation of po-
rosity and inhibition of quartz cementation is due to
clay rims emplaced during turbidite dewatering
(Houseknecht and Ross, 1992). Although detrital-
clay rims are the main porosity preserving agent,
diagenetic clays are also present and “may represent
recrystallization of the outer layer of an originally
detrital clay, or may represent truly neoformed clays
that nucleated on a favorable substrate provided by
grain coatings of detrital clay” (Houseknecht and
Ross, 1992, p. 236).

The possibility that some high-porosity, deep-
water deposits may form by downslope transport of
shallow-marine sandstones that contain detrital-
chlorite rims and chlorite coats (Figure 4B) cannot
be ruled out. Sullivan et al. (1999) suggested that
chlorite-coated detrital grains in Paleocene reservoirs
of the West of Shetland area might have originated
in shallow-marine sands. Alternatively, chlorite coats
in turbidites, rather than being redeposited, may
have formed by recrystallization of redeposited
chlorite-bearing rims. Such rims are less likely to be
destroyed by grain collisions during downslope trans-
port than the more fragile chlorite coats. Interpre-
tation of the origin of chlorite coats in the Paleocene
reservoirs of the West of Shetland area is further
complicated by the presence of tuffaceous fragments
deposited with the sandstones. Chlorite coats, rather
than being recycled, may have formed by diagenetic
alteration of the tuffaceous material (Sullivan et al.,
1999).

From a practical point of view, there may not
be a significant difference in the effectiveness of
chlorite rims vs. chlorite coats in inhibiting quartz
cementation. It appears that the mineralogy of clay
rims/coats, and not their origin (detrital vs. authi-
genic), is critical in controlling the extent of porosity
preservation. At conditions of deeper burial (tem-
perature � 100�C), illite (and mica) promotes dis-
solution of quartz, particularly at stylolite surfaces.
The dissolved silica then diffuses to interstylolite ar-
eas and precipitates as quartz cement on uncoated
surfaces of quartz grains that are in contact with
pore fluids (e.g., Heald, 1955; Walderhaug, 1994a;
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Bjørkum, 1996; Oelkers et al., 1996). By contrast,
chlorite is not known to promote silica dissolution
and, therefore, can be expected to be effective in
preserving porosity regardless of whether it coats or
rims detrital quartz grains.

Provenance-Controlled Chlorite Coats
In depositionally controlled occurrences of chlorite
coats, discussed in the previous section, the forma-
tion of coats is limited to a relatively narrow range
of depositional environments. By contrast, prove-
nance-controlled coats are derived in situ by altera-
tion of lithic (volcanic) rock fragments and occur in
a wide range of depositional environments.

The Upper Cretaceous Tuscaloosa sandstone of
the United States Gulf Coast is an example of a
provenance-controlled coat origin. Where chlorite
coats are well developed and the amount of quartz
cement is limited, the sandstone contains partly dis-
solved volcanic rock fragments (VRFs) (Thomson,
1979). Partial dissolution of the VRFs is interpreted
to be the in situ source of the ions required to pre-
cipitate chlorite (Thomson, 1979). In the absence of
VRFs among the sandstone framework grains, chlo-
rite coats did not develop or are present in negligible
amounts, insufficient to prevent significant quartz
precipitation and porosity loss. Experimental work
(Pittman et al., 1992) provides support for the con-
cept that in situ alteration of lithic rock fragments
can lead to generation of authigenic-clay coats.

Because distribution of VRFs is not confined to
specific depositional facies, chlorite coats in the Tus-
caloosa occur in fluvial, deltaic, and nearshore ma-
rine sandstones (Pittman et al., 1992). Chlorite coats
also have been reported in deep-water lithic sand-
stones, such as the Fanshawe sand in the Arkoma
basin (e.g., Pittman and Wray, 1989).

As pointed out by Pittman et al. (1992), how-
ever, the presence of VRFs in a sandstone body does
not alone ensure formation of chlorite coats and
preservation of porosity. In litharenites with more
than approximately 30% mafic VRFs, porosity is
likely to be destroyed by ductile deformation at
shallow burial depths. For chlorite coats to form and
be effective at preserving porosity, the VRF content
must be sufficient to provide an adequate source of
ions to precipitate chlorite, but not high enough to
cause porosity destruction by ductile deformation.
The optimum mafic VRF content is about 10% in
sandstones containing more than 65% detrital quartz
(Pittman et al., 1992).

Magnesium-Rich Chlorite Coats Formed by Interaction of
Precursor Clay/Iron Oxide Grain Rims with Magnesium-Rich
Saline Brines
Magnesium-rich chlorite coats are much less common
than the iron-rich coats discussed previously. Their re-
ported occurrence is limited to the Norphlet Forma-
tion (Upper Jurassic) of the eastern Gulf Coast
region—the eastern productive trend of offshore Ala-
bama and offshore Florida (Kugler and McHugh, 1990;
Thomson and Stancliffe, 1990). The coated sandstones
are subarkoses and arkoses that were deposited in
coastal eolian environments. Chlorite-coated sand-
stones have porosities exceeding 20% and negligible
amounts of quartz cement, at depths of more than
6100 m (approximately 20,000 ft).

Thompson and Stancliffe (1990) suggested that
VRFs were a contributor of magnesium necessary for
the formation of chlorite. By contrast, Kugler and
McHugh (1990) contended that the volume of VRFs
in the Norphlet sandstones is not adequate to have gen-
erated the necessary magnesium. Kugler and McHugh
(1990) pointed out that the presence of a complex dia-
genetic mineral assemblage within sandstones with a
simple detrital composition strongly suggests import of
several chemical elements (magnesium, sodium, and
potassium). The most likely source for the allochthon-
ous sandstone components is the underlying Louann
Salt. The presence of magnesium-rich, rather than
iron-rich, chlorite in Norphlet sandstones can be at-
tributed to interaction of precursor clay and iron oxide
rims on detrital grains with saline brines derived from
the Louann Salt (Kugler and McHugh, 1990). This in-
terpretation is supported by x-ray diffraction data in-
dicating an increase of breunnerite (a variety of mag-
nesite) in the Norphlet with decreasing distance from
the Louann (Ginger et al., 1995).

Impact of Chlorite Coats on Reservoir Quality
The occurrence of anomalously high porosity and per-
meability is clearly associated with chlorite-coated in-
tervals, but the correlation is highly complex. The
amount of quartz cement shows an overall inversely
proportional relationship to coat completeness (Figure
8A), but the correlation is tenuous, largely because of
the presence of two outliers. The outliers are charac-
terized by a high abundance of quartz cement despite
extensive coverage of quartz grains by chlorite coats.
This contrary relationship most likely reflects the fact
that the measurements of the extent of coat coverage
and quartz cement abundance performed on two-
dimensional thin sections are biased. Such measure-
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Figure 8. (A) Quartz cement
abundance is generally in-
versely correlated with chlorite-
coat coverage (see text for dis-
cussion of the two outliers).
(B) Intergranular porosity
shows a weak correlation with
chlorite-coat completeness. Ju-
rassic sandstones, Norwegian
continental shelf.

Figure 9. Quartz overgrowth
(ovg) precipitated on a detrital-
quartz grain (qtz) where there
is a break (br) in the continuity
of the clay rim (rim) and the
thin chlorite coat. Well in Block
6406 of the Haltenbanken area,
depth of sample 5101 m
(16,736.4 ft). Backscattered
electron image.

ments cannot capture all breaks in coat continuity pres-
ent on the surface of three-dimensional quartz grains.
Significantly, even very minor breaks in coat continuity
allow precipitation of quartz cement, given sufficient
thermal exposure (Figure 9). The two-dimensional vs.
three-dimensional sampling bias is also likely to be one
of the causes of the tenuous correlation between coat
completeness and intergranular porosity (Figure 8B).
In addition to the impact of potential breaks in the coat
completeness, the large scatter in Figure 8 reflects the
differences in the critical geologic parameters that con-
trol the effectiveness of coating, such as burial history
and sandstone composition and grain size. Byrnes and
Wilson (1994) also observed large scatter in an overall

negative correlation between the abundance of quartz
overgrowths and clay-rim completeness.

Data from a well in Block 6406 of the Haltenban-
ken area (offshore mid-Norway) are ideally suited for
a study of the impact of chlorite coats on reservoir
quality. Almost the entire interval containing chlorite-
coated sandstones, between 4603.0 and 5290.5 m
(15,102.4 and 17,358.1 ft), was cored (Åre through Ile
formations, Figure 10). Plugs from the cored intervals
were taken every 25 cm (9.84 in.). Porosity and per-
meability were measured on 2039 plugs and 1353
plugs, respectively. In addition, 29 porosity and per-
meability measurements were performed on the cored
interval between 4422.25 and 4429.75 m (14,509.4
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Figure 10. Many samples in the Ile, Tofte, and Tilje formations
in a well from Block 6406 of the Haltenbanken area display
anomalously high porosity relative to the average porosity/
depth trend of Middle Jurassic sandstones of the Haltenbanken
area. The average porosity/measured depth trend for the area
is denoted by the dashed line (trend line from Ramm and Bjør-
lykke, 1994).

Figure 11. Many samples in the Ile, Tofte, and Tilje formations
in a well from Block 6406 of the Haltenbanken area display
anomalously high permeability values for the deep burial depth
range.

and 14,534.0 ft) (Garn Formation, Figure 10). A sed-
imentologic study by J. Gjelberg and T. Dreyer (1995,
unpublished data) determined that the presence of
chlorite coats is confined to fluvially influenced,
highest-energy zones of nearshore marine environ-
ments. Although the trends from this well cannot be
uncritically extrapolated to other locations, the exten-
sive and unbiased database provides useful information
on the relative effect of chlorite coating on porosity and
permeability in deeply buried sandstones.

Many of the samples in the cored interval display
anomalously high porosity (Figure 10) and permeabil-
ity (Figure 11). Porosity and permeability clearly do
not correlate with depth. The best reservoir quality is
invariably associated with well-developed chlorite
coats in the Tilje, Tofte, and Ile formations. By con-
trast, in sandstones devoid of chlorite coats, average
porosity either follows the general porosity-depth
trend for the Haltenbanken area (Åre and Garn for-

mations) or falls below this trend (Lower Ror and Ror
formations).

The thickness of intervals with anomalously high
porosity ranges from centimeters to approximately 30
m (100 ft). The thickest anomalous interval occurs be-
tween 4672.5 and 4703 m (15,330.5 and 15,430.5 ft)
(thickness of 30.5 m [100 ft]) in the Ile Formation.
These sandstones were deposited in a tidally influenced
upper shoreface/delta-front environment (J. Gjelberg
and T. Dreyer, 1995, unpublished data). A great ma-
jority of the samples in this interval have higher po-
rosities and permeabilities than the average for Jurassic
sandstones from the Haltenbanken area at identical
depths (Figure 12).

Below approximately 5150 m most of the occur-
rences of anomalous sandstones are thin and have, on
the average, lower permeabilities than the shallower
anomalous zones. This may in part be due to sedimen-
tologic controls (e.g., finer grain size), but it also is
likely to reflect deterioration of reservoir quality with
increasing thermal exposure as discussed in a following
section.
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Figure 12. In the 30.5 m (100 ft) interval of the Ile Formation,
most samples have higher porosity and permeability than the
average for Jurassic sandstones from the Haltenbanken area at
identical burial depth (denoted by the arrow). Average perme-
ability and porosity value was taken from Ramm and Bjørlykke,
1994.

Predictability of Anomalous Porosity and Permeability in
Chlorite-Coated Sandstones
Evaluation of the potential for occurrence of anoma-
lous porosity and permeability due to chlorite coating
is heavily dependent on empirical data. Therefore, geo-
logic prediction of the occurrence of chlorite-coat–
related anomalous porosity is not possible in frontier
basins.

In more mature areas, chlorite-coat–prone sand-
stones can be identified, based on sedimentologic and
petrographic criteria, from a limited number of sam-
ples. After initial well data indicate the presence of
chlorite-rich anomalous zones, the three-dimensional
distribution pattern of the coated sandstones can be
evaluated. The distribution pattern is a function of the
coat origin. As discussed before, chlorite coats fall into
at least four genetic types. Regardless of the origin of
the coats, however, there is no discernible correlation
between the coat completeness and the volume of the
grain-coating clay (Figure 13). Consequently, the ex-
tent of coat coverage of quartz grains, and therefore
the impact of chlorite coats on porosity and perme-

ability, cannot be predicted confidently prior to drill-
ing; however, different scenarios of the potential im-
pact of coats on porosity and permeability preservation
at a given prospect can be assessed using diagenetic
modeling, as discussed in the section “Assessment of
the Potential Effect of Grain Coats and Grain Rims on
Porosity and Permeability.”

Microquartz Coats

Origin of Microquartz Coats
Microquartz coats, similar to chlorite coats, occur on
surfaces of detrital-quartz grains and may inhibit pre-
cipitation of pore-filling quartz cement (overgrowths).
In our opinion, occurrence of microquartz coats is
underreported. These coats, which are not as obvious
upon cursory petrographic examination as are chlorite
coats, are sometimes overlooked or even misinter-
preted as leaching of detrital-quartz grains.

Formation of normal quartz overgrowths occurs
by overlap and/or mergence of incipient overgrowths
with the same crystallographic orientation as the un-
derlying detrital grain (Pittman, 1972). By contrast,
the random orientations of the small microquartz
prisms coating surfaces of detrital-quartz grains inter-
fere with the formation of normal quartz overgrowths
(Heald and Larese, 1974). In addition to interfering
with the growths of quartz cement, microquartz crys-
tals may resist pressure solution by solidifying contacts
between quartz grains (Osborne and Swarbrick,
1999). Experimental data (Heald and Renton, 1966)
and the morphologies of microcrystalline quartz (Wil-
liams et al., 1985) suggest rapid crystallization of this
phase from highly silica-saturated pore fluids. The sil-
ica is most likely derived by dissolution of sponge spic-
ules and volcanic glass shards, as a result of increasing
temperature during burial (Aase et al., 1996; Ramm
et al., 1998).

Impact of Microquartz Coats on Reservoir Quality
The effectiveness of microquartz coating in preserving
porosity is best documented by extensive data sets for
Jurassic sandstones from the North Sea (Aase et al.,
1996; Ramm et al., 1998). At 4200 m (13,770.5 ft)
the porosity of uncoated Upper Jurassic sandstones
from the Central Graben averages 11%. By contrast,
the porosity-depth trend for microquartz-coated Up-
per Jurassic sandstones from the Central Graben (Ula
and Gyda fields) is almost constant, at 20%, between
3500 and 4300 m (11,475.4 and 14,098.4 ft) (Aase
et al., 1996; Ramm et al., 1998). Noteworthy is that
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Figure 13. No discernible
correlation exists between the
extent of grain coverage by
coats and the volume of the
grain-coating clay in (A) fine-
grained sandstones,
(B) medium-grained sand-
stones, and (C) coarse-grained
sandstones.
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in two out of three wells with microcrystalline quartz
coats investigated by Aase et al. (1996), porosity
shows a distinctly bimodal distribution (similar to the
chlorite coat effect shown in our Figure 3).

Predictability of Microquartz-Coat Occurrence in Sandstones
The content and distribution of sponge spicules, that
source the growth of most reported occurrences of
microquartz coats, are sedimentologically controlled.
The key to understanding the distribution of the coats
is mapping sponge-spicule–prone sedimentary facies
and their reworking paths into sand-rich depositional
systems (Aase et al., 1996; Ramm et al., 1998). Mi-
croquartz coats sourced by dissolution of volcanic
glass obviously are related to periods of silicic volcanic
activity. Volcanically sourced coats, therefore, occur
within specific isochronous sandy intervals of the sed-
imentary column. As with chlorite-coated sandstones,
modeling studies can be used to evaluate the coat
completeness necessary to preserve economically via-
ble reservoirs.

Clay Rims

Origin of Clay Rims
M. D. Wilson (1992) published the most comprehen-
sive work to date on the origin of clay rims and their
effect on reservoir quality. The following brief discus-
sion is based on his work.

M. D. Wilson (1992) contended that the impor-
tance of inherited clay rims is underestimated because
petrographers commonly overlook them. The lack of
proper recognition of the occurrence and importance
of clay rims is primarily attributable to the fact that
these clays “generally occur as very thin coats and/or
are covered and masked by iron oxides/hydroxides,
matrix clays, or various authigenic clays” (M. D. Wil-
son, 1992, p. 209). He also suggested that inherited
grain rims are common only in sandstones from eolian
dune and marine-shelf environments. Clay rims, how-
ever, have also been reported from deep-water facies
(Houseknecht and Ross, 1992) and soils (Brewer,
1976).
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Impact of Clay Rims on Reservoir Quality
According to M. D. Wilson (1992), inherited clay rims
are, in part, responsible for the high porosities of two
shelf-sandstone reservoirs on the North Slope of
Alaska. These reservoirs (Sag River sandstone in the
Prudhoe Bay field and the Kuparuk A and Kuparuk C
sandstones in the Kuparuk field) contain 4 to 5 billion
bbl of oil and oil-equivalent gas in place (Barnes, 1987;
Gaynor and Scheihing, 1988). Similarly, clay rims “are
common in a large number of, if not most, eolian sand-
stones in North America and in eolian Rotliegendes
sandstones in the North Sea” (M. D. Wilson, 1992,
p. 209).

In the tight gas sandstones investigated by Wescott
(1983) and Weimer and Sonnenberg (1994), sweet
spots are confined to sandstones that have high clay-
rim coverages but relatively low clay volumes. By
contrast, interstratified clay-free and coarser grained
nonreservoir sands are tightly cemented by quartz
overgrowths.

An important phenomenon associated with the oc-
currence of clay coats and rims is their effect on water-
saturation calculations. The difficulties in obtaining ac-
curate water-saturation data in clay-coated and
clay-rimmed sandstones complicate calculation of hy-
drocarbon reserves, recovery efficiency, and identifi-
cation of productive intervals (Dolly and Mullarkey,
1996; Byrnes et al., 1998). A relatively minor amount
of clay coats/rims (as little as 1–2% of the rock volume)
can coat a relatively large surface area of sandstone
grains. Irreducible water bound in these clays greatly
decreases the resistivity as measured by logging tools.
This, in turn, results in high log-calculated water sat-
urations, using the standard Archie equation, in zones
that are capable of producing hydrocarbons and only
minor water.

The mechanism for preservation of porosity by
clay rims in deeply buried quartzose sandstones is
somewhat ambiguous because of the opposing effect
of illitic clays in controlling porosity (Byrnes and Wil-
son, 1994). Inherited clay rims prevent nucleation of
pore-filling quartz overgrowths on detrital-quartz
grains, but illitic clay and micas at grain contacts act as
a catalyst for chemical compaction and concomitant
release of silica for quartz cementation (e.g., Heald,
1955, 1959; Thomson, 1959; Walderhaug, 1994a;
Bjørkum, 1996; Oelkers et al., 1996). Sparse empirical
data on the composition of clay coats suggest that non-
illitic or illite-poor clay rims can be expected to be
more effective in preserving porosity in deeply buried
sandstones than are predominantly illitic rims.

In summary, a likely scenario in sandstones with
quartz grains rimmed predominantly by illite is that
silica released by quartz-grain dissolution is transported
by diffusion to cleaner (rim-free) sandstones and pre-
cipitates there as quartz overgrowths. Eventually, the
clayey sandstones end up retaining some porosity,
whereas the clean sandstones may be extensively ce-
mented by quartz overgrowths. By contrast, in sand-
stones in which quartz grains are rimmed predomi-
nantly by nonillitic clays, less silica is released because
of stylolitization and grain-to-grain dissolution, and
therefore, quartz cementation is relatively ineffective
and significant porosity may be retained.

Predictability of Clay-Rim Occurrence in Sandstones
Similar to chlorite coats and microquartz coats, pre-
diction of the proportion of quartz surface area that is
covered by clay rims is not possible in frontier basins.
Modeling studies are less useful in reservoir quality risk
analysis for sandstones with detrital illitic rims than
other coating types because current models do not ad-
equately predict the effects of chemical compaction on
porosity loss.

Although the beneficial effect of clay rims appears
to be most pronounced in sandstones from eolian dune
and marine-shelf environments, not all such sands con-
tain effective clay rims. Furthermore, other deposi-
tional environments cannot be excluded from consid-
eration, as illustrated by the occurrence of clay rims in
turbidites (Houseknecht and Ross, 1992). Even in
units where the occurrence of clay rims has been doc-
umented, the poorly understood effect of clay com-
position on porosity preservation has to be considered.
In summary, our limited understanding of the effect of
clay rims on reservoir quality in quartzose sandstones
can only help us focus on relatively favorable sandstone
units. Clay rims, where complete, can preserve up to
10% porosity relative to uncoated sandstones by pre-
venting quartz overgrowth cementation (Byrnes and
Wilson, 1994).

Other Inhibitors of Quartz Cementation

Heald and Larese (1974) published a comprehensive
list of different types of coats on detrital-quartz grains.
In addition to coats discussed previously (chlorite and
microquartz), they also described occurrences of iron
oxide coats and carbonate specks rimming quartz
grains. Iron oxide coats are relatively ineffective in pre-
venting quartz cementation. Carbonate specks on
detrital-quartz grains force quartz overgrowths to form



316 Anomalously High Porosity and Permeability in Sandstone Reservoirs

0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98

0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98

0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98
0

5

10

15

20

25

0 25 50 75 90 98

92% 65%

82% 15%

66% 0%

Norwegian Shelf Gulf of Mexico

V
ol

um
e,

 %
V

ol
um

e,
 %

V
ol

um
e,

 %

Grain Coat Coverage, %Grain Coat Coverage, %

0.2 mm Grain Size

0.4 mm Grain Size

0.7 mm Grain Size

Intergranular Porosity
Quartz Cement

50100150200
20

40

60

80

100

120

140

160

T
e
m

p
e
ra

tu
re

, 
C

Time (Ma)
0

Jurassic, Norwegian Shelf

Miocene, Gulf of Mexico

A

B

Figure 14. (A) Temperature history for Jurassic sandstones
from the Norwegian shelf and for Tertiary sandstones from the
Gulf of Mexico. (B) Grain-coat coverage needed to preserve 15%
of thin section porosity in sandstones from the Norwegian shelf
and the Gulf of Mexico. In fine-grained sandstones (mean grain
size of 0.2 mm), 92% grain coverage and 65% grain coverage
are needed to preserve 15% porosity in Jurassic and Tertiary
sandstones, respectively. In medium-grained sandstones (mean
grain size of 0.4 mm), 82% grain coverage and 15% grain cov-
erage are needed to preserve 15% porosity in Jurassic and Ter-
tiary sandstones, respectively. In coarse-grained sandstones
(mean grain size of 0.7 mm), 66% grain coverage and no grain
coverage are needed to preserve 15% porosity in Jurassic and
Tertiary sandstones, respectively.

isolated crystals that enlarge at a much slower rate than
a continuous overgrowth envelope (Heald and Larese,
1974).

Warren et al. (1997) interpreted anomalously high
porosity in deeply buried (� 4300 m [� 14,000 ft])
sandstone intervals of the Late Cretaceous Guadelupe
Group in the Cusiana field as being caused by phos-
phate poisoning. Their interpretation was based on the
observation that in lithic sandstones composed of
quartz and a variety of phosphate grains, porosity was
as high as 20%. By contrast, interbedded clean quartz
arenites were heavily cemented by quartz.

Ajdukiewicz et al. (1991, p. 533) proposed that
the anomalously high porosity and negligible quartz ce-
mentation in deeply buried Norphlet sandstones were
caused by the unit’s “isolation from a basinward source
of silica-bearing fluids.” Presumably, the isolation is
caused by the presence of underlying evaporites. This
hypothesis, however, does not explain the occurrence
of quartz cement in other isolated sandstones of the
Gulf of Mexico.

Assessment of the Potential Effect of Grain Coats and
Grain Rims on Porosity and Permeability

As previously indicated, prediction of anomalous po-
rosity preserved by grain coats and grain rims is heavily
dependent on empirical data. Empirical data in some
cases can provide a guide to identifying grain-coat– and
grain-rim–prone intervals. Although it is not possible
to accurately predict, prior to drilling, coat or rim cov-
erages, their potential to preserve anomalous porosity
can be assessed by diagenetic models. The assessment
involves testing different coating scenarios, given sand-
stone lithology and burial history models of the inter-
vals of interest.

The effectiveness of grain coats in inhibiting quartz
cementation as a function of grain size, temperature
history, and completeness of the chlorite coats was
modeled by Bonnell et al. (1998) using the Exemplar
diagenetic model (Lander and Walderhaug, 1999). We
used this model to determine the grain-coat coverage
necessary to preserve 15% intergranular porosity in
samples from two representative reservoir intervals in
wells from the Gulf of Mexico and the Norwegian
shelf. These areas have greatly different temperature
histories although the maximum temperatures are
similar (Figure 14A). In addition to temperature his-
tories, other key input data to the model consisted of
identical sample compositions (73% monocrystalline
quartz, 0.3% matrix, and 0.3% nonquartz cement) and

grain sizes of 0.2, 0.4, and 0.7 mm. Expectedly, fine-
grained samples required greater grain-coat coverage to
preserve porosity than did coarser grained samples
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with identical burial histories and composition (Figure
14B). Similarly, sandstones that were exposed to high
temperatures for a longer time (Norwegian shelf) re-
quired greater grain-coat coverage than samples with a
lower time-temperature exposure (Gulf of Mexico)
and identical composition and grain size (Figure 14B).

HYDROCARBON EMPLACEMENT

Introduction

The first publication known to us to suggest a corre-
lation between reservoir filling by hydrocarbons and
anomalously high porosity was written by Johnson
(1920, p. 33), who stated that “the importance of this
invasion [by hydrocarbons] is that water is displaced
from the reservoir and thereby cementation arrested.”
This statement, however, was not supported by any
data. The idea that early filling by hydrocarbons halts,
or at least significantly retards, reduction of sandstone
pore spaces by authigenic cements had been generally
(and commonly uncritically) accepted until recently.
In the last few years, several authors have questioned
the significance of hydrocarbon filling in porosity/
permeability preservation, at least in some geologic set-
tings (e.g., Midtbø et al., 2000).

The voluminous literature on the relationship be-
tween hydrocarbon filling and sandstone porosity pres-
ervation with burial can be divided into the following
categories:

1. Effect of hydrocarbon filling on specific cements
a. Quartz (e.g., Lowry, 1956; Hawkins, 1978; Giles

et al., 1992; Saigal et al., 1992; Emery and Rob-
inson, 1993; Nedkvitne et al., 1993; Walder-
haug, 1994b; Worden and Oxtoby, 1995; Ramm
et al., 1998; Worden et al., 1998; Midtbø et al.,
2000)

b. Illite (e.g., Hancock and Taylor, 1978; Sommer,
1978; Lee et al., 1985; Kantorowicz, 1990;
Macci et al., 1990; Giles et al., 1992; Ehrenberg
and Boassen, 1993; Midtbø et al., 2000)

c. Kaolin (e.g., Seneeflock, 1978)
d. Carbonates (e.g., Burley et al., 1989; Neilson et

al., 1998)
2. Contrast in diagenetic alteration of minerals in the

oil zone vs. alteration in the water zone (e.g., Pro-
zorovich, 1970; Yurkova, 1970)

3. Effect of hydrocarbon entrapment on physical dia-
genesis (e.g., O’Brien and Lerche, 1986)

4. Origin and effect of diagenetic traps (e.g., Levan-
dovski et al., 1973; H. H. Wilson, 1977; Lee and
Bethke, 1994)

The purpose of the following discussion is to rec-
oncile the apparent inconsistencies between the con-
trasting views on the hydrocarbon effect and to pro-
pose a simple approach to evaluate, prior to drilling,
the potential impact of hydrocarbon emplacement on
sandstone porosity and permeability.

Effect of Hydrocarbon Emplacement on Cementation

Retardation, or even cessation, of porosity-reducing
diagenetic processes in sandstones is seemingly a logical
consequence of the fact that relative permeability of
water in hydrocarbon-saturated sandstones is very low
(Honarpour et al., 1986). The difficulty in empirically
establishing the effect of the presence of hydrocarbons
on cementation appears to be due to the following fac-
tors: (1) lack of control on the hydrocarbon filling and
leakage histories, (2) lack of consideration of the dif-
ferences in texture, composition, and thermal expo-
sures of samples from water legs compared with over-
lying hydrocarbon saturated intervals, (3) lack of data
on variations in the hydrocarbon type and saturations
among samples, and (4) lack of knowledge of the var-
iations in wettability among samples.

The difficulty in obtaining meaningful data is the
consequence of the approach commonly used to study
the effect of hydrocarbon emplacement on cementa-
tion. The approach is based on a comparison between
samples from the oil (gas) leg and samples from the
water leg of the same well. To obtain conclusive re-
sults, however, comparisons must be made between
samples representing virtually identical lithologies,
ages, and pressure-temperature conditions of burial
(M. D. Wilson, 1994b). Such samples are difficult, if
not impossible, to obtain. This sampling limitation also
makes it difficult to determine quantitatively the rela-
tive impact of oil vs. gas emplacement on cementation.
Most importantly, it is likely that cementation is a
function of wettability. Although quartz grains are gen-
erally considered to be water-wet (Anderson, 1986;
Robin et al., 1995), the potential effect of wettability
on cementation following hydrocarbon emplacement
is rarely addressed.

Heald (1955) suggested that quartz cementation
was the end result of a three-step silica redistribution
process. His conclusion is supported by recent work
based on both empirical data and computer modeling
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(e.g., Oelkers et al., 1992, 1996; Bjørkum, 1996;
Walderhaug, 1996). The silica redistribution process
involves (1) release of aqueous silica from quartz dis-
solution at stylolites or reactions involving other sili-
cate phases such as smectite, (2) transport of silica by
diffusion, and (3) precipitation of silica as cement by
surface-controlled reactions. In principle, quartz ce-
mentation may continue, after hydrocarbon emplace-
ment, by silica released by dissolution at stylolites dif-
fusing along continuous water films surrounding quartz
grains. Thus, as pointed out by Walderhaug (1994a,
p. 331), “quartz cementation may stop in a reservoir
containing an oil that easily wetted quartz while quartz
cementation continued in another reservoir filled by an
oil that did not wet quartz surfaces.” The scenario pro-
posed by Walderhaug (1994a) is entirely possible in
view of the fact that wettability, and thus susceptibility
to cementation, depends not only on the mineralogy
of the solid phases but on several factors, many of
which are poorly understood.

Other factors affecting wettability include grain
size and porosity (Worden et al., 1998), presence of
heavy metals that can alter the surface properties of
minerals, and the composition of organic compounds
present in crude oils (Cuiec, 1987; Robin et al., 1995;
Hoeiland et al., 2001). Two studies (Cuiec, 1987;
Robin et al., 1995) indicated that in addition to quartz,
feldspar, illite, and dense clusters of fine kaolinite (�1
lm) were preferentially water-wet. Coarser kaolinite
booklets (�10 lm) were found to be oil-wet (Robin et
al., 1995). This implies that quartz, illite, and fine ka-
olinite cementation can continue, in at least some hy-
drocarbon reservoirs, by diffusional transport if an ad-
equate source of the required ions is available.

The potential impact of hydrocarbon emplace-
ment on porosity in sandstones is, in our opinion, well
elucidated in a recent article by Worden et al. (1998).
They concluded that available empirical data do not
provide an unequivocal answer to the hydrocarbon ef-
fect controversy. Instead, Worden et al. (1998) con-
structed theoretical models to determine the role of oil
emplacement on porosity preservation. The models
consist of three end-member quartz-cementation sce-
narios: silica provided externally by advection (open
system, water-wet), silica supplied internally in a sand-
stone that is water-wet (closed system, water-wet), and
silica supplied internally in a sandstone that is oil-wet.

In the open system, water-wet scenario, oil em-
placement stops quartz cementation because the large
decrease in relative permeability to water significantly
reduces the supply of silica caused by diminished fluid

fluxes. In the closed system, water-wet scenario, quartz
cementation is retarded, but not halted, because of the
reduction in the diffusion rate, which becomes the
rate-controlling process. The extent of retardation de-
pends on the sandstone fabric and oil saturation (Wor-
den et al., 1998). Noteworthy is that Morrow (1990,
p. 1476) concluded, based on an evaluation of numer-
ous tests, that “most reservoirs are at wettability con-
ditions other than very strongly water wet.” This ob-
servation suggests that the effect of retardation may be
significant even in systems considered to be closed, wa-
ter wet. In the oil-wet scenario, quartz cementation is
effectively halted because the silica-bearing water is
not in contact with the surfaces of quartz grains.

Although the models considered exclusively
quartz cementation, the conclusions reached should
apply to other types of cements (Worden et al., 1998).
Further progress in understanding the effect of hydro-
carbon emplacement and the relative impact of gas vs.
oil on cementation should come from experimental
studies being conducted under well-constrained con-
ditions (R. Larese and D. Hall, 2000, personal
communication).

Implications of Hydrocarbon Filling for Porosity Prediction

At this point, it is difficult to confidently quantify the
effect of hydrocarbon emplacement on cementation
and porosity evolution in sandstones. It appears that at
least some cements (e.g., quartz, illite) may continue
to precipitate following emplacement of hydrocarbons
into the reservoir. Of the three scenarios of Worden et
al. (1998) discussed previously, however, two result in
a halt of cementation, and the third one leads to a wide
range of retardation of cementation. Thus, it appears
that early emplacement of hydrocarbons is more likely
than not to halt or significantly impede cementation.
Empirical data provide evidence that at least in some
reservoirs (including quartzose sandstones) there is
preservation of porosity due to early hydrocarbon fill-
ing. For example, available data from the Brewster-1
well (northwestern shelf of Australia) suggest not only
that emplacement of hydrocarbons into a quartzose
reservoir can preserve porosity but also that the extent
of porosity preservation in such reservoirs can be esti-
mated prior to drilling.

The Brewster gas accumulation (�1 tcf) occurs in
a Late Jurassic–Early Cretaceous quartz arenite to sub-
litharenite reservoir. Samples of the reservoir sand-
stone average 9% thin-section porosity (J. G. McPher-
son, 1992, personal communication), whereas the
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Exemplar diagenetic model (Lander and Walder-
haug, 1999) calculated a present-day thin-section
porosity of 0.5% (Figure 15). The reason for this
discrepancy was most likely retardation of quartz ce-
mentation by hydrocarbon emplacement, as there
was no evidence for other mechanisms (grain coats/
rims, overpressure, secondary porosity) of porosity
preservation or enhancement.

Deighton (1996), in his analysis of the geologic
history of the well, concluded that expulsion of hydro-
carbons now filling the Brewster reservoir occurred in
the middle Tertiary (approximately 30 Ma). According
to the diagenetic model calculations, the reservoir in-
terval in the Brewster-1 well had a thin-section poros-
ity of 9% about 25 Ma, that is, shortly after the
hydrocarbon expulsion and emplacement. The 5 m.y.
difference is within the uncertainty limits of both cal-
culations. This example indicates that integration of
basin modeling with reservoir quality modeling can be
used to predict, prior to drilling, the potential impact
of hydrocarbon emplacement on porosity/permeabil-
ity. The evaluation requires a calibration data set con-
sisting of lithological and burial/thermal history data.

OVERPRESSURE

Introduction

Fluid overpressure is defined as the amount of fluid
pressure that is greater than the hydrostatic gradient

for the fluid from the top of the water column (Dick-
inson, 1953) (Figure 16A). An important aspect of
fluid overpressures is that by bearing some of the mass
of the overlying sediment column, the fluid reduces the
pressure on the solid part of the rock, the effective
stress (Figure 16B). Effective stress is a major control
on sandstone compaction, and as a result fluid over-
pressures can in some cases help preserve porosity. For
example, the fluid overpressure at 5000 m (16,405 ft)
depth shown in Figure 16B reduces the effective stress
on the solid part of the rock to a value equivalent to
that at 750 m (2460 ft) under hydrostatically pressured
conditions. The ability of fluid overpressures to pre-
serve porosity is highly dependent on the timing of
fluid overpressure development, as well as on the me-
chanical properties of the reservoir sandstones. The
timing of fluid overpressure development, in turn, is a
function of the causal mechanisms involved. A critical
aspect of overpressure analysis is the limit of economic
production potential of approximately 19.6 kPa/m
(0.85 psi/ft) (Law and Spencer, 1998).

Causes of Fluid Overpressure

Fluid overpressures can form (1) where the rate of pore
volume reduction is fast relative to the rate of fluid
release, (2) where the rate of pore fluid expansion is
fast relative to the rate of fluid release, and (3) in re-
sponse to large-scale fluid movement (Osborne and
Swarbrick, 1997). The first two mechanisms represent
transient flow conditions and are responsible for the
geopressures found in basins such as the Gulf of Mex-
ico and the North Sea. The latter mechanism is typi-
cally associated with basins that exhibit near–steady-
state flow conditions in response to topographic driving
forces, such as artesian basins.

The transient mechanisms of fluid overpressure
generation have the greatest potential to affect sand-
stone diagenesis. Therefore, the focus of the following
discussion is on the processes that cause rapid losses in
pore volume or rapid increases in fluid volume. A com-
mon characteristic of both pathways toward geopres-
sure development is the occurrence of low-permeabil-
ity zones that impede the free movement of fluid away
from regions with rapid pore volume reduction or fluid
expansion. A critical additional control on the occur-
rence of fluid overpressures, therefore, is the three-
dimensional distribution of permeability through geo-
logic time.

Three mechanisms have been cited as driving forces
for rapid pore volume reduction: (1) disequilibrium
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Figure 15. Diagenetic modeling indicates lower effective po-
rosity (0.5%) and higher quartz cement abundance (30.5%)
than the actual values of effective porosity and quartz cement
(9% and 21%, respectively). The most likely reason for the dis-
crepancy between modeled and actual porosity and quartz ce-
ment values is emplacement of hydrocarbons about 25 Ma.
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Figure 16. (A) Hypothetical
fluid pressure transect with
depth shown together with the
gradients in hydrostatic and
lithostatic pressures. Fluid over-
pressure is defined as the
amount of fluid pressure in ex-
cess of hydrostatic pressure,
and effective stress is defined
as the difference between lith-
ostatic pressure and fluid over-
pressure. (B) Variations in the
effective stress and fluid over-
pressure with depth for the
transect shown in A.
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compaction, where pore volume loss occurs in re-
sponse to mechanical compaction, (2) coupled chem-
ical and physical diagenesis, where the chemical re-
distribution of materials leads to a net loss in pore
volume, and (3) several mechanisms having the po-
tential to cause rapid increases in pore fluid volume
that could create fluid overpressures. Rapid increases
in pore fluid volume may be caused by (1) aqua-
thermal expansion, (2) smectite illitization, (3) ker-
ogen maturation, and (4) oil-to-gas cracking. A thor-
ough overview of the mechanisms generating fluid
overpressure was provided recently by Osborne and
Swarbrick (1997).

Porosity preservation as a result of inhibition of
mechanical compaction due to reduced effective
stress is most pronounced where fluid overpressure
develops at shallow depths and persists throughout
the burial history of the sandstone. Empirical data
indicate that fluid overpressures associated with dis-
equilibrium compaction can occur at relatively shal-
low depths, where the rate of porosity loss with ef-
fective stress is greatest. This mechanism has been
recognized as a critical control on fluid overpressure
development in basins that have undergone rapid
burial and that contain a high proportion of relatively
low permeability sequences (e.g., Bethke, 1986). By
contrast, most of the remaining driving forces that
cause fluid overpressure occur at higher temperatures
and depths. Fluid overpressures generated at greater

depths have much less potential to preserve porosity
because much of the porosity loss due to mechanical
compaction occurs within the upper 2000 m of bur-
ial, where fluid pressures are at or near hydrostatic.

Fluid Overpressure Detection and Prediction

Well-established techniques exist for detecting (e.g.,
Stein, 1992; Kan and Sicking, 1994) and modeling
(e.g., Mann and Mackenzie, 1990) the occurrence of
fluid overpressures that occur in response to disequi-
librium compaction. Detection methods, such as
analysis of reflection seismic data, are effective pri-
marily because disequilibrium compaction causes un-
dercompaction. Interval velocity deviations from nor-
mal trends can, therefore, in some areas (Tertiary
section of the Gulf of Mexico or offshore west Af-
rica) be related to abnormally high pore pressures.
Such techniques are not effective for rocks that de-
veloped fluid overpressures late in their burial history
and were therefore normally compacted prior to
overpressure buildup.

Approaches toward predictive modeling of fluid
overpressure development are available for disequi-
librium compaction and aquathermal expansion.
These approaches are incorporated in most com-
mercially available basin modeling systems. Models
are as yet in immature stages of development for
fluid overpressure that occurs in response to smec-
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tite illitization, hydrocarbon generation, and oil-to-
gas cracking.

Effect of Fluid Overpressure on Porosity Preservation

The effect of pore fluid overpressures on porosity pres-
ervation has been evaluated in several studies (e.g.,
Scherer, 1987; Ramm and Bjørlykke, 1994; M. D.
Wilson, 1994c; Gluyas and Cade, 1998). The algo-
rithms developed by these authors were based on em-
pirical relationships between present-day porosity and
present-day pore fluid overpressures. The effects of the
timing of fluid overpressure development and the com-
position of sandstones on porosity preservation were
not considered. These effects, however, can be critical,
and their quantification can significantly improve pre-
drill modeling and prediction of reservoir quality in
overpressured sandstones.

Lander and Walderhaug (1999) have attempted to
consider these factors in the Exemplar model of sand-
stone compaction and quartz cementation. In the
model, compaction is defined as a reduction of bulk
rock volume and is expressed in terms of intergranular
volume (IGV). Defined as the sum of intergranular po-
rosity, matrix, and cements, IGV is a good index of the
compaction state of the sandstone and provides an in-
dication of the maximum porosity that can be ex-
pected. Maximum porosity is equal to IGV in sands
devoid of cements and matrix.

Lander and Walderhaug (1999) simulated com-
paction through time as a function of the effective

stress history and the mechanical strength of the rock.
The mechanical strength of the rock is largely a func-
tion of the composition and texture of the sandstone
framework grains. We use the Lander and Walderhaug
(1999) model to illustrate how the timing of fluid over-
pressure development and the composition of sand-
stones affect porosity preservation using synthetic sce-
narios. In each of the following examples, sandstones
are linearly buried to a depth of 4000 m (13,124 ft) at
constant thermal gradient of 30�C/km (1.64�F/100 ft).
We consider the effect of the timing on fluid over-
pressure development by comparing three fluid pres-
sure scenarios (Figure 17): (1) hydrostatic pressure for
the entire geologic history, (2) shallow development of
fluid overpressure, where the overpressure gradient is
fully developed by 800 m (2625 ft) of burial, and
(3) deep development of fluid overpressure, where
fluid overpressure developed from 2400 to 4000 m
(7874 to 13,124 ft) of burial. The two fluid overpres-
sure scenarios assume that the present-day fluid pres-
sure is 85% of the lithostatic pressure (i.e., near the
fracture gradient of the sandstone). The pressure his-
tory is uncomplicated, that is, maximum fluid over-
pressure, once reached, persists to the present day.

We also consider the effect of geologic time by
comparing model results using linear Miocene and
Cretaceous burial histories, and the effect of compo-
sition by comparing a synthetic sandstone rich in rigid
grains (Q84F8L8) with a synthetic ductile-grain–rich
(Q50F0L50) sandstone. The compaction and quartz ce-
mentation model parameters used in this simulation
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Figure 17. (A) Fluid pres-
sures shown as a function of
depth for the hydrostatic, shal-
low, and deep fluid overpres-
sure scenarios used in the syn-
thetic models. (B) Effective
stresses as a function of depth
for the three fluid pressure sce-
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correspond to those reported in Lander and Walder-
haug (1999).

To gauge the effect of the different fluid pressure
scenarios on mechanical compaction, we can view
model predictions for IGV through time. The IGV re-
sults are highly sensitive to both the fluid-pressure his-
tory and the composition of the sandstone, but not to
geologic time (compare Figure 18A with Figure 19A
for ductile-grain–rich sandstones, and Figure 18B with
Figure 19B for rigid-grain–rich sandstones). In our syn-
thetic ductile-grain–rich example, predicted IGV is
significantly higher (about 16%) using the shallow fluid
overpressure scenario than using the hydrostatic sce-
nario (Figures 18A, 19A). The predicted IGV of the

ductile-grain sandstone subjected to the deep fluid
overpressure scenario, however, is only slightly higher
than for the hydrostatic case (Figures 18A, 19A).

Rigid-grain–rich sandstones compact much less
than do ductile-grain–rich equivalents at a given effec-
tive stress. As a result, the potential of fluid overpres-
sure to preserve porosity in rigid-grain–rich sandstones
through reduced compaction is more limited. This is
illustrated in Figures 18B and 19B, where the predicted
IGV is only about 6% greater for the shallow fluid over-
pressure scenario than that predicted for the hydro-
static case. The predicted IGVs for the deep fluid over-
pressure scenario and the hydrostatic case are nearly
identical, with the deep fluid overpressure scenario re-

Figure 18. Diagenetic model
results illustrating controls on
porosity preservation for a syn-
thetic Miocene sandstone.
(A, B) Modeled intergranular
volume (IGV) with time for a
ductile-grain–rich sandstone
and a rigid-grain–rich sand-
stone, respectively. (C, D) Mod-
eled intergranular porosity with
time for a ductile-grain–rich
sandstone and a rigid-grain–
rich sandstone, respectively.
(E, F) Modeled quartz cement
abundance with time for a
ductile-grain–rich sandstone
and a rigid-grain–rich sand-
stone, respectively. Our syn-
thetic sandstone is assumed to
be medium grained and well
sorted. All framework grains in
the rigid-grain–rich sandstone
are assumed to be nonductile;
74% of these are quartz. The
framework grains in the syn-
thetic ductile-grain–rich sand-
stone consist of equal propor-
tions of shale rock fragments
and quartz grains.
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ducing compaction by only 1% IGV (Figures 18B,
19B).

Although elapsed geologic time does not appear to
be a primary control on the compaction state of sand-
stones (Lander and Walderhaug, 1999), it is an impor-
tant factor governing the extent of quartz cementation
(Walderhaug, 1996). The rate of quartz cementation
is also sensitive to the surface area available for nucle-
ation of overgrowths, which in turn is a function of the
compaction state of the sandstone (Scherer, 1987;
Lander and Walderhaug, 1999). As a result, higher
rates of quartz cementation can, given sufficient time,
partially offset porosity preserved in overpressured
sandstones if quartz cementation occurs in the pres-
ence of fluid overpressure.

The occurrence and rates of quartz cementation
under overpressured conditions are controversial, and
little has been published that directly addresses this
issue. Presence of quartz cement in overpressured Ter-
tiary sandstones from the United States Gulf Coast
(Land et al., 1987; Freeman, 1990) suggests (but does
not prove) that quartz cementation occurs in highly
overpressured sandstones where fluid overpressure has
been likely to have formed prior to the onset of quartz
cementation. By contrast, the development of quartz
cement is retarded by overpressure in clastic reservoirs
in the Upper Jurassic of the United Kingdom Central
North Sea (Osborne and Swarbrick, 1999) and the
Middle Jurassic of the Viking Graben (M. D. Wilson,
1994c). Osborne and Swarbrick (1999) attribute the
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Figure 19. Diagenetic model
results illustrating controls on
porosity preservation for a syn-
thetic Cretaceous sandstone.
(A, B) Modeled intergranular
volume (IGV) with time for a
ductile-grain–rich sandstone
and a rigid-grain–rich sand-
stone, respectively. (C, D) Mod-
eled intergranular porosity with
time for a ductile-grain–rich
sandstone and a rigid-grain–
rich sandstone, respectively.
(E, F) Modeled quartz cement
abundance with time for a
ductile-grain–rich sandstone
and a rigid-grain–rich sand-
stone, respectively. The texture
and composition of the syn-
thetic samples used in these
simulations are identical with
those described in Figure 18.
OP � overpressure.
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retardation to the inhibition of chemical compaction
(pressure solution) by early overpressure.

In our synthetic examples, we allow quartz ce-
mentation to continue after fluid overpressure devel-
opment to illustrate the potential impact that ce-
mentation might have on porosity preservation. The
model predicts that ductile-grain–rich sandstones
subjected to the shallow fluid overpressure scenario
will be significantly (16% in our synthetic example)
less compacted compared with the hydrostatic case
(Figures 18A, 19A), but the overall intergranular
porosity preservation is decreased to 14% for the
Miocene sandstone (Figure 18C), and 9% for the
Cretaceous sandstone (Figure 19C) as a result of ce-
mentation. The extent of predicted quartz cementa-
tion in the synthetic Miocene and Cretaceous ductile-
grain–rich sandstones is illustrated in Figures 18E and
19E.

The predicted intergranular porosity preservation
resulting from the shallow and deep fluid overpressure
scenarios for rigid-grain–rich rocks is less than that for
ductile-grain–rich rocks, with porosity preservation of
5% and 4% for the synthetic Miocene and Cretaceous
rigid-grain–rich examples, respectively (Figures 18D,
19D). Expectedly, quartz cementation in the detrital-
quartz–rich example is greater than that in the duc-
tile-grain–rich example (compare Figures 18F and
19F; Figures 18E and 19E). Note that in both ductile-
grain–rich and detrital-quartz–rich sandstones, quartz
cementation is a function of geologic time, with Cre-
taceous sandstones predicted to contain more quartz
cement than the younger Miocene sandstones.

Assessing Reservoir Quality of Overpressured Sandstones

The best-case scenario for significant reservoir quality
preservation due to fluid overpressure development is
in rapidly deposited Tertiary or Quaternary sandstones
that are encased in low-permeability lithologies such
as shales. In such cases, the extent of porosity preser-
vation due to reduced compaction is maximized be-
cause fluid overpressures develop at shallow depths in
response to disequilibrium compaction. Moreover, the
potential loss of porosity due to quartz cementation is
minimized because of the limited time available and
because of the lower thermal gradients that are nor-
mally associated with the rapid burial. In our synthetic
example, a rigid-grain–rich sandstone can show pres-
ervation of as much as 6% porosity in such cases, and
even larger extents of porosity preservation can be ex-
pected for ductile-grain–rich sandstones.

The case for significant porosity preservation as-
sociated with fluid overpressures in pre-Tertiary basins
is more problematic. Disequilibrium compaction in
pre-Tertiary rocks can lead to fluid overpressure gen-
eration shortly after burial, but it is difficult to maintain
high fluid overpressures to the present day using rea-
sonable shale permeabilities (Harrison and Summa,
1991). Likely, high fluid overpressures in some pre-
Tertiary basins are influenced by deep overpressure
generating mechanisms such as those associated with
hydrocarbon reactions or quartz cementation. If a sig-
nificant proportion of the fluid overpressure developed
at depth, it is unlikely that significant porosity preser-
vation due to reduced compaction will result.

CONCLUSIONS

The rate of porosity and permeability decline with in-
creasing burial depth can be significantly reduced by
(1) grain coats and grain rims (in detrital-quartz–rich
sandstones), (2) early hydrocarbon emplacement, and
(3) shallow development of fluid overpressure in
quartz-rich and quartz-poor lithologies.

Grain coats and grain rims impede porosity and
permeability reduction by inhibiting quartz over-
growth precipitation on host detrital-quartz grains. Al-
though the general principle of porosity and perme-
ability preservation by coats is the same for rims, there
are major differences in the origin and effectiveness
among different grain coats and grain rims.

At this time, accurate prediction, prior to drilling,
of the extent of the development of coats or rims (and,
therefore, their effectiveness) within the grain-coat–
and grain-rim–prone intervals is not possible, but the
potential impact of these features on preservation of
anomalous porosity and permeability can be assessed
by diagenetic models. The assessment involves testing
different coating scenarios, given sandstone lithology
and burial history models of the intervals of interest.
The results of such studies used in conjunction with an
evaluation of the likelihood of occurrence of coated
intervals can be used to enhance risk assessment due
to reservoir quality.

Retardation, or even cessation, of porosity-reduc-
ing diagenetic processes in sandstones by emplacement
of hydrocarbons is seemingly a logical consequence
of (1) reduction in the supply of dissolved ions and
(2) reduction in nucleation surfaces for cements on oil-
wet surfaces. In practice, however, the extent of the
inhibition process and its effect on reservoir quality are
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controversial. Empirical data suggest that at least some
cements (e.g., quartz, illite) may continue to precipi-
tate following emplacement of hydrocarbons into the
reservoir; but in some reservoirs (including quartzose
sandstones) there is compelling evidence for preser-
vation of porosity due to early hydrocarbon filling. Our
work indicates that if a calibration data set, including
limited lithological and burial/thermal history data, is
available, integration of basin modeling with reservoir
quality modeling can be used to quantify, prior to drill-
ing, the effect of hydrocarbon emplacement on poros-
ity and permeability.

Fluid overpressure most effectively preserves po-
rosity and permeability in rapidly deposited Tertiary or
Quaternary sandstones. The extent of porosity pres-
ervation due to reduced compaction is maximized in
such sandstones because fluid overpressures develop at
shallow depths in response to disequilibrium compac-
tion. Furthermore, if quartz cementation occurs in the
presence of fluid overpressure, the loss of porosity due
to quartz overgrowths is minimized because of the lim-
ited time available for cementation and because of the
lower thermal gradients that are normally associated
with the rapid burial.

Significant porosity preservation associated with
fluid overpressures in pre-Tertiary basins is more prob-
lematic than in younger sands. Disequilibrium com-
paction in pre-Tertiary rocks can lead to fluid over-
pressure generation shortly after burial, but the
likelihood that high fluid overpressure was maintained
throughout the burial history is low. High fluid over-
pressures in many pre-Tertiary basins are likely influ-
enced by deep generating mechanisms associated with
organic and inorganic reactions. If fluid overpressure
developed at depth, porosity will not be preserved to
a significant extent given that most mechanical com-
paction occurs at depths less than 2500 m under hy-
drostatic conditions.
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Pétrole, v. 53, no. 3, p. 249–252.

Barnes, D. A., 1987, Reservoir quality in the Sag River Formation,
Prudhoe Bay field, Alaska, in I. Tailleur and P. Weimer, eds.,
Alaska North Slope geology, v. 1: SEPM and Alaska Geological
Society, p. 85–94.

Bethke, C. M., 1986, Inverse hydrologic analysis of the distribution
and origin of Gulf Coast–type geopressured zones: Journal of
Geophysical Research, v. 91, p. 6535–6545.

Bjørkum, P. A., 1996, How important is pressure solution in causing
dissolution of quartz in sandstones?: Journal of SedimentaryRe-
search, v. A66, p. 147–154.

Bloch, S., 1991, Empirical prediction of porosity and permeability
in sandstones: AAPG Bulletin, v. 75, p. 1145–1160.

Bloch, S., 1994, Secondary porosity in sandstones: significance, ori-
gin, relationship to subaerial unconformities, and effect on pre-
drill reservoir quality prediction, in M. D. Wilson, ed., Reservoir
quality assessment and prediction in clastic rocks: SEPM Short
Course 30, p. 137–160.

Bloch, S., and K. P. Helmold, 1995, Approaches to predicting res-
ervoir quality in sandstones: AAPG Bulletin, v. 79, p. 97–115.

Bloch, S., J. Gjelberg, and T. Dreyer, 1997, Preservation of anoma-
lously high reservoir quality in deeply-buried, chlorite-coated,
shallow marine sandstones (abs.): AAPG Annual Convention,
Program with Abstracts, v. 6, p. A12.

Bonnell, L. M., R. H. Lander, and C. Sundhaug, 1998, Grain coatings
and reservoir quality preservation: role of coating completeness,
grain size and thermal history (abs.): AAPG Annual Conven-
tion, Program with Abstracts, v. 7, p. A81.

Brewer, R., 1976, Fabric and mineral analysis of soils: Huntington,
New York, R. E. Krieger Publishing, 482 p.

Burley, S. D., J. Mullis, and A. Matter, 1989, Timing diagenesis in
the Tartan reservoir (UK North Sea): constraints from com-
bined cathodoluminescence microscopy and fluid inclusion
studies: Marine and Petroleum Geology, v. 6, p. 98–120.

Byrnes, A. P., and M. D. Wilson, 1991, Aspects of porosity predic-
tion using multivariate linear regression (abs.): AAPG Bulletin,
v. 75, p. 548.

Byrnes, A. P., and M. D. Wilson, 1994, Case history—St. Peter and
Mt. Simon sandstones, Illinois basin, in M. D. Wilson, ed., Res-
ervoir quality assessment and prediction in clastic rocks: SEPM
Short Course 30, p. 385–394.

Byrnes, A. P., B. Seyler, and W. J. Guy, 1998, Petrophysics of the
Aux Vases sandstone, southwest Illinois basin, in Proceedings
of Aux Vases Sandstone Workshop, Marion, Illinois: Lawrence,
Kansas Geological Survey, p. E1–E28.

Coleman, M. L., 1985, Geochemistry of diagenetic non-silicate min-
erals: kinetic considerations, in G. Eglinton, et al., eds., Geo-
chemistry of buried sediments: London, Royal Society, p. 39–
54.

Cuiec, L., 1987, Wettability and oil reservoirs, in J. Kleppe et al.,
eds., North Sea oil and gas reservoirs: London, Graham and
Trotman, p. 193–207.

Deighton, I., 1996, Thermal modeling of the north west shelf, v. 1:
Canberra, Australian Geological Survey Organisation, 74 p.

Dickinson, G., 1953, Geological aspects of abnormal reservoir pres-
sures in Gulf Coast, Louisiana: AAPG Bulletin, v. 37, p. 410–
432.

Dolly, E. D., and J. C. Mullarkey, 1996, Hydrocarbon production
from low contrast, low resistivity reservoirs, Rocky Mountain
and mid-continent regions, log examples of subtle plays: Den-
ver, Colorado, Rocky Mountain Association of Geologists,
290 p.



326 Anomalously High Porosity and Permeability in Sandstone Reservoirs

Dutton, S. P., 1977, Diagenesis and porosity distribution in deltaic
sandstone, Strawn series, Pennsylvanian, north central Texas:
Transactions of the Gulf Coast Association of Geological So-
cieties, v. 27, p. 272–277.

Ehrenberg, S. N., 1993, Preservation of anomalously high porosity
in deeply buried sandstones by grain-coating chlorite: examples
from the Norwegian continental shelf: AAPG Bulletin, v. 77,
p. 1260–1286.

Ehrenberg, S. N., and T. Boassen, 1993, Factors controlling perme-
ability variation in sandstones of the Garn Formation in Tres-
takk field, Norwegian continental shelf: Journal of Sedimentary
Petrology, v. 63, p. 929–944.

Ehrlich, R., S. J. Crabtree Jr., K. O. Horkowitz, and J. P. Horkowitz,
1991, Petrography and reservoir physics I: objective classifica-
tion of reservoir porosity: AAPG Bulletin, v. 75, p. 1547–1562.

Emery, D., and A. Robinson, 1993, Inorganic geochemistry: appli-
cations to petroleum geology: Oxford, Blackwell Scientific Pub-
lications, p. 151–155.

Freeman, C. W., 1990, Diagenesis of Miocene sandstones and shales,
southern Louisiana Gulf Coast: Master’s thesis, University of
Missouri–Columbia, 94 p.

Gaynor, G. C., and M. H. Scheihing, 1988, Shelf depositional en-
vironments and reservoir characteristics of the Kuparuk River
formation (Lower Cretaceous), Kuparuk field, North Slope,
Alaska, in A. J. Lomando and P. M. Harris, eds., Giant oil and
gas fields: a core workshop, v. 1: SEPM Core Workshop 12,
p. 333–390.

Giles, M. R., 1997, Diagenesis: a quantitative perspective: Dor-
drecht, Kluver Academic Publishers, 526 p.

Giles, M. R., S. Stevenson, S. V. Martin, S. J. C. Cannon, P. J. Ham-
ilton, J. D. Marshall, and G. M. Sammways, 1992, The reservoir
properties and diagenesis of the Brent group: a regional per-
spective, in A. C. Morton, R. S. Haszeldine, M. R. Giles, and
S. Brown, eds., Geology of the Brent group: Geological Society
Special Publication 61, p. 289–327.

Ginger, E. P., A. R. Thomas, W. D. George, and E. L. Stoudt, 1995,
Reservoir characterization of the Jurassic Smackover and Nor-
phlet formations, Hatter’s Pond unit, Mobile County, Alabama,
in E. L. Stoudt and P. M. Harris, eds., Hydrocarbon reservoir
characterization: geologic framework and flow unit modeling:
SEPM Short Course 34, p. 227–318.

Gluyas, J. G., and C. A. Cade, 1998, Prediction of porosity in com-
pacted sands, in J. A. Kupecz, J. Gluyas, and S. Bloch, eds.,
Reservoir quality prediction in sandstones and carbonates:
AAPG Memoir 69, p. 19–28.

Hancock, N. J., and A. M. Taylor, 1978, Clay mineral diagenesis and
oil migration in the middle Jurassic Brent sand formation: Jour-
nal of the Geological Society, v. 135, p. 69–72.

Harrison, W. J., and L. L. Summa, 1991, Paleohydrology of the Gulf
of Mexico Basin: American Journal of Science, v. 291, p. 109–
176.

Hawkins, P. J., 1978, Relationship between diagenesis, porosity re-
duction, and oil emplacement in late Carboniferous sandstone
reservoirs, Bothamsall oilfield, E. Midlands: Journal of the Geo-
logical Society, v. 135, p. 7–24.

Heald, M. T., 1955, Stylolites in sandstones: Journal of Geology,
v. 63, p. 101–114.

Heald, M. T., 1959, Significance of stylolites in permeable sand-
stones: Journal of Sedimentary Petrology, v. 29, p. 251–253.

Heald, M. T., and R. E. Larese, 1974, Influence of coatings on quartz
cementation: Journal of Sedimentary Petrology, v. 44, p. 1269–
1274.

Heald, M. T., and J. J. Renton, 1966, Experimental study of sand-
stone cementation: Journal of Sedimentary Petrology, v. 36,
p. 977–991.

Hoeiland, S., T. Barth, A. M. Blokhus, and A. Skauge, 2001, The
effect of crude oil acid fractions on wettability as studied by

interfacial tension and contact angles: Journal of Petroleum Sci-
ence and Engineering, v. 30, p. 91–103.

Honarpour, M., L. Koederitz, and A. H. Harvey, 1986, Relative per-
meability of petroleum reservoirs: Boca Raton, Florida, CRC
Press, 143 p.

Houseknecht, D. W., and L. M. Ross Jr., 1992, Clay minerals in
Atokan deep-water sandstone facies, Arkoma basin: origins and
influence on diagenesis and reservoir quality, in D. W. House-
knecht and E. D. Pittman, eds., Origin, diagenesis, and petro-
physics of clay minerals in sandstones: SEPM Special Publica-
tion 47, p. 227–240.

Johnson, R. H., 1920, The cementation process in sandstones:AAPG
Bulletin, v. 4, p. 33–35.

Kan, T. K., and C. J. Sicking, 1994, Pre-drill geophysical methods
for geopressure detection and evaluation, in W. H. Fertl, R. E.
Chapman, and R. F. Hotz, eds., Studies in abnormal pressures:
Developments in Petroleum Science 38, p. 155–186.

Kantorowicz, J. D., 1990, The influence of variations in illite mor-
phology on the permeability of Middle Jurassic Brent group
sandstones, Cormorant field, UK North Sea: Marine and Petro-
leum Geology, v. 7, p. 66–74.

Kugler, R. L., and A. McHugh, 1990, Regional diagenetic variation
in Norphlet Sandstone: implications for reservoir quality and
the origin of porosity: Transactions of the Gulf Coast Associa-
tion of Geological Societies, v. 40, p. 411–423.

Kupecz, J. A., J. Gluyas, and S. Bloch, 1998, Reservoir quality pre-
diction in sandstones and carbonates: an overview, in J. A. Ku-
pecz, J. Gluyas, and S. Bloch, eds., Reservoir quality prediction
in sandstones and carbonates: AAPG Memoir 69, p. 7–24.

Land, L. S., K. L. Milliken, and E. F. McBride, 1987. Diagenetic
evolution of Cenozoic sandstones, Gulf of Mexico sedimentary
basin: Sedimentary Geology, v. 50, no. 1/3, p. 195–225.

Lander, R. H., and O. Walderhaug, 1999, Reservoir quality predic-
tion through simulation of sandstone compaction and quartz
cementation: AAPG Bulletin, v. 83, p. 433–449.

Law, B. E., and C. W. Spencer, 1998, Abnormal pressure in hydro-
carbon environments, in B. E. Law, G. F. Ulmishek, and V. I.
Slavin, eds., Abnormal pressures in hydrocarbon environments:
AAPG Memoir 70, p. 1–11.

Lee, Mingchou, J. L. Aronson, and S. M. Savin, 1985, K/Ar dating
of gas emplacement in Rotliegendes sandstone, Netherlands:
AAPG Bulletin, v. 69, p. 1381–1385.

Lee, Ming-Kuo, and C. M. Bethke, 1994, Groundwater flow, late
cementation, and petroleum accumulation in the Permian Ly-
ons Sandstone, Denver basin: AAPG Bulletin, v. 78, p. 217–
237.

Levandowski, D. W., M. E. Kaley, S. R. Silverman, and R. G. Smal-
ley, 1973, Cementation in Lyons Sandstone and its role in oil
accumulation, Denver basin, Colorado: AAPG Bulletin, v. 57,
p. 2217–2244.

Lindquist, S. J, 1976, Sandstone diagenesis and reservoir quality, Frio
Formation (Oligocene), south Texas: Master’s thesis, University
of Texas at Austin, 148 p.

Loucks, R. L., M. M. Dodge, and W. E. Galloway, 1979, Sandstone
consolidation analysis to delineate areas of high-quality reser-
voirs suitable for production of geopressured geothermalenergy
along the Texas Gulf Coast: Contract Report EG-77-05-5554,
University of Texas Bureau of Economic Geology, 97 p.

Lowry, W. D., 1956, Factors in loss of porosity by quartzose sand-
stones of Virginia: AAPG Bulletin, v. 40, p. 489–500.

Macci, L., C. D. Curtis, A. Levinson, K. Woodward, and C. R.
Hughes, 1990, Chemistry, morphology, and distribution of il-
lites from Morecambe gas field, Irish Sea, offshore United King-
dom: AAPG Bulletin, v. 74, p. 296–308.

Magoon, L. B., and W. G. Dow, 1994, The petroleum system—from
source to trap: AAPG Memoir 60, 655 p.



Bloch et al. 327

Mann, D. M., and A. S. Mackenzie, 1990, Prediction of pore fluid
pressures in sedimentary basins: Marine and Petroleum Geol-
ogy, v. 7, p. 55–65.

Maxwell, J. C., 1964, Influence of depth, temperature, and geologic
age on porosity of quartzose sandstones: AAPG Bulletin, v. 48,
p. 697–709.

McGowen, J. H., and S. Bloch, 1985, Depositional facies, diagenesis,
and reservoir quality of Ivishak Sandstone (Sadlerochit Group),
Prudhoe Bay field (abs.): AAPG Bulletin, v. 69, p. 286.

Megill, R. E., 1988, An introduction to exploration economics:
Tulsa, Oklahoma, PennWell Publishing, 238 p.

Meshri, I. D., and P. J. Ortoleva, eds., 1990, Prediction of reservoir
quality through chemical modeling: AAPG Memoir 49, 175 p.

Midtbø, R. E. A., J. M. Rykkje, and M. Ramm, 2000, Deep burial
diagenesis and reservoir quality along the eastern flank of the
Viking Graben: evidence for illitization and quartz cementation
after hydrocarbon emplacement: Clay Minerals, v. 35, p. 231–
241.

Morrow, N. R., 1990, Wettability and its effects on oil recovery:
Journal of Petroleum Technology, v. 42, p. 1476–1484.

Nedkvitne, T., D. A. Karlsen, K. Bjørlykke, and S. R. Larter, 1993,
Relationship between reservoir diagenetic evolution and petro-
leum emplacement in the Ula field, North Sea: Marine and Pe-
troleum Geology, v. 10, p. 255–270.

Neilson, J. E., N. H. Oxtoby, M. D. Simmons, I. R. Simpson, and
N. K. Fortunova, 1998, The relationship between petroleum
emplacement and carbonate reservoir quality: examples from
Abu Dhabi and the Amu Darya basin: Marine and Petroleum
Geology, v. 15, p. 57–72.

O´Brien, J. J., and I. Lerche, 1986, The preservation of porosity
through hydrocarbon entrapment during burial: Society of Pe-
troleum Engineers Formation Evaluation, v. 1, no. 3, p. 295–
299.

Oelkers, E. H., P. A. Bjørkum, and W. M. Murphy, 1992, The mech-
anism of porosity reduction, stylolite development and quartz
cementation in North Sea sandstones, in Y. K. Kharaka and
A. S. Maest, eds., Proceedings of the 7th International Sym-
posium on Water-Rock Interaction, WRI-7: Rotterdam, Bal-
kema, p. 1183–1186.

Oelkers, E. H., P. A. Bjørkum, and W. M. Murphy, 1996, A petro-
graphic and computational investigation of quartz cementation
and porosity reduction on North Sea sandstones: American
Journal of Science, v. 296, p. 420–452.

Osborne, M. J., and R. E. Swarbrick, 1997, Mechanisms for gener-
ating overpressure in sedimentary basins: a reevaluation: AAPG
Bulletin, v. 81, p. 1023–1041.

Osborne, M. J., and R. E. Swarbrick, 1999, Diagenesis in North Sea
HPHT clastic reservoirs—consequences for porosity and over-
pressure prediction: Marine and Petroleum Geology, v. 16,
p. 337–353.

Pittman, E. D., 1972, Diagenesis of quartz in sandstones as revealed
by scanning electron microscopy: Journal of Sedimentary Pe-
trology, v. 42, p. 507–519.

Pittman, E. D., and L. L. Wray, 1989, Sedimentation and petrology
of Fanshawe sand, Red Oak field, Arkoma basin, Oklahoma
(abs.): AAPG Bulletin, v. 73, p. 1049.

Pittman, E. D., R. E. Larese, and M. T. Heald, 1992, Clay coats:
occurrence and relevance to preservation of porosity in sand-
stones, in D. W. Houseknecht and E. D. Pittman, eds., Origin,
diagenesis, and petrophysics of clay minerals in sandstones:
SEPM Special Publication 47, p. 241–255.

Prozorovich, G. E., 1970, Determination of the time of oil and gas
accumulation by epigenetic studies: Sedimentology, v. 15,
p. 41–52.

Ramm, M., and K. Bjørlykke, 1994, Porosity/depth trends in reser-

voir sandstones: assessing the quantitative effects of varying
pore pressure, temperature history and mineralogy, Norwegian
shelf area: Clay Minerals, v. 29, p. 475–490.

Ramm, M., A. W. Forsberg, and J. S. Jahrens, 1998, Porosity-depth
trends in deeply buried Upper Jurassic reservoirs in the Nor-
wegian Central Graben: an example of porosity preservation
beneath normal economic basement by grain-coating micro-
quartz, in J. A. Kupecz, J. Gluyas, and S. Bloch, eds., Reservoir
quality prediction in sandstones and carbonates: AAPG Memoir
69, p. 177–199.

Robin, M., E. Rosenberg, and O. Fassi-Fihri, 1995, Wettability stud-
ies at the pore level: a new approach by use of cryo-SEM: So-
ciety of Petroleum Engineers Formation Evaluation, v. 10,
p. 11–18.

Rose, P. R., 1992, Chance of success and its use in petroleum explo-
ration, in R. Steinmetz, ed., The business of petroleum explo-
ration: AAPG Treatise of Petroleum Geology, p. 71–86.

Saigal, G. C., K. Bjørlykke, and S. Larter, 1992, The effects of oil
emplacement in diagenetic processes—example from the Ful-
mar reservoir sandstones, central North Sea: AAPG Bulletin,
v. 76, p. 1024–1033.

Scherer, M., 1987, Parameters influencing porosity in sandstones: a
model for sandstone porosity prediction: AAPG Bulletin, v. 71,
p. 485–491.

Schmoker, J. W., and D. L. Gauthier, 1988, Sandstone porosity as a
function of thermal maturity: Geology, v. 16, p. 1007–1010.

Seneeflock, R., 1978, Permeability traps in the Gatchell sand of Cali-
fornia: AAPG Bulletin, v. 58, p. 848–853.

Smith, J. T., and S. N. Ehrenberg, 1989, Correlation of carbon di-
oxide abundance with temperature in clastic hydrocarbon res-
ervoirs: relationship to inorganic chemical equilibrium: Marine
and Petroleum Geology, v. 6, p. 129–136.

Sommer, F., 1978, Diagenesis of Jurassic sandstones in the Viking
Graben: Journal of the Geological Society, v. 135, p. 63–67.

Stanton, G. D., 1977, Secondary porosity in sandstone of Lower Wil-
cox (Eocene), Karnes County, Texas: Transactions of the Gulf
Coast Association of Geological Societies, v. 27, p. 197–207.

Stein, N., 1992, Seismic data used to predict formation pressures:
Oil & Gas Journal, v. 90, no. 48, p. 55–58.

Sullivan, M., T. Coombes, P. Imbert, and C. Ahamdach-Demars,
1999, Reservoir quality and petrophysical evaluation of Paleo-
cene sandstones in the West of Shetland area, in A. J. Fleet and
S. A. R. Boldy, eds., Petroleum geology of northwest Europe:
Proceedings of the 5th Conference of the Geological Society,
p. 627–633.

Thomson, A., 1959, Pressure solution and porosity, in H. A. Ireland,
ed., Silica in sediments: SEPM Special Publication 7, p. 92–110.

Thomson, A., 1979, Preservation of porosity in the deep Woodbine/
Tuscaloosa trend, Louisiana: Transactions of the Gulf Coast As-
sociation of Geological Societies, v. 30, p. 396–403.

Thomson, A., and R. J. Stancliffe, 1990, Diagenetic controls on res-
ervoir quality, eolian Norphlet Formation, South State Line
field, Mississippi, in J. H. Barwis, J. G. McPherson, and R. J.
Studlick, eds., Sandstone petroleum reservoirs: New York,
Springer-Verlag, p. 205–224.

Walderhaug, O., 1994a, Precipitation rates of quartz cement in sand-
stones determined by fluid-inclusion microthermometry and
temperature-history modeling: Journal of Sedimentary Re-
search, v. A64, p. 324–333.

Walderhaug, O., 1994b, Temperatures of quartz cementation in Ju-
rassic sandstones from the Norwegian continental shelf—
evidence from fluid inclusions: Journal of Sedimentary Re-
search, v. A64, p. 311–323.

Walderhaug, O., 1996, Kinetic modelling of quartz cementation and
porosity loss in deeply buried sandstone reservoirs: AAPG Bul-
letin, v. 80, p. 731–745.



328 Anomalously High Porosity and Permeability in Sandstone Reservoirs

Warren, E. A., A. J. Pulham, and J. Naar, 1997, Primary composi-
tional control on quartz cement and porosity in deeply-buried
sandstones, Cusiana field, Llanos foothills, Colombia (abs.):
AAPG Annual Convention, Program with Abstracts, v. 6,
p. A122–A123.

Weimer, R. J., and S. A. Sonnenberg, 1994, Low resistivity pays in
J Sandstone, deep basin center accumulations, Denver basin
(abs.): AAPG Annual Convention, Program with Abstracts,
v. 3, p. 280.

Wescott, W. A., 1983, Diagenesis of Cotton Valley sandstone (Up-
per Jurassic), east Texas: implications for tight gas formation
pay recognition: AAPG Bulletin, v. 67, p. 1002–1013.

White, D. A., 1993, Geologic risking guide for prospects and plays:
AAPG Bulletin, v. 77, p. 2048–2061.

Williams, L. A., G. A. Parks, and D. A. Crerar, 1985, Silica diagen-
esis, I: solubility controls: Journal of Sedimentary Petrology,
v. 55, p. 301–311.

Wilson, H. H., 1977, “Frozen-in” hydrocarbon accumulations or dia-
genetic traps—exploration targets: AAPG Bulletin, v. 61,
p. 483–491.

Wilson, M. D., 1992, Inherited grain-rimming clays in sandstones
from eolian and shelf environments: their origin and control on
reservoir properties, in D. W. Houseknecht and E. D. Pittman,
eds., Origin, diagenesis, and petrophysics of clay minerals in
sandstones: SEPM Special Publication 47, p. 209–225.

Wilson, M. D., 1994a, Reservoir quality assessment and prediction
in clastic rocks: SEPM Short Course 30, 432 p.

Wilson, M. D., 1994b, Non-compositional controls on diagenetic
processes, in M. D. Wilson, ed., Reservoir quality assessment
and prediction in Clastic rocks: SEPM Short Course 30, p. 137–
160.

Wilson, M. D., 1994c, Case history—Jurassic sandstones, Viking
Graben, North Sea, in M. D. Wilson, ed., Reservoir quality as-
sessment and prediction in Clastic rocks: SEPM Short Course
30, p. 137–160.

Wilson, M. D., and E. D. Pittman, 1977, Authigenic clays in sand-
stones: recognition and influence on reservoir properties and
paleoenvironmental analysis: Journal of Sedimentary Petrology,
v. 47, p. 3–31.

Worden, R. H., and N. H. Oxtoby, 1995, Does oil emplacement
stop diagenesis in sandstone reservoirs?: European Association
of Geoscientists and Engineers Conference and Technical Ex-
hibition, European Association of Petroleum Geoscientists and
Engineers Division paper F044, unpaginated.

Worden, R. H., N. H. Oxtoby, and P. C. Smalley, 1998, Can oil
emplacement prevent quartz cementation in sandstones?: Pe-
troleum Geoscience, v. 4, p. 129–137.

Yurkova, R. M., 1970, Comparison of post-sedimentary alterations
of oil-, gas-, and water-bearing rocks: Sedimentology, v. 15,
p. 53–68.


