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ABSTRACT

Diagenesis exerts a strong control on the quality and hetero-
geneity of most clastic reservoirs. Variations in the distribution
of diagenetic alterations usually accentuate the variations in
depositional porosity and permeability. Linking the types and
distribution of diagenetic processes to the depositional facies
and sequence-stratigraphic framework of clastic successions
provides a powerful tool to predict the distribution of diage-
netic alterations controlling quality and heterogeneity. The het-
erogeneity patterns of sandstone reservoirs, which determine
the volumes, flow rates, and recovery of hydrocarbons, are con-
trolled by geometry and internal structures of sand bodies, grain
size, sorting, degree of bioturbation, provenance, and by the
types, volumes, and distribution of diagenetic alterations. Var-
iations in the pathways of diagenetic evolution are linked to
(1) depositional facies, hence pore-water chemistry, depositional
porosity and permeability, types and amounts of intrabasinal
grains, and extent of bioturbation; (2) detrital sand composition;
(3) rate of deposition (controlling residence time of sediments at
specific near-surface, geochemical conditions); and (4) burial
thermal history of the basin. The amounts and types of intra-
basinal grains are also controlled by changes in the relative sea
level and, therefore, can be predicted in the context of sequence
stratigraphy, particularly in paralic and shallow marine envi-
ronments. Changes in the relative sea level exert significant
control on the types and extent of near-surface shallow burial
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1268 Diagenesis and Heterogeneity of Sandsto
diagenetic alterations, which in turn influence the pathways
of burial diagenetic and reservoir quality evolution of clastic
reservoirs. Carbonate cementation is more extensive in trans-
gressive systems tract (TST) sandstones, particularly below
parasequence boundaries, transgressive surface , andmaximum
flooding surface because of the abundance of carbonate bioclasts
and organic matter, bioturbation, and prolonged residence time
of the sediments at and immediately below the sea floor caused
by low sedimentation rates, which also enhance the formation
of glaucony. Eogenetic grain-coating berthierine, odinite, and
smectite, formed mostly in TST and early highstand systems
tract deltaic and estuarine sandstones, are transformed into
ferrous chlorite during mesodiagenesis, helping preserve res-
ervoir quality through the inhibition of quartz cementation.
The infiltration of grain-coating smectitic clays is more ex-
tensive in braided than in meandering fluvial sandstones, form-
ing flow barriers in braided amalgamated reservoirs, and may
either help preserve porosity during burial because of quartz
overgrowth inhibition or reduce it by enhancing intergranular
pressure dissolution. Diagenetic modifications along sequence
boundaries are characterized by considerable dissolution and
kaolinization of feldspars, micas, and mud intraclasts under
wet and warm climates, whereas a semiarid climate may lead
to the formation of calcrete dolocrete cemented layers. Tur-
bidite sandstones are typically cemented by carbonate along the
contacts with interbedded mudrocks or carbonate mudstones
and marls, as well as along layers of concentration of carbonate
bioclasts and intraclasts. Commonly, hybrid carbonate turbidite
arenites are pervasively cemented. Proximal, massive turbidites
normally show only scattered spherical or ovoid carbonate
concretions. Improved geologic models based on the connec-
tions among diagenesis, depositional facies, and sequence-
stratigraphic surfaces and intervals may not only contribute to
optimized production through the design of appropriate sim-
ulation models for improved or enhanced oil recovery strat-
egies, as well as for CO2 geologic sequestration, but also sup-
port more effective hydrocarbon exploration through reservoir
quality prediction.
INTRODUCTION

Reservoir heterogeneity refers to vertical and lateral variations
in porosity, permeability, and/or capillarity (Alpay, 1972; Evans,
1987; Moraes and Surdam, 1993). Reservoir heterogeneity in
sandstone bodies occurs at various extents and scales, ranging
ne Reservoirs



from micrometers to hundreds of meters, and is
commonly attributed to variations in depositional
facies, diagenesis, and structural features such as
the presence of fractures and faults (Figure 1)
(e.g., De Ros, 1998; Schulz-Rojahn et al., 1998).
Heterogeneity strongly influences reservoir per-
formance by controlling fluid flow and recovery
factors (Wardlaw and Taylor, 1976; Wardlaw
and Cassan, 1979; Weber, 1982). Elucidation and
prediction of the reservoir heterogeneity are of
prime importance for the planning and execution
of efficient hydrocarbon production strategies
(Hamilton et al., 1998; Barton et al., 2004; Sech
et al., 2009).

In this article, we link diagenetic controls on
reservoir quality and heterogeneity to the deposi-
tional facies and sequence stratigraphy of sand-
stones. Depositional facies control (1) the primary
porosity and permeability of sandstones; (2) sand-
body geometry, mud/sand ratio, and architecture;
and (3) pore-water chemistry and near-surface
eodiagenesis (Morad et al., 2000). The deposition-
ally controlled parameters (1) and (2) mentioned
above have decisive impact on the rate and path-
ways of fluid flow, which in turn will affect the
extent and distribution of eogenetic alterations in
sandstones (Morad et al., 2000). Many of these al-
terations promote substantial reservoir heterogene-
ity, such as cementation alongmarine transgressive
surfaces (TSs) that can be predicted in the context
of sequence stratigraphy (Taylor et al., 1995; Ketzer
et al., 2002, 2003a; Al-Ramadan et al., 2005). Eo-
genetic alterations in turn exert a substantial con-
trol on the deep-burial, mesogenetic evolution of
the sandstones (Morad et al., 2000) because burial
diagenesis will be constrained by the extent of fluid
flow through the remaining porosity and influ-
enced by the presence of earlier diagenetic products
to affect, for example, clay mineral transformations
and quartz-cement nucleation.
Figure 1. Types of reservoir
heterogeneity in sandstone
bodies that occur to various ex-
tents and scales, ranging from
micrometers to hundreds of
meters, and is commonly at-
tributed to variations in deposi-
tional facies, diagenetic evolu-
tion pathways, and structural
features, such as the presence of
fracture network and faults
(modified from Weber, 1986).
Morad et al. 1269



DIAGENETIC EVOLUTION PATHWAYS
OF SANDSTONES

Although the near-surface and progressive burial
diagenetic evolution of sandstones varies widely,
many common diagenetic processes (Figure 2;
Table 1) (Morad et al., 2000; Worden and Morad,
2003) can be systematically related to attributes of
depositional facies. These processes include (1) me-
chanical compaction and formation of pseudo-
matrix, i.e., matrix formed by the pseudoplastic de-
formation and squeezing of ductile grains between
rigid grains (Figure 3A); (2) grain dissolution (feld-
spars, rock fragments, mud intraclasts, carbonate
bioclasts, heavyminerals, andmicas; Figure 3B); (3)
formation of pore-lining minerals, including smec-
tite, iron oxide or oxyhydroxide, Fe-rich clays (e.g.,
berthierine, odinite), palygorskite (Figure 3C), opal,
and microcrystalline quartz (Figure 3D); (4) for-
mation of grain-replacing kaolinite (Figure 3E) and
smectite; and (5) cementation by carbonates (calcite,
dolomite, ankerite, siderite; Figure 3F), anhydrite,
pyrite, andK-feldspar overgrowths (Stonecipher and
May, 1990; Aase et al., 1996; Bloch et al., 2002).

Depositional and early diagenetic attributes de-
termine the pore-system evolution of sandstones
during burial diagenesis. Common mesogenetic al-
terations and their impact on reservoir quality of
sandstones and key references are summarized in
Table 2 and include the following.

1. The conversion of clays formed at low temper-
atures to those stable at high temperatures, e.g.,
kaolinite into dickite (Figure 4A) (Ehrenberg
et al., 1993; Morad et al., 1994); kaolinite to il-
lite; smectite into illite (Figure 4B); and berthie-
rine, odinite, and trioctahedral smectite into
chlorite (Ehrenberg et al., 1993; Bloch et al., 2002;
Anjos et al., 2003).

2. Albitization of plagioclase and K-feldspar
(Figure 4C) (Saigal et al., 1988;Morad et al., 1990).

3. Formation of pore-filling cements such as Fe-
dolomite or ankerite, calcite, siderite (Figure 4D)
(Morad, 1998), quartz overgrowths and out-
growths (Figure 5A) (Worden andMorad, 2003),
barite, anhydrite, and coarse-crystalline pyrite
cements.
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4. Dissolution of framework grains and of carbon-
ate and sulfate cements.

5. Pressure dissolution of quartz grains (Figure 5B)
(Houseknecht, 1984, 1988), which is enhanced
by the presence of mica and grain-coating illite
(Figure 5C, D) (Weyl, 1959; Bjørkum, 1996).

Early diagenesis can have both positive and
negative impact on deep-reservoir quality. Positive
effects include the inhibition of compaction and late
quartz cementation by early pore-lining cements
(Figure 6). Negative effects include the filling of
pores by cement and the reaction of early-formed
kaolinite with remnants of undissolved K-feldspar
to form reactants for high-temperature diagenetic
illite (Lander and Bonnell, this issue), which may
occlude pores and pore throats to variable extents
depending on its morphology (Figure 6A–C). Chlo-
rite crystals are commonly smaller and cause less
severe occlusion of pores, particularly in medium-
to coarse-grained sandstones (Figure 6D).

This article will focus on linking the distribu-
tion of diagenetic processes to depositional facies
and sequence-stratigraphic settings of siliciclastic
successions. Identifying the link between early dia-
genetic attributes and subsequent burial diagenetic
pathways to these settings will allow us to predict
the distribution of deep-reservoir quality at a more
detailed scale than is possible using burial-related
diagenetic processes alone.
FRAMEWORKGRAINS IN SANDSTONES: TYPES,
ORIGIN, AND IMPACT ON DIAGENETIC
EVOLUTION AND RESERVOIR HETEROGENEITY
The framework composition of sandstones and hy-
brid arenites is controlled by the geological evolution
of the source area, including rock types and tec-
tonics; paleoclimatic conditions; depositional pro-
cesses; and changes in the relative sea level versus
rates of sediment supply (e.g., Zuffa, 1985a; Suttner
andDutta, 1986; Zuffa et al., 1995; De Ros, 1996;
Morad et al., 2000). The impact of various types of
framework sand composition on the diagenetic evo-
lution of sandstones is summarized in Table 3.



The mechanical and chemical stabilities of
sandstones are strongly linked to grain composition
(Bloch, 1994; De Ros et al., 1994; De Ros, 1996).
Detrital framework constituents of sandstones can
be broadly classified into four groups: extrabasinal
noncarbonate, extrabasinal carbonate, intrabasinal
noncarbonate, and intrabasinal carbonate grains.
Rocks composed of mixtures of these different
groups are referred to as hybrid arenites (Zuffa,
1980).
Extrabasinal Noncarbonate Grains

These grains are derived from weathering and ero-
sion of igneous, metamorphic, and older sedimen-
tary rocks in the hinterland. These grains are pri-
marily monocrystalline and polycrystalline quartz,
feldspars (K-feldspars and plagioclase), rock frag-
ments, micas (muscovite and biotite), and diverse
heavy minerals (e.g., garnets, tourmalines, zircon,
apatite, and amphiboles). Grain composition de-
pends primarily on source rock composition, relief,
and paleoclimatic conditions (Zuffa, 1985a; Suttner
and Dutta, 1986; Heins, 1993).

The source rock composition and hence the
sand composition are strongly controlled by the
tectonic setting of the basin (Dickinson, 1985;Zuffa,
1985a; Haughton et al., 1991). The paleoclimatic
conditions exert a profound control on the chem-
ical weathering of source rocks and hence on sand
composition (Mack and Suttner, 1977; Suttner and
Dutta, 1986). First-cycle sediments of mineralog-
ically immature sands (high feldspar and unstable
rock fragments contents) are characteristic of semi-
arid to arid climatic conditions, whereas mature
sands (i.e., quartz rich) are commonly derived un-
der warm humid conditions, which induce strong
chemical weathering in the hinterland (Basu, 1985;
Suttner and Dutta, 1986). Chemical weathering is
most efficient if the source areas have low relief, im-
plying a longer duration of weathering prior to ero-
sion, which is typical for basins lying in tectonically
stable areas, such as intracratonic basins (Dickinson
et al., 1983;Dickinson, 1985).However, immature
sands can be generated even under humid climatic
conditions if the source area undergoes rapid uplift
and erosion (Basu, 1985; Johnsson, 1990a).
In principle, mature sandstones are both chem-
ically and mechanically stable and have the better
potential to formgood reservoirs evenwhendeeply
buried (Scherer, 1987; Bloch and Helmond, 1995;
Primmer et al., 1997; Bloch et al., 2002; Warren
and Pulham, 2001). Feldspar-rich sandstones are
mechanically stable but can be chemically unstable,
such as under prolonged interaction with under-
saturated meteoric water, which promotes grain
dissolution and kaolinization (McKay et al., 1995;
Worden andMorad, 2003). Sandstones that are rich
in lithic fragments are commonly unstable chem-
ically and/or mechanically (Burns and Ethridge,
1979; De Ros, 1996; Primmer et al., 1997). Sand-
stones with abundant mechanically unstable rock
fragments suffer rapid decline in porosity and per-
meability during burial because of mechanical com-
paction (Pittman and Larese, 1991; Bloch, 1994;
De Ros, 1996).

Volcanic rock fragments are chemically un-
stable and tend to alter into smectitic and chloritic
clay minerals, zeolites, calcite, and silica (opal-
cristobalite-tridymite, microcrystalline quartz, or
chalcedony) during diagenesis (Hawlader, 1990;
Mathisen and McPherson, 1991; Pirrie et al., 1994;
De Ros et al., 1997). Nevertheless, not all sand-
stones that are rich in lithic fragments are both
chemically and mechanically unstable. Sandstones
rich in felsic plutonic rock fragments or chert are
mechanically and, to great extent, chemically stable
(Melvin and Knight, 1985; Bloch et al., 2002).
Extrabasinal Carbonate Grains

These grains are relatively rare in sandstones be-
cause carbonate source rocks tend to weather chem-
ically instead of physically, particularly under hu-
mid climatic conditions (Wright, 1988). However,
carbonate rocks provide considerable amounts of
carbonate grains in tectonically active settings (e.g.,
fold-thrust and transform fault belts), such as in the
foreland basins of North America (Ingersoll et al.,
1987) and Italy (Gandolfi et al., 1983; Valloni and
Zuffa, 1984). Such settings provide little time for
chemicalweathering of subaerially exposed bedrock
and shorter transportation distance of the carbonate
grains prior to accumulation (Zuffa, 1985b; 1987).
Morad et al. 1271



Figure 2. Cartoon showing common diagenetic and related reservoir evolution pathways: (A) porosity preservation; (B) porosity reduction.
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Table 1. Common Eogenetic Alterations in Sandstones and Their Controlling Parameters, Common Depositional Facies in which They

Occur, and Potential Impact on Reservoir Quality
Process
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Major Controlling Parameters
Heterogeneity of Sandstone Reservoirs
Depositional Facies
 Impact on Reservoir Quality
Mechanical compaction and
pseudomatrix formation
(Figure 3A)
Abundance of ductile lithic grains,
mud intraclasts, or glaucony
Turbidite, fluvial, and
deltaic sandstones
Rapid loss of porosity and
permeability during burial
Dissolution and kaolinization
of framework feldspars
(Figure 3B, E)
Abundance of feldspars, effective
meteoric water flux
Fluvial, tidal, and deltaic
sandstones
Formation of intragranular and
moldic pores
Improvement of porosity and, to
smaller extent, permeability
Cementation by K-feldspar
overgrowths
Abundance of K-feldspars
 Fluvial, tidal, and deltaic
sandstones
Rarely abundant enough to result
in permeability deterioration
Formation of grain-coating
Fe-clays (e.g., odinite,
berthierine)
Low sedimentation rates
 Deltaic and shallow-marine
sandstones
Transformation into chlorite during
mesodiagenesis
Deep porosity preservation by
inhibition of late quartz
cementation
Formation of grain-coating
microquartz (Figure 3D)
Abundance of siliceous bioclasts
 Shallow- and deep-marine
sandstones
Inhibition of cementation by quartz
overgrowths
Alteration of felsic and
mafic volcaniclastic
rock fragments
Sediment provenance, coeval
volcanic activity, i.e., tectonic
basin setting
All facies
 Felsic grains: porosity-permeability loss
due to cementation by smectite,
zeolites, microquartz, and opal
Mafic grains: formation of zeolites,
calcite, and trioctahedral smectite,
which undergoes mesogenetic
transformation into chlorite, may
contribute to porosity preservation
Dissolution of carbonate
grains
Extensive meteoric water flux,
which is enhanced by wet
climate and sand permeability
Deltaic and shallow-marine
sandstones
Increase in porosity due to formation
of intragranular and moldic pores
Calcite cementation

Cementation by calcite,

dolomite, siderite
(Figure 3F)
Semiarid climate in fluvial
sandstones and availability
of carbonate grains in
shallow-marine sandstones
All facies
 Destruction porosity and permeability
Reservoir compartmentalization

Mechanical clay infiltration

(Figure 4A)

Mostly braided fluvial and alluvial

fans, subordinately meandering
fluvial and deltaic settings
Fluvial and deltaic
sandstones
May inhibit cementation by quartz
overgrowths, and thus preserves
porosity in deeply buried
sandstones
Mesogenetic illitization of thin
infiltrated smectite coats may
promote pressure dissolution



Figure 3. (A) Optical micrograph (plane-polarized light, PPL) showing pseudoplastic deformation of mud intraclasts (dark brown),
which resulted in the formation of pseudomatrix filling intergranular pores. (B) Optical micrograph (PPL) showing dissolution of feldspar
grains, which resulted in the formation of intragranular porosity. Some grains are surrounded by overgrowths, which resisted dissolution.
(C) Scanning electron microscope (SEM) image showing fibrous, grain-coating palygorskite. (D) SEM image showing grain-coating
microcrystalline quartz preserving porosity by inhibiting the development of overgrowths. (E) Backscattered electron (BSE) image
showing grain-replacing kaolinite. Large accordion kaolinite aggregates are a product of replacement and expansion of mica. Note the
high amounts of microporosity. (F) Optical micrograph (crossed polarizers) showing pore-filling calcite in a shoreface hybrid arenite with
abundant carbonate bioclasts.
Morad et al. 1275



Extrabasinal carbonate grains, which include lime-
stone and dolostone fragments andmonocrystalline
calcite and dolomite grains, favor nucleation and
growth of carbonate cements and thus contribute
to porosity and permeability deterioration (Fontana
et al., 1986; Spadafora et al., 1998). Extrabasinal
carbonate grains also contribute to porosity reduc-
tion through chemical compaction. Furthermore,
these dissolved grains are sources of pore-occluding
carbonate cement (Fontana et al., 1989;Mansurbeg
et al., 2009; Caja et al., 2010).
Intrabasinal Carbonate Grains

These grains occur in continental, shallow-water
marine, and deep-water marine sandstones, and
when abundant, they form hybrid arenites (Zuffa,
1980). Inmarine depositional environments, these
grains are derived from the reworking of shelf car-
bonate allochems (e.g., bioclasts, ooids, intraclasts,
and peloids) during transgression (Kantorowicz
1276 Diagenesis and Heterogeneity of Sandstone Reservoirs
et al., 1987; Caja et al., 2010). Carbonate intra-
clasts may also be derived from the erosion of car-
bonate concretions, pisoliths, crusts, and cemented
layers of vadose and phreatic calcrete and dolo-
crete deposits by avulsing rivers and episodic floods
(Tandon andNarayan, 1981; Sarkar, 1988;Gomez-
Gras, 1993). Such carbonate intraclasts are com-
monly deposited together with mud intraclasts as
fluvial channel lags (De Ros and Scherer, in press).

Carbonate grains act as (1) nuclei for precipi-
tation of carbonate cement, such as during eodia-
genesis of shoreface, turbiditic, and fluvial channel
lag sands (Carvalho et al., 1995; Molenaar, 1998;
Ketzer et al., 2002; Al-Ramadan et al., 2005), and
(2) sources of carbonate cements derived from their
dissolution,which is typical for sandstones influenced
by activemeteoric water percolation (Al-Ramadan
et al., 2005). Hence, sediments rich in intrabasinal
carbonate grains are commonly prone to pervasive
carbonate cementation, which greatly reduces de-
positional porosity and permeability (Fontana
et al., 1986; James, 1992; Mansurbeg et al., 2009).
Table 2. Typical Mesogenetic Processes in Sandstones, Their Controlling Parameters, and Potential Impact on Reservoir Quality
Process
 Major Controlling Parameters
 Impact on Reservoir Quality
Illite formation (Figure 4B)
 Availability of precursor clay minerals,
primarily kaolinite and dioctahedral
smectite
Permeability deterioration
Increase in water saturation
Enhancement of intergranular pressure

dissolution

Chlorite formation (Figure 6C, D)
 Availability of precursor grain-coating

berthierine or smectite

Inhibits quartz overgrowth cementation

in deep sandstone reservoirs

Dickite formation (Figure 4A)
 Availability of precursor kaolinite;

mesogenetic acidic conditions

Prevention of illitization of kaolinite and

hence permeability preservation

Albitization of K-feldspars

(Figure 4C)

Abundance of detrital K-feldspar;

high Na+ activities

Enhances illite formation by supplying K+,

hence causing permeability deterioration

Albitization of plagioclase

(Figure 4C)

Abundance of Ca-rich plagioclase;

high Na+ activities

Provides Ca2+ and Al3+, which act as sources

of small amounts of carbonate and clay
mineral cements
Quartz cementation and pressure
dissolution of quartz grains
(Figure 5A and B, respectively)
Availability of monocrystalline quartz
grains with clean surfaces, or of
illite coatings and micas, respectively
Substantial deterioration of permeability
and porosity
Dissolution of unstable grains and
calcite cement
Thermal maturation of organic matter,
which generates organic acids and CO2
Enhancement of reservoir quality through
creation of secondary intragranular and
intergranular porosity
Cementation by ankerite, Mg-siderite,
barite, and anhydrite
Flux of basinal fluids, primarily along faults
 Deterioration of reservoir quality



Moreover, carbonate grains with micritic textures
are relatively ductile, which may cause porosity
reduction through mechanical compaction (Geslin,
1994).
Intrabasinal Noncarbonate Grains

These grains, which can have an impact on reser-
voir heterogeneity, include the following.

Mud Intraclasts
These grains, which are called rip-up clasts, are de-
fined as fragments eroded from low-energy deposits
and penecontemporaneously redeposited in high-
energy environments (Garzanti, 1991). These clasts
are derived from erosion of (1) floodplain deposits,
and associated soil horizons are common in fluvial
deposits, being typically deposited at the base of
channel cycles as conglomeratic lags (Ketzer et al.,
2003b; De Ros and Scherer, in press); (2) muddy
slope deposits by turbidity currents and redeposi-
tion at the base of turbidite cycles, particularly of
channel-levee complexes (Carvalho et al., 1995;
Mansurbeg et al., 2009); and (3) shelf sediments
during marine transgression and redeposition as
transgressive lag deposits in shallow-marine suc-
cessions (Ketzer and Morad, 2006) Because these
intraclasts are ductile, they undergo pseudoplastic
deformation at shallow depths, resulting in the for-
mation of pseudomatrix. Layers rich in mud intra-
clastsmay also be cemented extensively by eogenetic
carbonates and hence are not subjected to mechan-
ical compaction and generation of pseudomatrix
(Carvalho et al., 1995).
Figure 4. (A) Scanning electron microscope (SEM) image showing thin kaolinite plates being replaced by thick, blocky dickite. (B) SEM
image showing illitization of smectite coatings. Prismatic quartz outgrowths occur in the background. (C) SEM micrograph showing a
dissolved and albitized feldspar grain. (D) Optical micrograph (crossed polarizers) showing mesogenetic Mg-rich siderite covering, and
thus postdating, quartz overgrowths.
Morad et al. 1277



Glaucony
Glaucony (Odin and Matter, 1981) occurs as au-
tochthonous (in situ), parautochthonous (reworked,
intrabasinal), or detrital grains (extrabasinal; cf.
Amorosi, 1995). Autochthonous glaucony is more
abundant in condensed intervals associated with
marine flooding events andwithin the transgressive
systems tract (Amorosi and Centineo, 2000; Ketzer
et al., 2003b) due to the prevalence of favorable
authigenesis conditions, i.e., low sedimentation rates
and small amounts of organicmatter at depths greater
than 100m (328 ft) along the platform edge (Odin
and Matter, 1981). Parautochthonous glaucony,
however, canbe abundant in sandstones and arenites
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associatedwith regressive shoreline deposition, such
as green sands, and in lags associated with sequence
boundaries (McCracken et al., 1996). Parautoch-
tonous glaucony reworked from shelf edges also
occurs in turbidite deposits (Critelli et al., 2007;
Fetter et al., 2009).Glaucony grains are ductile and
rapidly deform upon compaction, contributing to
porosity deterioration (McBride, 1978; Pittman and
Larese, 1991), but are chemically stable in most
burial diagenetic environments.

Siliceous Bioclasts
Opaline bioclasts of sponge spicules, radiolaria, and
diatoms are chemically unstable and hence dissolve
Figure 5. (A) Optical micrograph (crossed polarizers [XPL]) showing quartz overgrowths, and an albitized plagioclase grain. (B) Optical
micrograph of intense chemical compaction in a sandstone with development of sutured intergranular and stylolitic contacts. Note thin
clay coatings along contacts. (C) Scanning electron microscope image of a polished sandstone section with superimposed dispersed
energy spectrum indicating the illitic composition of clays along pressure dissolution contacts. (D) Optical micrograph showing intense
intergranular pressure dissolution of quartz, enhanced along contacts with muscovite plates.



during early diagenesis (Williams et al., 1985).
Released dissolved silica can precipitate as rims of
microcrystalline quartz around framework grains.
Such microcrystalline quartz rims inhibit the pre-
cipitation of extensive quartz overgrowths and pres-
sure dissolution during deep burial diagenesis and
thus lead to preservation of abnormally high poros-
ity (Jahren and Ramm, 2000; Warren and Pulham,
2001; Bloch et al., 2002; Lima and De Ros, 2002).
This situation is encountered in arenites, which
contain abundant siliceous bioclasts or are adjacent
to fine-grained deposits rich in siliceous bioclasts,
such as siliceous mudstones, radiolarites, spiculites,
diatomites, and cherts (Hendry and Trewin, 1995;
Aase et al., 1996; Jahren and Ramm, 2000; Bloch
et al., 2002).
Berthierine and Odinite
These are ferroan, 7-Å clay minerals, which, in ad-
dition to their occurrence as grain coats, form ooids
and peloids in deltaic and estuarine settings (Odin,
1985, 1990; Ketzer et al., 2003a, b). Both berthie-
rine and odinite evolve to chamosite (Fe-chlorite)
upon burial (Odin, 1985; Hillier, 1994). These soft
grains are easily compacted but commonly occur in
too small amounts to impact the porosity of arenites.

IMPACT OF DEPOSITIONAL FACIES ON
DIAGENESIS AND RESERVOIR HETEROGENEITY

Depositional facies has considerable impact on the
distribution of eogenetic andmesogenetic alterations
Figure 6. (A) Scanning electron microscope (SEM) image showing thick rims of fibrous illite. (B) SEM image showing thin coating of
illite platelets arranged parallel to the grain surfaces. (C) SEM micrograph showing honeycombed illite aggregates rimming the framework
grains. (D) Optical micrograph (crossed polarizers) showing chlorite rims preserving the porosity of a deeply buried sandstone reservoir
through the inhibition of cementation by quartz overgrowths.
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and, by virtue, on evolution pathways of reservoir
quality and heterogeneity in siliciclastic successions.
Typical diagenetic alterations in fluvial and eolian
sediments are listed in Table 4, and those encoun-
tered in deltaic, tidal, shallow-marine, turbidite, and
estuarine sediments are listed in Table 5.
Fluvial Deposits

Different types of fluvial systems produce signif-
icant variations in sand-body architecture, grain
size, and sand/mud ratio (Einsele, 2000). For in-
stance, fluvial sand bodies may be laterally limited
1280 Diagenesis and Heterogeneity of Sandstone Reservoirs
(single point bars) or laterally extensive due to the
lateral accretion of channels and bars of braided
systems. The depositional heterogeneity in fluvial
reservoirs is strongly related to the geometry and
lateral and vertical interconnection of the sand-
stone bodies. The dimension, geometry, and grain
size of channel sandstones vary widely depending
on variations in accommodation space and mor-
phology of the fluvial system (braided,meandering,
anastomosing) (Einsele, 2000). Hence, variations
in accommodation space and fluvial style in-
duce depositional reservoir heterogeneity (Richards,
1996).
Table 3. Impact of Framework Grain Types on the Diagenetic and Reservoir-Quality and Heterogeneity Evolution of Sandstones
Type of
Framework Grains
Common Related
Diagenetic Alterations
 Impact on Reservoir Quality
 Depositional/Tectonic Setting
Quartz
 Mesogenetic pressure dissolution
(silica exporters) and/or quartz
cementation (silica importers)
Preservation of reservoir porosity
and permeability to depth of
about 3 km

Substantial loss of reservoir porosity
and permeability at depths
greater than 3 km
Intracratonic basins, wet climate,
granitic, felsic gneissic, and
quartzitic source rocks; more
common in eolian, fluvial, and
shallow-marine facies
Feldspars and plutonic
rock fragments
Eo- and mesogenetic dissolution,
resulting in the formation of
intragranular and moldic pores

Eogenetic kaolinization
Mesogenetic albitization
Creation of secondary porosity
Mesogenetic K-feldspar albitization

promotes illite authigenesis and
permeability deterioration
Rifts and pull-apart basins adjacent
to uplifted basement rocks;
common in all facies
Lithic: ductile (e.g., mud
intraclasts, glaucony,
mudrocks, low-grade
metamorphic)
Mechanical compaction and
formation of pseudomatrix
Severe loss of porosity and
permeability
Orogenic settings; intrabasinal
reworking
Lithic: chemically
unstable
(e.g., volcanics)
Formation of smectite, chlorite,
zeolites, calcite, microquartz,
and opal
Severe loss of permeability
 Basins adjacent to volcanic arcs
or plateaus
Lithic: chemically and
mechanically stable
(e.g., chert, quartzite)
No significant alterations; chert
may be subjected to partial
dissolution
Preservation of reservoir porosity
and permeability
Basins adjacent to uplifted
continental crust, or
subduction complexes
Micas
 Enhanced pressure dissolution
 Reduction of porosity and
permeability by chemical
compaction
Basins adjacent to uplifted
continental crust, or
orogenic arcs
Extrabasinal and
intrabasinal
carbonate grains
Extensive carbonate cementation
and chemical compaction
Deterioration of reservoir porosity
and permeability
Orogenic settings (extrabasinal) or
passive margins (intrabasinal)
Intrabasinal siliceous
bioclasts
Eogenetic dissolution resulting in
formation of microquartz rims
Preservation of reservoir porosity-
permeability to depth of
about 3 km
Shallow- and deep-marine
sandstones



Ta le 4. Typical Diagenetic Alterations and Reservoir Quality and Heterogeneity Implications in Continental Sandstones

Co mon Place of Occurrence Typical Diagenetic Alterations Reservo Quality and Heterogeneity

Fl ial Deposits
Br ed rivers: channel

eposits
Unstable silicate dissolution and kaolinite formation

under humid climatic conditions
Enhanced intragranular econdary porosity and limited permeability

reduction due to ka nite precipitation in intergranular pores
Br ed rivers: channel

eposits
Possibly abundant and thick mechanically infiltrated

clay coatings and pore-filling aggregates under
semiarid climatic conditions

Weak to extreme intergr ular porosity reduction; strong heterogeneity
where clay concentr ions are laterally extensive levels, forming
baffles and barriers r fluid flow; possible porosity preservation
due to inhibition of artz cementation by thin coatings

Br ed rivers: channel
eposits

Low-Mg calcite cementation as scattered, elongated
concretions

Scattered concretions m y cause local porosity reduction but overall
limited impact on pe eability

Br ed/meandering rivers:
annel deposits

Tight calcite cementation along channel lags Strong intergranular po sity reduction and strong vertical
heterogeneity throu generation of flow barriers and baffles

M dering rivers: channel
eposits

Formation of pseudomatrix due to mechanical compaction
of mud intraclasts eroded from floodplain deposits

Variable destruction of tergranular porosity and permeability,
depending on degree f compaction and quantity of ductile grains

M dering rivers: crevasse
lay deposits

Pressure dissolution of quartz grains enhanced along
intergranular contacts with mica flakes, and derived
quartz cementation

Strong deterioration of p rosity and permeability due to compaction
and quartz cementa n

Eo n Deposits
Eo n dunes Formation of microcrystalline dolomite and microcrystalline

to poikilotopic anhydrite cements
Weak to moderate inte ranular porosity deterioration and

heterogeneity genera on along foresets or phreatic level positions
Eo n dunes Thin mechanically infiltrated and possibly authigenic

smectitic clay coatings
Weak direct intergranu porosity and permeability reduction;

chlorite rims from t sformed coatings may contribute to
porosity preservatio through quartz overgrowths inhibition;
illitized coatings ma nhance chemical compaction and cause
severe permeability duction

Eo n dune, sand-sheet,
d interdune deposit

Formation of large gypsum (selenite) crystals along laterally
extensive levels and as crusts

Strong heterogeneity g eration through formation of baffles
and barriers for flui flow

In dune deposits Precipitation of microcrystalline dolomite and pedogenesis
(semiarid climatic conditions)

Strong heterogeneity g eration through formation of baffles
and barriers for flui flow
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Table 5. Typical Diagenetic Alterations and Reservoir Quality and Heterogeneity Implications in Deltaic and Marine Sandstones

Depositional Facies Typical Diagenetic Alterations Reservoir Quality and Heterogeneity

Deltaic
Fluvial-dominated delta front Grain-coating and ooidal Fe-rich clays (primarily odinite and

berthierine; subordinately smectite) in tropical river deltas
Permeability reduction; chloritized coatings preserve porosity

during burial through inhibition of quartz cementation
Fluvial- and wave-dominated

delta fronts
Laterally extensive carbonate cementation associated with

layers rich in carbonate bioclasts or mud intraclasts
(e.g., lags) along flooding surfaces

Strong porosity heterogeneity and possible development of
barriers and baffles for fluid flow in-between amalgamated
sandstone bodies

Wave-dominated delta front Carbonate cementation due to nucleation around carbonate
bioclasts incorporated during wave reworking

Loss of intergranular porosity and permeability due to extensive
carbonate cementation

Wave-dominated delta front Clean quartz-grain surfaces may result in extensive quartz
cementation

Loss of intergranular porosity and permeability at depths greater
than approximately 3 km

Tide-dominated delta front Formation of grain-coating clay minerals, primarily odinite
and berthierine but also smectitic clays

Permeability reduction; chloritized coatings preserve porosity
during burial through inhibition of quartz cementation

Shallow Marine
Foreshore and backshore

sandstones
Extensive Mg-calcite or aragonite cementation (beachrocks) Porosity and permeability reduction and strong vertical heterogeneity

related to laterally extensive cemented layers
Shoreface deposits Concretionary carbonate cement due to nucleation on

carbonate bioclasts; coalescence of concretions may
form cemented layers

Strong vertical heterogeneity related to coalescence of concretions
and possible development of barriers and baffles for fluid flow
within amalgamated sandstone bodies

Shoreface deposits Formation of opal, chalcedony, or microquartz cements
(commonly as rims) sourced from siliceous bioclasts

Permeability reduction and possible porosity preservation during
burial due to inhibition of quartz cementation

Shoreface deposits Cementation associated to carbonate, phosphate, and
siliceous bioclasts, as well as to carbonate intraclasts,
peloids, and ooids concentrated in storm layers; mud
intraclasts compacted to pseudomatrix

Strong heterogeneity related to the formation of laterally extensive
layers cemented or rich in pseudomatrix and possible formation
of baffles and barriers for fluid flow

Deep Sea
Fan deposits Carbonate cementation due to nucleation around carbonate

bioclasts and other allochems, hydraulically concentrated
during gravity flow

Strong heterogeneity related to the formation of laterally extensive
cemented layers and possible formation of baffles and barriers
for fluid flow

Fan deposits Formation of pseudomatrix by mechanical compaction of
mud intraclasts, eroded from slope during gravity flow

Strong heterogeneity related to the formation of laterally extensive
layers rich in pseudomatrix and possible formation of baffles
and barriers for fluid flow
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et al., 1978; Matlack et al., 1989; Moraes and De
Ros, 1990, 1992).

Near-surface, eogenetic carbonate cementation
in fluvial deposits occurs mainly under semiarid cli-
matic conditions (Dutta and Suttner, 1986; Garcia
et al., 1998; Morad, 1998; Morad et al., 1998).
Carbonate cement in meandering fluvial deposits
consists typically of low-Mg calcite and nearly pure
siderite (in floodplain deposits; Figure 7B) (Mozley,
1989; Morad et al., 2000). Calcite concretions in
braided deposits occur normally as scattered con-
cretions that might be elongated in the direction of
regional groundwater flow (McBride et al., 1994;
1284 Diagenesis and Heterogeneity of Sandstone Reservoirs
Mozley and Davis, 1996; Cavazza et al., 2009).
Calcite cementation can induce strong heteroge-
neity in braided fluvial deposits due to tight, pref-
erential cementation of channel lags that contain
abundant nucleation sites (Figure 7A) (e.g., calcrete
andmud intraclasts; De Ros and Scherer, in press).
The formation of pseudomatrix by squeezing of
mud intraclasts between rigid quartz and feldspar
grains is more important in meandering fluvial sys-
tems (Figure 7B) because of their better developed
floodplain mud deposits than in braided fluvial sys-
tems. Dolomite cementation is common in distal
braided fluvial systems, being presumably related
Figure 7. Cartoons showing diagenetic alterations characteristic of (A) braided fluvial systems: note the strong heterogeneity associated
with calcite cementation at the base of fluvial channels due to nucleation of cement in mud and carbonate intraclasts; (B) meandering
fluvial systems: note the strong heterogeneity associated with calcite cementation at the base of fluvial channels; and (C) eolian systems:
note the strong heterogeneity associated with differential cementation of interdune deposits.



to the decrease in Ca+2/Mg+2 ratios in the pore
waters, which results from the precipitation of cal-
cite in the proximal deposits (Spötl and Wright,
1992; Garcia et al., 1998; Morad, 1998).
Eolian Deposits

Eolian sandstones typically havequartzose orquartzo-
feldspathic compositions. These chemically and
mechanically stable framework compositionsmake
it possible for porosity to be preserved even upon
deep burial (Lindquist, 1988; Dixon et al., 1989;
Bloch, 1994), particularly if quartz cementation is
inhibited by well-developed grain coats (Taylor
et al., 2004a, b; Ajdukiewicz et al., 2010, this issue;
Franks and Zwingman, 2010, this issue). Common
eogenetic alterations in eolian sandstones include
the formation of carbonate and sulfate cements and
of grain-coating infiltrated clays and iron oxides
(Figure 7C) (Seeman, 1982; McBride et al., 1987;
Gaupp et al., 1993). The Mg-rich eogenetic clays,
such as palygorskite and saponite, which form un-
der arid climatic conditions in some eolian sands
(Figure 3C) (Tanner, 1994), are transformed dur-
ing mesodiagenesis to chlorites, as are smectitic clay
and iron oxide coatings (Dixon et al., 1989; Gaupp
et al., 1993).

Eolian-coastal sabkha sands are commonly ce-
mented by eogenetic anhydrite and microcrystal-
line dolomite (Seeman, 1982; Pye and Krinsley,
1986; Morad et al., 1995; Elias et al., 2004). Large
gypsumcrystals (selenite) are formed in eolian dune,
sand-sheet, and interdune deposits (Ahlbrandt and
Fryberger, 1981), resulting in laterally extensive
cemented layers and crusts (Watson, 1985). Do-
lomite and magnesite cements precipitate in the
interdune deposits (Figure 7C) (Purvis, 1992) from
brines strongly enriched in Mg2+ and depleted in
SO2�

4 due to the previous precipitation of gypsum
and anhydrite (Amthor andOkkerman, 1998; Parry
et al., 2009). Interdune cements may be laterally
extensive and thus have the potential to create bar-
riers for vertical fluid flow (Mou and Brenner, 1982;
Parry et al., 2009). In semiarid regions, vegetation
colonizes the interdune sediments, which conse-
quently undergo pedogenesis and related carbonate
cementation and clay illuviation. The latter process
results in the formation of grain-coating clays. Hence,
reservoir quality is expected to be better preserved
during mesodiagenesis in the interdune sandstones.
Deltaic and Estuarine Deposits

Marine deltas develop where rivers enter the sea
and cause seaward progradation of the coastline
due to their high sediment load (Einsele, 2000).
Deltaic sediments includemedium- to fine-grained
sand, silt, andmud inboth subaerial (fluvial, lagoon,
tidal flat, and estuarine) and subaqueous (delta
front, mouth bar, and prodelta slope) depositional
facies (Einsele, 2000). Most deltaic environments
are established on wide inner-shelf areas. During
times of major relative sea level fall, deltas also
developed at the shelf break where they feed slope
and submarine fans (Einsele, 2000). Delta shape is
controlled by the rate of river sediment supply and
the tide and wave regimes in the coastal area. The
outbuilding of fluvial sediments as deltas into the
sea is hampered or even prevented by strong waves
and tidal currents (Einsele, 2000). Hence, several
types of marine deltas can be distinguished, in-
cluding fluvial, wave, and tide-dominated varieties
(Galloway, 1975).

Fluvial-dominated deltas commonly have one
channel that carries sediments to the river mouth,
where it then divides into smaller distributary chan-
nels (Miall, 1996; Einsele, 2000). Delta-front sand
bodies commonly have lobate shapes. Delta lobes
are formed by avulsion of the main river and are
floodedby seawater as they subside (Einsele, 2000).
Individual distributary mouth bars typically cover
6 × 3 km (3.7 × 1.8 mi) areas (Reynolds, 1999).

The overall fine-grained sands in these deltas
display a similar pattern of diagenetic alterations to
the meandering fluvial, point-bar sandstones, in-
cluding the formation of carbonate cement (siderite,
calcite, and dolomite) and thin authigenic coatings
of smectitic clays (Figure 8A) (Moraes and Surdam,
1993; Lundegard, 1994). Siderite, which is partic-
ularly frequent in delta-plain sediments, forms in
response to bacterial fermentation of organic mat-
ter accumulated in these swampy environments
Morad et al. 1285



(Figure 8A) (Matsumoto and IIjima, 1981; Stone-
cipher and May, 1990).

Delta-front deposits commonly have abundant
grain coating and ooidal Fe-rich clays (primarily
odinite and berthierine; Figure 8A), particularly in
warm, tropical, river-dominated deltas. Such set-
tings promote the formation of these clays due to
high sedimentation rates, abundant iron-bearing
1286 Diagenesis and Heterogeneity of Sandstone Reservoirs
particles from rivers, and brackish pore-water com-
positions (Johnsson, 1990b; Kronen and Glenn,
2000). Brackish pore waters have lower concentra-
tions of dissolved sulfate ions than marine pore wa-
ters. Thus, less Fe+2 is sequestered in pyrite, making
more of it available for berthierine and odinite for-
mation (Odin, 1985, 1990). Grain-coating berthie-
rine and odinite are transformed into chlorite rims
Figure 8. Cartoons showing diagenetic alterations characteristic of (A) deltaic systems: note the strong heterogeneity associated with
carbonate concretions (which may coalesce for continuously cemented layers) at the flooding surfaces at the top of delta-front deposits;
(B) shallow-marine systems: note the strong heterogeneity associated with carbonate concretions (which may coalesce for continuously
cemented layers) at the flooding surfaces at the top of shoreface deposits; and (C) deep-marine turbidite systems: note the strong
heterogeneity associated with carbonate concretions (along sandstone-mudrock or marl-mudstone contacts). Thin turbidite deposits
associated with marginal levees (or to distal lobe settings) are prone to be completely cemented by carbonate (modified from Bruhn and
Walker, 1997).



during mesodiagenesis, which contribute to reser-
voir quality preservation in deeply buried sand-
stones through the inhibition of quartz cementa-
tion (Thomson, 1982; Ehrenberg, 1993; Ryan and
Reynolds, 1996; Grigsby, 2001; Salem et al., 2005).
Dissolution and kaolinization of detrital feldspars
and micas occur in the landward extension of the
deltaic deposits in association with more extensive
meteoric water percolation (Figure 8A) (Çagatay
et al., 1996).

The eogenetic processes in lacustrine deltas,
which are strongly controlled by basin hydrology
and climatic conditions, include extensive cemen-
tation by calcite or dolomite and authigenesis of
smectite coatings or rims (Pitman et al., 1986;Anjos
et al., 2000; Luo et al., 2009). Deltaic-lacustrine
sandstones rich in volcanic rock fragments com-
monly contain eogenetic zeolites and smectitic clays
(Tang et al., 1994). Laterally extensive carbonate
cementation constitutes fluid-flow barriers along
layers rich in intraclasts or carbonate bioclasts (Luo
et al., 2009).

Wave-dominated deltas have numerous distrib-
utary channels, which prograde at fairly constant
rates under relatively high wave energy and moder-
ate tides (Einsele, 2000). The interdistributary area
ismainly occupied by swamps andmarshes,whereas
bays are small or absent. Delta-front deposits are
normally elongated along shore due to strong wave
reworking and alongshore sediment drifting. These
sand deposits are up to 15 km(9mi)wide (onshore-
offshore; Reynolds, 1999). Strong wave reworking
facilitates the incorporation of carbonate bioclasts
into siliciclastic sand grains (Ketzer et al., 2002).
These bioclasts act as nucleation sites for, and sources
of, eogenetic carbonate cement, primarily calcite
(Walderhaug and Bjørkum, 1998; Al-Ramadan
et al., 2005). Conversely, wave-dominated sand de-
posits that are poor in carbonate grains have lower
potential to develop eogenetic carbonate cementa-
tion and maintain relatively high intergranular po-
rosities even when buried to depths of about 3 km
(1.8 mi) (Morad et al., 2000). At depths greater
than 3 km (1.8 mi), quartzose sandstones may be-
come extensively cemented by quartz overgrowths
if grain coatings are notwell developed (Bloch et al.,
2002) (Figure 5A).
Tide-dominated deltas and estuaries formwhen
the tidal range is high (>4 m [13 ft]), where the
sediments are redistributed by strong tidal currents.
The main fluvial channel may split into several dis-
tributaries separated by sandy islands. The channel,
which is widened by tidal currents, can be drowned
by seawater (Einsele, 2000). Sand bars are com-
monly 5 × 15 km (3.1 × 9.3 mi) in area (Reynolds,
1999) and are elongated parallel to tide currents
(i.e., perpendicular to strand line). Themostmarked
eogenetic alterations of tide-dominated, deltaic, and
estuarine sandstones include the formation of grain-
coating clay minerals, primarily odinite and ber-
thierine (Figures 8, 9) (Odin and Matter, 1981;
Ehrenberg, 1993). Other eogenetic alterations in
tidal estuarine sandstones include the formation
of grain-coating smectite, which is transformed
into illite and/or chlorite during mesodiagenesis.
Such coatings help to preserve reservoir porosity
(up to 21%) in the 5-km (3.1-mi)-deep reservoirs of
the Devonian Jauf Formation in Saudi Arabia (Al-
Ramadan et al., in press).
Shallow-Marine Deposits

Shallow-marine deposits form in foreshore, shore-
face, and offshore depositional environments and
are similar to wave-dominated deltas. The eodia-
genesis of marine sediments differs from that of
continental sediments in three major respects, in-
cluding (1) the higher salinity of marine pore wa-
ters, which are in thermodynamic equilibriumwith
common detrital silicates in sandstones (K-feldspars,
albite, and mica); (2) the high SO2þ

4 activity of
marine pore water, which favors the precipitation of
microbial pyrite (Figure 8B) over ferroan carbonates
and clays; and (3) the common presence of car-
bonate and siliceous bioclasts, which act as internal
sources of CaCO3 and SiO2 cements, respectively.

Although shallow-water marine sandstones are
commonly texturally and mineralogically mature,
they may, in some cases, be enriched in carbonate
bioclasts that promote eogenetic cementation by
calcite (Figure 3F). Cementation occurs as concre-
tions, which ultimately coalesce to form extensively
carbonate-cemented layers (Figure 8B) (Kantorowicz
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et al., 1987; Walderhaug and Bjørkum, 1998). Eo-
genetic calcite cement in shallow-marine settings is
commonly enriched in Mg (Morad, 1998). Fore-
shore and backshore sands that are extensively ce-
mented by Mg-calcite or by aragonite are termed
beachrocks and result from seawater evaporation
and CO2 loss (Scoffin and Stoddart, 1983; Vieira
and De Ros, 2006). The flushing of upper and
middle shoreface sandstones by meteoric waters
results in the dissolution and kaolinization of un-
stable silicates (Hurst and Irwin, 1982; Stonecipher
and May, 1990; McKay et al., 1995). The best res-
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ervoir quality is expected in sandstones in the lower
parts of retrograding shoreface deposits (formed
during shoreface transgression), provided that car-
bonate bioclasts and associated cement generally
increase upward (Ketzer et al., 2004).

Similarly, siliceous bioclasts deposited in shallow-
marine settings (particularly sponge spicules) may
act as a source for the eogenetic precipitation of
opal, chalcedony, or microcrystalline quartz ce-
ments (Figure 3D) (Aase et al., 1996; Jahren and
Ramm, 2000; Bloch et al., 2002; Lima and De Ros,
2002). Glaucony peloids and berthierine ooids are
Figure 9. Cartoon showing the typical diagenetic alterations of tide-dominated, deltaic, and estuarine sandstones. Each number above
the minigraphic logs (each of ~10 m [33 ft]) represents different facies. Log 1: paleosol, log 2: stacked multistory fluvial sandstones
deposited within incised valley, log 3: heterolithic channels and overbank deposits and thin coals, log 4: tidal sediments deposited as large
tidal channels within the estuary, log 5: high-energy sand-flat deposits, and log 6: interfluve sequence boundary above shoreface
(modified from Howell and Flint, 2003).



reworked during transgression and regression and
redeposited in shallow- and deep-marine environ-
ments (Amorosi, 1995; Ketzer et al., 2003a, b;
Critelli et al., 2007). Storm layers (tempestites) in
shallow-marine deposits commonly contain greater
concentrations of bioclasts (carbonate, phosphate,
and siliceous), intraclasts, peloids, and ooids com-
pared to other facies. The heterogeneous distribu-
tion of these intrabasinal grains can, in turn, cause
considerable reservoir heterogeneity due to the in-
fluence that they exert on diagenetic pathways
(e.g., Kantorowicz et al., 1987; Lima and De Ros,
2002). The storm lags with abundant carbonate
bioclasts are normally extensively cemented by cal-
cite (Kantorowicz et al., 1987; Walderhaug and
Bjørkum, 1998). Storm layers with concentrations
of siliceous sponge spicules commonly develop mi-
crocrystalline quartz-cement rims (Aase et al., 1996;
Lima and De Ros, 2002), whereas tempestite
layers rich in mud intraclasts show the develop-
ment of pseudomatrix, which is not cemented by
eogenetic carbonates.
Deep-Sea Turbidite Fan Deposits

Deep-sea fans are wedge-shaped deposits that are
deposited by mass flow and turbidity currents.
Deep-sea fans vary widely in size, sediment texture,
and facies architecture and may have lengths up to
100 km (62 mi) and widths of several hundred
meters (Einsele, 2000). Deep-sea sand deposits are
composed mainly of extrabasinal grains, which are
admixed to variable extentswith intrabasinal grains,
such as mud intraclasts, carbonate and silica bio-
clasts, phosphate, andglaucony (Fontana et al., 1989;
Critelli et al., 2007; Fetter et al., 2009).

Eogenetic alterations in deep-sea fan sediments
(Figure 8C) are mediated by marine pore waters
and result in the formation of pyrite and concre-
tionary and continuous carbonate (commonly cal-
cite). Mud intraclasts eroded from slope deposits
and carbonate bioclasts reworked from shelf de-
posits are commonly concentrated in specific lay-
ers within turbidite successions because of their
differential settling rates compared to other grain
types (Fontana et al., 1989; Fetter et al., 2009).
Considerable reservoir heterogeneity results from
selective, extensive carbonate cementation of such
layers or by the formation of pseudomatrix by com-
paction of the ductile mud intraclasts.

Eogenetic carbonate cementation in deep-water
sandstones shows several patterns. Diffusion of dis-
solved carbonate from interbedded pelagic or hemi-
pelagic mudrocks or carbonate mudstones andmarls
may promote extensive cementation along the con-
tacts with these deposits (Figure 8C) (Carvalho
et al., 1995). This process commonly promotes
pervasive cementation of thinly bedded, marginal
levee or distal lobe turbidite bodies (Figure 8C)
(Dutton, 2008). Extensive cementation is also ob-
served within the turbidite sand bodies along lay-
ers with high concentrations of carbonate bioclasts
and intraclasts (Figure 8C) (Fetter et al., 2009;
Mansurbeg et al., 2009). Proximal, coarse-grained,
massive turbidite beds with scattered carbonate
grains show randomly distributed spherical or ovoid
carbonate concretions (Carvalho et al., 1995; Fetter
et al., 2009).

The dissolution of siliceous bioclasts results in
the formation of microcrystalline quartz coatings
around framework grains, and/or in the silicifica-
tion of mud intraclasts and pseudomatrix (Hendry
and Trewin, 1995; Aase et al., 1996). The alter-
ation of volcanic fragments andmaficminerals (e.g.,
biotite) promotes their replacement by smectite,
as well as in the formation of trioctahedral smectite
coatings or rims (Hendry and Trewin, 1995; De
Ros et al., 1997). Smectite in these sandstonesmay
act as a precursor to grain-coating chlorite (Hillier,
1994; Hendry and Trewin, 1995; Aase et al., 1996;
Anjos et al., 2003).

Dissolution and kaolinization of unstable sili-
cates are commonly reported in continental and,
less commonly, in paralic sandstones (Worden and
Morad, 2003). However, an increasing number of
reports demonstrate that these processes also occur
in deep-water fan sandstones, such as in Creta-
ceous and Tertiary turbidites from offshore Brazil
and in the Shetland Basin (Carvalho et al., 1995;
Mansurbeg et al., 2006, 2008; Prochnow et al.,
2006). This is surprising because extensive eoge-
netic grain dissolution and kaolinization would re-
quire the flushing of deep-water fan sandstones by
meteoric waters.
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LINKING THE IMPACT OF DIAGENETIC
ALTERATIONSONRESERVOIRHETEROGENEITY
TO SEQUENCE STRATIGRAPHY

Diagenesis and sequence stratigraphy have been
traditionally treated as two independent topics of
sedimentary geology. Each of these topics helps in
different ways to elucidate and predict the spatial
and temporal distribution of reservoir quality. The
sequence-stratigraphic approach aims todividebasin-
fill successions into depositional sequences. Each
depositional sequence is the record of one cycle of
relative sea level that allows integrating and corre-
lating a range of depositional environments, such as
coastal plains, continental shelves, and submarine
fans. The sequence-stratigraphic terminologies used in
this article are summarized inTable 6 and Figure 10.
Integrating Diagenesis and
Sequence Stratigraphy

Changes in sea level and sediment supply not only
determine the sequence-stratigraphic framework of
siliciclastic deposits but also are an important con-
trol on factors that influence near-surface eogenetic
modifications. These factors include (1) changes
in chemical composition between marine, mete-
oric, and brackish pore waters (Morad et al., 2000);
(2) residence time of sediments under certain geo-
chemical conditions, such as at the sea floor or during
subaerial exposure (Taylor et al., 1995; Morad
et al., 2000); (3) the amounts and types of intra-
basinal grains (e.g., glaucony, mud intraclasts, bio-
clasts; Fontana et al., 1989;Garzanti, 1991;Amorosi,
1995; Ketzer et al., 2002); and (4) the extent of
bioturbation, which introduces local or pervasive
changes to permeability and organic matter con-
tent of sandstones. The spatial distribution of early
diagenetic alterations in sandstones can, therefore,
be related to sequence-stratigraphic surfaces, in-
cluding sequence boundaries, TSs, maximum flood-
ing surfaces (MFSs), and parasequence boundaries
(PBs; i.e., marine flooding surfaces) and systems
tracts (Morad et al., 2000; Taylor et al., 2000,
2004a, b; Ketzer et al., 2002, 2003a, b;Dutton et al.,
2004; Al-Ramadan et al., 2005; El-Ghali et al.,
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2006a, b; Ketzer and Morad, 2006). The major
diagenetic processes that can be linked to sequence-
stratigraphic surfaces and systems tracts are dis-
cussed below and summarized in Figure 10 and
Table 6.

Diagenetic Alterations along Sequence Boundaries
Diagenetic alterations in siliciclastic sediments that
are related to sequence boundaries are promoted
by meteoric-water percolation and are strongly con-
trolled by climatic conditions (Dutta and Suttner,
1986; Morad et al., 2000) (Figure 11). Typical dia-
genetic alterations include the formation of paleo-
sols, calcrete and dolocrete formation, clay infiltra-
tion, and dissolution and kaolinization of detrital
silicates. Calcrete, dolocrete, and smectitic clays
form in the vadose and phreatic zones of marine
shelf sediments below unconformities under semi-
arid climatic conditions (Morad et al., 2000; Ketzer
et al., 2003a). Clay infiltration occurs into fluvial,
incised-valley sand deposits and other subaerially
exposed permeable highstand systems tract (HST)
sand (e.g., foreshore and shoreface sands) (Ketzer
et al., 2003a) (Figure 2A). The preservation po-
tential of infiltrated clays in sandstones below se-
quence boundaries is low if the sequence bound-
ary coincides with a TS that is accompanied by the
marine erosion of the underlying sands (Ketzer
et al., 2003a). Arid climatic conditions result in
the formation of Mg-rich clays (e.g., palygorskite;
Figure 3C) below unconformities (Rossi and Ca-
ñaveras, 1999).

Diagenetic Alterations along Parasequence Boundaries,
Transgressive Surfaces, and Maximum Flooding Surfaces
The PB, TS, andMFS are common sites of porosity
destruction because the characteristic lag deposits
and adjacent sandstones display great potential for
cementation by calcite (Figure 3F), dolomite, sider-
ite, and/or pyrite (Ketzer et al., 2003a; Al-Ramadan
et al., 2005) or the formation of pseudomatrix
(Ketzer and Morad, 2006). These surfaces thus
form baffles and barriers for vertical fluid flow and
create reservoir compartments between amalgam-
ated sandstone bodies of adjacent parasequences
(Kantorowicz et al., 1987; Ketzer et al., 2002;Dutton



Table 6. Summary of the Main Sequence Stratigraphy Terms*

Stratigraphic Term Abbreviation Definition Typical Diagenetic Alterations

Forced regressive wedge
systems tract

FRWST or FRST Sediment deposited between the onset and the end of
relative sea level fall on ramp margins, i.e., gently
sloping into deeper water and composed of
progradational facies stacking with downward shift

Poikilotopic calcite cement along permeable layers

Lowstand systems tract LST Sediment deposited during relative sea level lowstand
and initial rise that shows progradational-aggradational
to retrogradational facies stacking

Dissolution and kaolinization of detrital silicates,
infiltrated clays, calcrete, and dolocrete

Transgressive systems tract TST Sediment deposited during rapid relative sea level rise
that shows an overall retrogradational facies stacking

Microcrystalline carbonate cementation (mainly
calcite and dolomite), grain-coating berthierine
and microquartz, pyrite, glaucony, phosphate

Highstand systems tract HST Sediment deposited during relative sea level highstand
resulting initially in aggradational and, later, in
progradational facies stacking

Infiltrated clays, calcrete, dolocrete, siderite, kaolinite

Regressive surface of marine erosion RSE Erosion surface located at the base of the FRWST formed
by wave erosion during relative sea level fall

Grain dissolution and cementation by poikilotopic
calcite

Sequence boundary SB Erosional unconformity at the inner shelf located at the
base of the LST created by emersion during a major fall
in relative sea level (basinward correlative conformity)

Dissolution and kaolinization of framework silicates

Transgressive surface of
marine erosion

TSE Surface located at the base of the TST and formed during
relative sea level rise

Cementation by microcrystalline calcite, dolomitization,
glaucony concentration, phosphate

Maximum flooding surface MFS Surface located at the base of the HST and formed by
nondeposition and sediment starvation during maximum
relative sea level highstand

Cementation by microcrystalline calcite, dolomitization,
glaucony

Parasequence boundary
systems tracts

PB Local marine flooding surface at the top of a progradational,
elementary sediment package

Carbonate cementation, pseudomatrix, glaucony

Sharp-based shoreface SBS Shoreface sediments preserved in FRWST and LST during
forced regression, i.e., during net relative sea level fall

Storm lags rich in carbonate or siliceous bioclasts may
be cemented by calcite or microquartz, respectively

Ravinement shoreface Shoreface sediments preserved in TST during relative sea
level rise; they are thin, coarse-grained lags

Intraclastic lags compacted to pseudomatrix or
cemented

*(From Posamentier et al., 1988; Hunt and Tucker, 1992; Nichols, 1999; Hunt and Gawthorpe, 2000; Proust et al., 2001) and of the major diagenetic processes and products related to key sequence-stratigraphic surfaces and systems
tracts.
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et al., 2004; Burns et al., 2005; Ketzer and Morad,
2006; Jackson et al., 2009).

Other important factors controlling the for-
mation of pseudomatrix and cementation of sand-
stones in the vicinity of PBs include the presence of
coal and lag deposits (Van Wagoner et al., 1990).
Coal deposits favor concretionary pyrite and con-
tinuous calcite cementation (because of the increase
in carbonate alkalinity) in the under- and over-
lying sandstones (Ketzer et al., 2003a). Lags rich in
carbonate bioclasts or intraclasts are commonly
cemented extensively by calcite, dolomite, or siderite
(Figure 3F) (Molenaar, 1998; De Ros and Scherer,
in press). Lags rich in mud intraclasts experience
severe porosity reduction due to the formation-
abundant pseudomatrix derived from their com-
paction (Ketzer and Morad, 2006; El-Ghali et al.,
2006b). These lags are absent in areas protected
fromwaves, such as within estuaries, i.e., sites where
the TS is not accompanied by ravinementation
(Dalrymple et al., 1992), or in a landward position
of the maximum landward advance of the coast-
line. Therefore, no potential fluid-flow baffles or
barriers are expected in these settings.

The PB,TS, andMFS are frequentlymarked by
the presence of lag deposits formed by wave re-
working of the underlying sediments (Posamentier
and Allen, 1999). The composition of such lags,
which is partly controlled by the type of underlying
sediments, exerts a profound impact on the type of
diagenetic alterations. Starting from a landward lo-
cation to a basinward location, lags may vary in
detrital composition frombeingmud intraclast rich
to bioclast rich, with the abovementioned differ-
ential patterns of diagenetic alterations (Ketzer et al.,
2002; Ketzer and Morad, 2006). The prolonged
residence of the sediments close to the sea floor as a
consequence of the low sedimentation rates along
the MFS commonly results in the formation of car-
bonate hardground and firmground via cementation
of sea floor sediments, commonly by microcrys-
talline Mg-calcite or dolomite (Ruffell and Wach,
1998; El-Ghali, 2005). These extensively cemented
surfaces can induce reservoir compartmentalization.

Glaucony is typically encountered along the
mid and outer-shelf extension of the PB, TS, and
MFS. Glaucony can be accumulated along these
surfaces by wave or tide reworking or be formed in
situ (Amorosi, 1995). The formation of glaucony
along marine-flooding surfaces is enhanced by low
sedimentation rates due to low siliciclastic input
to the shelf and thus prolonged residence time of
sediment at the sea floor (Amorosi, 1995). The oc-
currence of abundant glaucony grains in sandstones
results in porosity and permeability reduction due
to their compaction to pseudomatrix (Tilley and
Longstaffe, 1984; Webb et al., 2004).

Diagenetic Alteration within the Lowstand Systems Tract
Sandstones of the lowstand systems tract (LST), in
particular fluvial deposits in incised valleys, are com-
monly subjected to substantial silicate dissolution
and kaolinization due tometeoric-water circulation
under wet climatic conditions (Morad et al., 2000;
Ketzer et al., 2003a; El-Ghali et al., 2006a, b).
Other types of clay minerals in the LST sandstones
include grain-coating infiltrated smectite (Walker
et al., 1978; Moraes and De Ros, 1990, 1992) and
pseudomatrix mud. The preferential calcite or do-
lomite cementation of lags results in the formation
of flow barriers in fluvial reservoirs. Uncemented
mud-intraclast-rich lags may otherwise constitute
barriers through the generation of abundant pseu-
domatrix (Luo et al., 2009).

During sea level lowstand, the lower delta-
plain facies association (lagoon, tidal, marsh, and
crevasse splay deposits) is covered by alluvial-plain
facies association (floodplain, point bar, channel fill,
Figure 10. Schematic drawings showing the stacking patterns of parasequences. (A) Progradational parasequence sets resulting from
normal regression (i.e., the shoreline is migrating basinward), which occurs when the rate of increase in accommodation space is less
than the rate of sediment supply. (B) Progradational parasequence sets formed by forced regression, which is caused by significant
sediment supply derived by subaerial erosion and fluvial incision into the previously deposited sediments during relative sea level fall.
(C) Retrogradational parasequence sets formed during an increase in the rate of accommodation creation, which is greater than the rate
of sediment supply. (D) Aggradational parasequence sets occurs if the rate of sediment supply is equivalent to the rate of accommodation
creation. The shoreline is stationary and the facies have a fixed position upward in the stratigraphic section.
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Figure 11. Diagram representing the distribution of major diagenetic processes and products and reservoir heterogeneity aspects within the sequence-stratigraphic framework of
clastic marginal and marine successions.
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lacustrine deposits). The most permeable facies are
characteristically flushed by meteoric water during
the lowstand, resulting in dissolution and kaolin-
ization of unstable silicates (Ketzer et al., 2003b;
El-Ghali et al., 2006a, b, 2009).

Diagenetic Alterations within the Transgressive Systems
Tract and Highstand Systems Tract
Diagenetic alterations encountered in the Trans-
gressive Systems Tract (TST) and the early HST
are controlled by higher rates of rise in relative sea
level than sedimentation. Therefore, the diagenetic
alterations are similar to those found along TS.
The TST (particularly below MFS and PB) and
early HST of paralic and shallow-marine sand-
stones have higher potential to be cemented by
carbonates (notably calcite) because of the pro-
longed residence time on the sea floor because ma-
rine transgression causes trapping of coarse-grained
sediments in estuaries, reducing the sediment flux
to the shelf (Emery and Myers, 1996). Calcite ce-
mentation is sourced by diffusion of dissolved Ca2+

and HCO�
3 from the overlying seawater. Diffusion

is enhanced by the presence of abundant carbonate
bioclasts, which act as nuclei for the precipitation
of calcite (Kantorowicz et al., 1987; Wilkinson,
1991, 1993; Taylor et al., 2000; Al-Ramadan et al.,
2005; Burns et al., 2005).

The increase in the rate of accommodation
creation (i.e., decrease in the rate of sedimentation)
within the TST and the early HST is also accom-
panied by a systematic upward increase in the
amounts and maturity (i.e., increase in K content)
(Amorosi, 1995). The amounts and maturity of
autochthonous glaucony along PBs increase pro-
gressively within the TST and reach a maximum
below the MFS (Amorosi, 1995). Under these
conditions, the mineral is commonly parautoch-
thonous in origin, being reworked by waves, tides,
or storms during transgression (Amorosi, 1995;
Ketzer et al., 2003b). Marine reworking of glau-
cony can result in the deposition of green sands in
the coastal plains and estuaries. Paralic TSTs and
early HSTs tend to develop tide-dominated deltas
due to aggradation and/or retrogradation in re-
sponse to an increase in the rate of relative sea level
rise (Emery and Myers, 1996). This deltaic envi-
ronment favors the formationof berthierine, odinite,
pyrite, and redeposition of parautochthonous glau-
cony (Amorosi, 1995).

Paralic sandstones of the late HST tend to de-
velop fluvial-dominated deltas due to progradation
in response to a decrease in the rate of relative sea
level rise (Emery andMyers, 1996). This will favor
the formation of grain-coating Fe-silicates in front
of river mouths (Hornibrook and Longstaffe, 1996;
Kronen and Glenn, 2000; Morad et al., 2000).
Paralic sediments of the lowstand wedge tend to
developwave- and storm-influenced deltas at shelf-
margin settings (Burgess et al., 2008).The relatively
high burial rates of sediments in deltaic environ-
ments below the sea floor promote a rapid estab-
lishment of the postoxic, Fe-reducing geochemical
conditions,which favor the formation of Fe-silicates
(berthierine and odinite), siderite, and pyrite (El-
Ghali et al., 2009).

Shallow-marine sediments deposited during
the late HST display upward-coarsening and thick-
ening of sandstone beds while having reduced ex-
tents of bioturbation (Al-Ramadan et al., 2005).
Shoreface deposits fill available accommodation
space by lateral accretion. A decrease in the rate of
relative sea level fall and consequent deposition of
forced regressive systems tract promote wave scour
erosion of shallow-marine sediments, resulting in
the formation of the regressive surface of marine
erosion. This surface is a time-transgressive ero-
sion surface and is the falling stage equivalent of the
ravinement surface, which is formed during marine
transgression (Coe, 2003).

A pause in fall of the relative sea level results in
the reestablishment of shoreface conditions and de-
position of shoreface sand (called sharp-based sand
bodies) on the regressive erosion surface (Proust
et al., 2001). These sand bodies are, in some cases,
cemented by concretionary calcite, particularly in
their uppermost parts (Al-Ramadan et al., 2005).
The carbonate ions for this calcite are derived from
pervasive to complete dissolution of the carbonate
grains in the under- and overlaying sandstone beds
by incursion of meteoric waters during relative sea
level lowstand (Al-Ramadan et al., 2005). Amajor
fall in relative sea level and exposure of the shore-
face sand is accompanied by their erosion by rivers
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and by infiltration of meteoric waters, which re-
sults in the dissolution of calcite cement, bioclasts
and framework silicates, and formation of kaolinite
(Loomis and Crossey, 1996; Ketzer et al., 2003b;
El-Ghali et al., 2006a).

The TST and early HST paralic sandstones are
expected to be subjected to greater extents of po-
rosity deterioration due to carbonate cementation
compared to LST and late HST deposits. The TST
and early HST deposits are more likely to contain
carbonate bioclasts, which act as nuclei and source
of ions for carbonate cementation (Ketzer et al.,
2002;Dutton et al., 2004; Al-Ramadan et al., 2005;
Burns et al., 2005). Fluvial LST sandstones have
more intragranular porosity and kaolinite than TST
and HST sandstones because of the most efficient
circulation of meteoric waters in the former.

IMPACT OF BIOTURBATION ON
RESERVOIR HETEROGENEITY

The degree of bioturbation is a reflection of sedi-
mentation rate (Wetzel, 1984). Low sedimentation
rates provide burrowing organisms enough time to
keep up with sedimentation and rework sediment
thoroughly, resulting in a high degree of bioturba-
tion. Thus, intense bioturbation commonly occurs
belowmarine-flooding surfaces (Ramos et al., 2006).
Bioturbation has a particularly significant impact on
the horizontal permeability of sandstones (Dutton
and Hentz, 2002; Taylor et al., 2003).

Intense bioturbation is an efficient agent for
vertical advective ionic transfer from overlying sea-
water than by diffusion (Goldhaber et al., 1977).
Bacterial degradation of organicmatter concentrated
in bioturbation sites commonly results in the local
increase in carbonate alkalinity and, hence, in the
nucleation ofmicrocrystalline calcite (Berner, 1980)
or dolomite (Hendry et al., 2000). Further growth
of calcite cement under these conditions may oc-
cur by ionic diffusion from seawater (Berner, 1968;
Wilkinson, 1991). Accordingly, porosity and per-
meability deterioration due to enhancement of car-
bonate cementation by bioturbation is common in
sandstones below TSs (Ruffell and Wach, 1998;
Al-Ramadan et al., 2005).
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IMPACT OF CHEMICAL COMPACTION AND
RELATED QUARTZ CEMENTATION ON
RESERVOIR HETEROGENEITY

Cementation by syntaxial quartz overgrowths is
one of the diagenetic processesmost detrimental to
reservoir quality duringmesodiagenesis and displays
considerable heterogeneous distribution in sand-
stone successions (McBride, 1989; Bjørlykke and
Egeberg, 1993; Land, 1997; Giles et al., 2000;
Walderhaug et al., 2000; Milliken, 2005). The
distribution of quartz cement is strongly related to
the distribution of the various types of grain-
coating, diagenetic minerals, which has been dis-
cussed above, and can thus probably be predict-
able within the context of sequence stratigraphy.

Important controls on the distribution of quartz
cement include the sources of silica needed, a topic
that has been widely debated (McBride, 1989;
Worden andMorad, 2000). Pressure dissolution of
quartz grains is considered to be among the most
important silica sources in sandstones buried deeper
than about 3 km(1.8mi) (T > ~90°C) (Walderhaug,
1994; Morad et al., 2000; Bloch et al., 2002). Pres-
sure dissolution of quartz grains is enhanced along
(1) stylolitic surfaces, which develop along clay
laminae and laminae rich in micas, carbonaceous
fragments, or mud intraclasts; (2) intergranular con-
tacts between quartz grains that are coated by tan-
gentially arranged illitic clays (Weyl, 1959; Trewin
and Fallick, 2000); and/or (3) intergranular con-
tacts between mica and quartz grains (Bjørkum,
1996; Oelkers et al., 1996).

Pressure dissolution and quartz cementation
may occur (1) in the same sandstone bed, which is
rich in mica and poor in grain-supporting cements
(typically carbonates) or in which the grain-coating
illite is heterogeneously distributed, or (2) in ad-
jacent sandstone beds; pressure dissolution occurs
inmicaceous and/or illite-coat-rich sandstone beds,
whereas cementation occurs in adjacent sandstone
beds in which the quartz grains have clean surfaces
and can thus act as nuclei for the precipitation of
quartz overgrowths. Conversely, limited quartz ce-
mentation occurs where the quartz grains have ex-
tensive grain-coating microquartz, illite, and partic-
ularly chlorite (Aase et al., 1996; Jahren andRamm,



2000; Bloch et al., 2002; Anjos et al., 2003; Salem
et al., 2005;Al-Ramadan et al., in press). The greater
efficiency of chlorite than illite in preventing ex-
tensive cementation by quartz overgrowth is not
fully clear.However,Morad et al. (2000) attributed
this difference to the tendency of chlorite to be oil
wet, whereas illite tends to be water wet (Barclay
and Worden, 2000). Consequently, quartz cemen-
tation in thinwater films around grains occurs in oil-
charged sandstones by Si4+ diffusion (Worden and
Morad, 2000).

Therefore, in a closed diagenetic system sce-
nario, the lack of available free quartz-grain surfaces
for overgrowth precipitation in adjacent sandstone
beds results in the limitation of pressure dissolu-
tion due to the supersaturation of pore waters with
respect to quartz (Bjørlykke and Egeberg, 1993;
Worden andMorad, 2000). Likewise, the extent of
pressure dissolution is limited when the quartzose
sandstones are sealed above and below by perva-
sively cemented layers, which prevent silica diffu-
sion.Consequently, the interplay betweenpressure
dissolution, quartz cementation, and distribution of
grain-coating diagenetic minerals can induce vari-
ous patterns and scales of reservoir heterogeneity in
sandstone sequences (Figure 12). For instance, in
braided fluvial successions, pressure dissolution and
silica supply occur in sandstones that are affected
by infiltration of grain-coating clays, i.e., in sand
deposits subjected to repeated lateral avulsion and/
or flooding events (Matlack et al., 1989; Moraes
andDeRos, 1992). Such sandstones will act as sites
of pressure dissolution, whereas sandstone layers
that have not been influenced by clay infiltration
will act as sites for precipitation of silica as quartz
overgrowths. In tidal deposits, intertidal sandstones
are expected to be subjected to intergranular pres-
sure dissolution, i.e., intergranular porosity loss by
chemical compaction (Houseknecht, 1984, 1988)
of quartz due to the formation of grain-coating il-
lite and chlorite, whereas the subtidal sandstones,
in which the sand grains have clean surfaces, will be
cemented by quartz overgrowths (Al-Ramadan
et al., in press). In wave-influenced delta environ-
ments, pressure dissolution may occur in coastal
sand bars due to the formation of infiltrated clay
coatings by flooding of subaerially exposed dis-
tributary channels, whereas the mouth-bar sands
act as sites for quartz cementation because strong
wave action produces quartz grains with clean
surfaces.

In open diagenetic systems, silica needed for
quartz cementation can be derived from external
sources, primarily from (1) illitization of smectite
and dissolution of silicates in associatedmudstones
(Boles and Franks, 1979; Gluyas and Coleman,
1992), and (2) large-scale fluid circulation and
transportation of Si4+ from deeper levels, particularly
in basins affected by episodic release of over-
pressure, thermal advection related to magmatism,
or thermohaline convection in relation to salt dia-
pirism (Burley et al., 1989;Gluyas et al., 1993; Lynch,
1996; De Ros, 1998). Evidence of external sources
of silica includes the close association between
abundant mesogenetic barite and the quartz ce-
ment because barium cannot be accounted for
by internal sources in the sandstones (Al-Khatri,
2004).
IMPACT OF HETEROGENEITY ON
ENHANCED OIL RECOVERY

Enhanced oil recovery (EOR) includes several
expensive procedures, which aim at producing
more oil from reservoirs than what is recovered by
more conventional primary and secondarymethods
(Donaldson et al., 1985; Lake, 1996; Gozalpour
et al., 2005). Reservoir heterogeneity has a major
impact on EOR procedures. Permeability hetero-
geneity, unexpected fluid flow barriers and baffles,
and poor reservoir characterization are commonly
the reasons for failure of EOR programs (Ebanks,
1987; Jessen et al., 2005).

Diagenetic alterations may seriously affect not
only the amount but also the types and geometry
of pores in the sandstones. Clay authigenesis pro-
motes an increase in specific surface area and the
creation of microporosity that in turn causes a sub-
stantial increase in water saturation (Eslinger and
Pevear, 1988; Pittman, 1989). The large surface area
generated by authigenic clays is detrimental to the
effectiveness of surfactant and polymer solutions in
EOR procedures because of the tendency of these
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chemicals to adsorb on clay surfaces and be lost
from circulation (Kalpakci et al., 1981).

Diagenetic clay minerals can also control the
acid and freshwater sensitivity of sandstone reser-
voirs (Almon andDavies, 1978, 1981; Eslinger and
Pevear, 1988; Pittman, 1989; King, 1992). Smec-
titic clays are sensitive to changes in total salinity and
specific ionic activity of pore fluids (McKinley et al.,
2003; Shaw, 2006).When subjected to freshwater
or steam injection, sandstone reservoirs with pore-
lining smectite may experience a severe permeabil-
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ity decrease due to the swelling of the smectites and
consequent blocking of the pore throats (Almon
and Davies, 1981; Hutcheon and Abercrombie,
1990). To avoid this problem, injected fluids must
be formulated to avoid damage to smectites.

Pore-lining chlorite causes low resistivity and
log evaluation problems, as well as formation dam-
age caused by precipitation of iron hydroxides in
pore throats during acid stimulation of sandstone
reservoirs (Almon and Davies, 1981). Special che-
lating agents must be added to the acid fluids to
Figure 12. Schematic cartoon showing
reservoir heterogeneity in adjacent sand-
stone beds caused by (A) the inhibition of
pressure dissolution and quartz cementa-
tion versus (B) intensive pressure dissolu-
tion (enhanced by grain-coating illite and
mica) in one bed and concomitant pre-
cipitation of quartz overgrowths in an ad-
jacent bed. A similar situation to case A
may occur if the sandstone beds are sepa-
rated by low porosity-permeability layers
(e.g., heavily cemented sandstone). The
bulk of dissolved silica is thus assumed
to be internally derived, i.e., in closed
diagenetic systems.



avoid iron hydroxide precipitation (Almon and
Davies, 1981; Eslinger and Pevear, 1988; Pittman,
1989).

The loose crystal stacking pattern of kaolinite
and dickite results in the migration of these clays
during production or water injection under high
flow rates (Almon and Davies, 1981). Stabilizing
agents that glue together the loosely stacked kao-
linite or dickite crystals must be injected in the vi-
cinity of the production or injection well formation
damage by fines migration (Almon and Davies,
1978, 1981; Eslinger and Pevear, 1988; Pittman,
1989).

The fibrous habit of illite causes a severe per-
meability decrease in sandstone reservoirs (Wilson
and Pittman, 1977; Pallat et al., 1984; Ehrenberg
and Nadeau, 1989). The limited improvement of
reservoir permeability may be obtained through
acid stimulation by dissolution of illite at the prox-
imity of the well, yet with the risk of pore throats
blocking the migration of the dissolution remnants
(Almon and Davies, 1981; Eslinger and Pevear,
1988).

As it has been demonstrated in the previous
sections, the distribution of clayminerals and other
diagenetic constituents in sandstone reservoirs is
commonly heterogeneous. Therefore, the distri-
bution of these important and variable effects of
these diagenetic minerals on EOR operations can
be more adequately characterized and predicted
within the contexts of depositional facies and se-
quence stratigraphy.
CONCLUSIONS

Unraveling and modeling the distribution of dia-
genetic alterations and their impact on reservoir
quality and heterogeneity evolution pathways in
sandstone successions have important applications
in hydrocarbon exploration and production as well
as in EOR. The following conclusions are relevant
to the exploration and production of siliciclastic
reservoirs.

• Variations in the distribution of diagenetic alter-
ations in sandstone successions may accentuate
reservoir heterogeneity. However, linking dia-
genesis to depositional facies and key sequence-
stratigraphic surfaces and systems tracts provides
a powerful tool to predict the distribution of
diagenetic alterations within sandstone succes-
sion, particularly in paralic and shallow-marine
sandstones.

• Carbonate cementation is most extensive in the
TST sandstones, particularly below the PB, TS,
and MFS, being facilitated by abundant car-
bonate bioclasts, bioturbation, elevated organic
matter content, and prolonged residence time
of the sediments at and immediately below the
sea floor due to low sedimentation rates. Micro-
bial decay of organic matter in bioturbation sites
results in the local increase in carbonate alkalin-
ity of pore water and triggers the nucleation of
carbonate cements. Further growth of carbonate
cement is aided by ionic diffusion from overly-
ing seawater due to the established geochemical
gradient. Low sedimentation rates along these
surfaces also enhance the formation of glaucony.

• Eogenetic, grain-coating Fe-clay minerals (glau-
cony, berthierine, and odinite) form mostly in
the TST and the early HST, particularly in
deltaic and estuarine sandstones. Berthierine
and odinite are transformed into Fe-chlorite
during mesodiagenesis, which helps preserve
reservoir quality by reducing the surface area for
quartz-cement nucleation and probably by its
tendency to be oil wet.

• Grain-coating smectitic clays (infiltrated and in-
herited) are an important factor in the evolution
of reservoir quality and heterogeneity. Smectite
is transformed into illite, which has dual impact
on reservoir quality evolution during mesodia-
genesis, including (1) considerable reservoir qual-
ity deterioration through enhancement of the
intergranular pressure dissolution (i.e., chemi-
cal compaction) of quartz grains and concomi-
tant cementationby syntaxial quartz overgrowths
around quartz grains with clean surfaces, and
(2) preservation of porosity and permeability
in deeply buried sandstone reservoirs through
the inhibition or retardation> of cementation by
quartz overgrowths, such as in sandstone suc-
cessions that are rich in grain-coating minerals.
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• Sequence boundaries (surfaces formed by rapid
fall in the relative sea level and the subaerial ex-
posure of the part or most of the shelf) are as-
sociated with diagnostic diagenetic modifica-
tions. These modifications, which are mediated
by meteoric waters, are strongly controlled by
climatic conditions.Wet andwarmclimates cause
considerable dissolution and kaolinization of
framework silicates (commonly feldspars,micas,
andmud intraclasts) along sequence boundaries,
whereas semiarid climate leads to the formation
of calcrete- or dolocrete-cemented layers.

• Eogenetic carbonate cementation in turbidite
sandstones is typically concentrated along the
contactswith interbeddedpelagic or hemipelagic
mudrocks or carbonate mudstones and marls
(which may promote pervasive cementation of
thinly bedded, distal deposits) as well as along
layers of concentration of carbonate bioclasts and
intraclasts. Hybrid carbonate turbidite arenites
are commonly cemented pervasively. Proximal,
coarse-grained,massive turbidites normally show
randomly scattered spherical or ovoid concretions.
REFERENCES CITED

Aase, N. E., P. A. Bjørkum, and P. H. Nadeau, 1996, The ef-
fect of grain-coating microquartz on preservation of res-
ervoir porosity: AAPG Bulletin, v. 80, p. 1654–1673.

Ahlbrandt, T. S., and S. G. Fryberger, 1981, Sedimentary fea-
tures and significance of interdune deposits, in F. G.
Ethridge and R. M. Flores, eds., Recent and ancient non-
marine depositional environments: Models for explora-
tion: SEPM Special Publication 31, p. 293–314.

Ajdukiewicz, P. H. Nicholson, and W. L. Esch, 2010, Predic-
tion of deep-reservoir quality using early diagenetic pro-
cess models in the Jurassic Norphlet Formation, Gulf of
Mexico: AAPG Bulletin, v. 94, p. 1189–1227, doi:10
.1306/04211009152.

Al-Khatri, F., 2004, The impact of diagenesis on reservoir
quality evolution of Upper Cretaceous fluvial sandstones
of theNubian Formation, the Sirte Basin, northern Libya:
M.Sc. thesis, Uppsala University, Uppsala, Sweden, 80 p.

Almon, W. R., and D. K. Davies, 1978, Clay technology and
well stimulation: Transactions of the Gulf Coast Asso-
ciation of Geological Societies, v. 28, p. 1–6.

Almon, W. R., and D. K. Davies, 1981, Formation damage
and crystal chemistry of clays, in F. J. Longstaffe, ed.,
Short course in clays and the resource geologist: Mon-
treal, Mineralogical Association of Canada, v. 7, p. 81–102.

Alpay, O. A., 1972, A practical approach to defining reser-
1300 Diagenesis and Heterogeneity of Sandstone Reservoirs
voir heterogeneity: Journal of Petroleum Technology,
v. 1972, p. 841–848.

Al-Ramadan, K., S. Morad, J. N. Proust, and I. S. Al-Aasm,
2005, Distribution of diagenetic alterations in siliciclastic
shoreface deposits within a sequence stratigraphic frame-
work: Evidence from the Upper Jurassic, Boulonnais,
NW France: Journal of Sedimentary Research, v. 75,
p. 943–959, doi:10.2110/jsr.2005.072.

Al-Ramadan, K., S. Morad, K. Norton, and M. Hulver, in
press, Linking diagenesis and porosity preservation to se-
quence stratigraphy of gas condensate reservoir sand-
stones, the Jauf Formation (Lower to Middle Devonian),
eastern Saudi Arabia, in S. Morad, J. M. M. Ketzer, and
L. F. De Ros, eds., Linking diagenesis to sequence stra-
tigraphy of sedimentary rocks: International Association
of Sedimentologists Special Publication 45.

Amorosi, A., 1995, Glaucony and sequence stratigraphy: A
conceptual framework of distribution in siliciclastic se-
quences: Journal of Sedimentary Research, v. B65,
p. 419–425.

Amorosi, A., and M. C. Centineo, 2000, Anatomy of a con-
densed section: The lower Cenomanian glaucony-rich
deposits of CapBlanc-Nez (Boulonnais, northern France),
in C. R. Glenn, L. Prévôt-Lucas, and J. Lucas, eds., Ma-
rine authigenesis: From globial to microbial: SEPM Spe-
cial Publication 66, p. 405–413.

Amthor, J. E., and J. Okkerman, 1998, Influence of early dia-
genesis on reservoir quality of Rotliegende sandstones,
northern Netherlands: AAPG Bulletin, v. 82, p. 2246–
2265.

Anjos, S. M. C., L. F. De Ros, R. S. Souza, C. M. A. Silva, and
C. L. Sombra, 2000, Depositional and diagenetic con-
trols on the reservoir quality of Lower Cretaceous Pen-
dência sandstones, Potiguar rift basin, Brazil: AAPG Bul-
letin, v. 84, p. 1719–1742.

Anjos, S. M. C., L. F. De Ros, and C. M. A. Silva, 2003,
Chlorite authigenesis and porosity preservation in the
UpperCretaceousmarine sandstones of the Santos Basin,
offshore eastern Brazil, in R. H. Worden and S. Morad,
eds., Clay cements in sandstones: International Associa-
tion of Sedimentologists Special Publication 34, p. 291–
316.

Barclay, S. A., R. H. Worden, 2000, Effects of reservoir wet-
tability on quartz cementation in oil fields, inR.H.Worden
and S. Morad, eds., Clay cements in sandstones: Interna-
tional Association of Sedimentologists Special Publica-
tion 29, p. 103–117.

Barton, M. D., N. Tyler, and E. S. Angle, 2004, Facies archi-
tecture and permeability structure of valley-fill sand-
stone bodies, Cretaceous Ferron Sandstone, Utah, in
T. C. J. Chidsey, R. D. Adams, and T. H. Morris, eds.,
Regional to wellbore analog for fluvial-deltaic reservoir
modeling: The Ferron Sandstone of Utah: AAPG Studies
in Geology 50, p. 383–403.

Basu, A., 1985, Influence of climate and relief on composi-
tions of sands released at source areas, in G. G. Zuffa,
ed., Provenance of arenites: NATO-Advanced Study In-
stitute Series C: Mathematical and physical sciences:
Dordrecht, Netherlands, D. Reidel Publishing Co.,
v. 148, p. 1–18.

http://dx.doi.org/10.1306/04211009152
http://dx.doi.org/10.1306/04211009152
http://dx.doi.org/10.2110/jsr.2005.072


Berner, R. A., 1968, Calcium carbonate concretions formed
by the decomposition of organic matter: Science, v. 159,
p. 195–197, doi:10.1126/science.159.3811.195.

Berner, R. A., 1980, Early diagenesis—A theoretical ap-
proach: New Jersey, Princeton University Press, 241 p.

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

Bjørlykke, K., and P. K. Egeberg, 1993, Quartz cementation
in sedimentary basins: AAPG Bulletin, v. 77, p. 1538–
1548.

Bloch, S., 1994, Effect of detrital mineral composition on res-
ervoir quality, inM. D.Wilson, ed., Reservoir quality as-
sessment and prediction in clastic rocks: SEPM Short
Course 30, p. 61–182.

Bloch, S., and K. P. Helmond, 1995, Approaches to predict-
ing reservoir quality in sandstones: AAPGBulletin, v. 79,
p. 97–115.

Bloch, S., R. H. Lander, and L. Bonell, 2002, Anomalously
high porosity and permeability in deeply buried sand-
stones reservoirs:Origin andpredictability:AAPGBulletin,
v. 86, p. 301–328.

Boles, J. R., and S. G. Franks, 1979, Clay diagenesis inWilcox
sandstones of southwest Texas: Implications of smectite
diagenesis on sandstone cementation: Journal of Sedi-
mentary Petrology, v. 49, p. 55–70.

Bruhn, C. H. L., and R. G. Walker, 1997, Internal architec-
ture and sedimentary evolution of coarse-grained, turbi-
dite channel-levee complexes, early Eocene Regência
Canyon, Espírito Santo Basin, Brazil: Sedimentology,
v. 44, p. 17–46, doi:10.1111/j.1365-3091.1997
.tb00422.x.

Burgess, P. M., R. J. Steel, and D. Granjeon, 2008, Strati-
graphic forward modeling of basin-margin clinoform sys-
tems: Implications for controls on topset and shelf width
and timing of formation of shelf-edge deltas, in G. J.
Hampson, R. J. Steel, P.M. Burgess, and R.W.Dalrymple,
eds., Recent advances in models of siliciclastic shallow-
marine stratigraphy: SEPM Special Publication 90, p. 35–
45.

Burley, S. D., J. Mullis, and A. Matter, 1989, Timing diagen-
esis in the Tartan reservoir (UK North Sea): Constraints
from combined cathodoluminescence microscopy and
fluid inclusion data: Marine and Petroleum Geology,
v. 6, p. 98–120, doi:10.1016/0264-8172(89)90014-7.

Burns, F. E., S. D. Burley, R. L. Gawthorpe, and J. E. Pollard,
2005, Diagenetic signatures of stratal surfaces in the
Upper Jurassic Fulmar Formation, central North Sea,
UKCS: Sedimentology, v. 52, p. 1155–1185.

Burns, L. K., and F. G. Ethridge, 1979, Petrology and diage-
netic effects of lithic sandstones: Paleocene and Eocene
Umpqua Formation, southwest Oregon, in P. A. Scholle
and P. R. Schluger, eds., Aspects of diagenesis: SEPM
Special Publication 26, p. 307–317.

Çagatay, M. N., S. Saner, I. Al-Saiyed, and W. J. Carrigan,
1996, Diagenesis of the Safaniya sandstone member
(mid-Cretaceous) in Saudi Arabia: Sedimentary Geol-
ogy, v. 105, p. 221–239, doi:10.1016/0037-0738(95)
00140-9.

Caja, M. A., R. Marfil, D. Garcia, E. Remacha, S. Morad, H.
Mansurbeg, andA.Amorosi, 2010, Provenance of hybrid
turbiditic arenites of the Eocene Hecho Group, the
Spanish Pyrenees: Implications for tectonic evolution of
a foreland basin: Basin Research, v. 22, p. 157–180,
doi:10.1111/j.1365-2117.2009.00405.x.

Carvalho,M.V. F., L. F. De Ros, andN. S.Gomes, 1995, Car-
bonate cementation patterns and diagenetic reservoir fa-
cies in the Campos Basin Cretaceous turbidites, offshore
eastern Brazil: Marine and Petroleum Geology, v. 12,
p. 741–758, doi:10.1016/0264-8172(95)93599-Y.

Cavazza, W., R. Braga, E. G. Reinhardt, and C. Zanotti,
2009, Influence of host-rock texture on the morphology
of carbonate concretions in a meteoric diagenetic envi-
ronment: Journal of Sedimentary Research, v. 79, p. 377–
388, doi:10.2110/jsr.2009.047.

Coe, A. L., ed., 2003, The sedimentary record of sea-level
change: Cambridge, Cambridge University Press, 286 p.

Critelli, S., E. Le Pera, F. Galluzzo, S. Milli, M. Moscatelli, S.
Perrotta, and M. Santantonio, 2007, Interpreting silici-
clastic-carbonate detrital modes in foreland basin sys-
tems: An example from upper Miocene arenites of the
central Apennines, Italy: Geological Society of America
Special Paper, v. 420, p. 107–133.

Dalrymple, R.W., B. A. Zaitlin, and R. Boyd, 1992, Estuarine
facies models: Conceptual basis and stratigraphic implica-
tions: Journal of SedimentaryPetrology, v. 62, p. 1130–1146.

De Ros, L.F., 1996, Compositional controls on sandstone dia-
genesis: Comprehensive summaries of Uppsala disserta-
tions from the Faculty of Science andTechnology, v. 198,
p. 1–24.

De Ros, L. F., 1998, Heterogeneous generation and evolution
of diagenetic quartzarenites in the Siluro-Devonian Furnas
Formation of the Paraná Basin, southern Brazil: Sedimen-
tary Geology, v. 116, p. 99–128, doi:10.1016/S0037
-0738(97)00081-X.

De Ros, L. F., and C. M. S. Scherer, in press, Stratigraphic
controls on the distribution patterns of diagenetic pro-
cesses, quality and heterogeneity of continental reservoirs
from the Recôncavo Basin, Brazil, in S. Morad, J. M. M.
Ketzer, and L. F. De Ros, eds., Linking diagenesis to se-
quence stratigraphy of sedimentary rocks: International
Association of Sedimentologists Special Publication 45.

De Ros, L. F., S. Morad, and P. S. G. Paim, 1994, The role of
detrital composition and climate on the diagenetic evolu-
tion of continental molasses: Evidence from the Cambro-
Ordovician Guaritas sequence, southern Brazil: Sedimen-
taryGeology, v. 92, p. 197–228, doi:10.1016/0037-0738
(94)90106-6.

De Ros, L. F., S. Morad, and I. S. Al-Aasm, 1997, Diagenesis
of siliciclastic and volcaniclastic sediments in the Creta-
ceous and Miocene sequences of NW African margin
(DSDP leg 47A, site 397): Sedimentary Geology, v. 112,
p. 137–156.

Dickinson, W. R., 1985, Interpreting provenance relations
from detrital modes of sandstones, in G. G. Zuffa, ed.,
Provenance of Arenites: NATO-Advanced Study Insti-
tute Series C, v. 148: Dordrecht, Netherlands, D. Reidel
Publishing Co., p. 333–361.

Dickinson,W.R., L. S. Beard, G. R. Bankenridge, J. L. Erjavec,
R. C. Ferguson, K. F. Inman, R. A. Knepp, F. A. Lindberg,
Morad et al. 1301

http://dx.doi.org/10.1126/science.159.3811.195
http://dx.doi.org/10.1111/j.1365-3091.1997.tb00422.x
http://dx.doi.org/10.1111/j.1365-3091.1997.tb00422.x
http://dx.doi.org/10.1016/0264-8172(89)90014-7
http://dx.doi.org/10.1016/0037-0738(95)00140-9
http://dx.doi.org/10.1016/0037-0738(95)00140-9
http://dx.doi.org/10.1111/j.1365-2117.2009.00405.x
http://dx.doi.org/10.1016/0264-8172(95)93599-Y
http://dx.doi.org/10.2110/jsr.2009.047
http://dx.doi.org/10.1016/S0037-0738(97)00081-X
http://dx.doi.org/10.1016/S0037-0738(97)00081-X
http://dx.doi.org/10.1016/0037-0738(94)90106-6
http://dx.doi.org/10.1016/0037-0738(94)90106-6


and P. T. Ryberg, 1983, Provenance of North American
Phanerozoic sandstones in relation to tectonic setting:Geo-
logical Society of America Bulletin, v. 94, p. 222–235,
doi:10.1130/0016-7606(1983)94<222:PONAPS>2.0
.CO;2.

Dixon, S. A., D. M. Summers, and R. C. Surdam, 1989, Dia-
genesis and preservation of porosity in Norphlet Forma-
tion (Upper Jurassic), southernAlabama:AAPGBulletin,
v. 73, p. 707–728.

Donaldson, E. C., G. V. Chilingarian, and T. F. Yen, 1985,
Enhanced oil recovery: I. Fundamentals and analyses:
Elsevier, Sweden, Uppsala University.

Dutta, P. K., and L. J. Suttner, 1986, Alluvial sandstone com-
position and paleoclimate: II. Authigenic mineralogy:
Journal of Sedimentary Petrology, v. 56, p. 346–358.

Dutton, S. P., 2008, Calcite cement in Permian deep-water
sandstones, Delaware Basin, west Texas:Origin, distribu-
tion, and effect on reservoir properties: AAPG Bulletin,
v. 92, p. 765–787, doi:10.1306/01280807107.

Dutton, S. P., andT. F.Hentz, 2002, Reservoir quality of lower
Miocene sandstones in lowstand prograding wedge suc-
cessions, Vermilion Block 31, offshore Louisiana: Trans-
actions of theGulfCoast Association ofGeological Socie-
ties, v. 52, p. 217–228.

Dutton, S. P., T. F. Hentz, A. Cuevas, and J. J. Hernandez
Mendoza, 2004, Petrography and reservoir quality of on-
shore Miocene sandstones in the Burgos Basin, Mexico:
Transactions of the Gulf Coast Association of Geological
Societies, v. 54, p. 159–168.

Ebanks Jr., W. J., 1987, Geology in enhanced oil recovery, in
R.W. Tillman and K. J. Weber, eds., Reservoir sedimen-
tology: SEPM Special Publication 40, p. 1–14.

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

Ehrenberg, S. N., and P. H. Nadeau, 1989, Formation of dia-
genetic illite in sandstones of the Garn Formation, Hal-
tenbanken area, mid-Norwegian continental shelf: Clay
Minerals, v. 24, p. 233–253, doi:10.1180/claymin.1989
.024.2.09.

Ehrenberg, S. N., P. Aagaard, M. J. Wilson, A. R. Fraser, and
D. M. L. Duthie, 1993, Depth-dependent transforma-
tion of kaolinite to dickite in sandstones of theNorwegian
Continental Shelf: Clay Minerals, v. 28, p. 325–352,
doi:10.1180/claymin.1993.028.3.01.

Einsele, G., 2000, Sedimentary basins: Evolution, facies, and
sediment budget: Berlin, Springer, 788 p.

El-Ghali, M. A. K., 2005, Depositional environments and se-
quence stratigraphy of paralic glacial, paraglacial and
postglacial Upper Ordovician siliciclastic deposits in
the Murzuq Basin, SW Libya: Sedimentary Geology,
v. 177, p. 145–173, doi:10.1016/j.sedgeo.2005.02.006.

El-Ghali, M. A. K., K. G. Tajori, and H. Mansurbeg, 2006a,
The influence of transgression and regression on the spa-
tial and temporal distribution of diagenetic kaolin in the
Upper Ordovician glaciogenic sandstones within a se-
quence stratigraphic framework,MurzuqBasin, SWLibya:
Journal of Geochemical Exploration, v. 89, p. 87–91,
doi:10.1016/j.gexplo.2005.11.030.
1302 Diagenesis and Heterogeneity of Sandstone Reservoirs
El-Ghali, M. A. K., H. Mansurbeg, S. Morad, I. Al-Aasm, and
G. Ajdanlisky, 2006b, Distribution of diagenetic alter-
ations in fluvial and paralic deposits within sequence strati-
graphic framework: Evidence from the Petrohan terrige-
nous group and the Svidol Formation, Lower Triassic,
NW Bulgaria: Sedimentary Geology, v. 190, p. 299–321,
doi:10.1016/j.sedgeo.2006.05.021.

El-Ghali, M. A. K., S. Morad, H. Mansurbeg, M. A. Caja, M.
Sirat, and N. Ogle, 2009, Diagenetic alterations related
to marine transgression and regression in fluvial and shal-
low marine sandstones of the Triassic Buntsandstein and
Keuper sequence, the Paris Basin, France: Marine and
Petroleum Geology, v. 26, p. 289–309, doi:10.1016/j
.marpetgeo.2008.02.001.

Elias, A. R. D., L. F. De Ros, A. M. P. Mizusaki, and S. M. C.
Anjos, 2004,Diagenetic patterns in eolian/coastal sabkha
reservoirs of the Solimões Basin, northern Brazil: Sedi-
mentary Geology, v. 169, p. 191–217, doi:10.1016/j
.sedgeo.2004.06.001.

Emery, D., and K. J. Myers, 1996, Sequence stratigraphy:
London, Blackwell Science, 297 p.

Eslinger, E., and D. Pevear, 1988, Clay minerals for petro-
leum geologists and engineers: SEPM Short Course 22,
256 p.

Evans, R.C., 1987,An investigation into the influence of com-
mon sedimentary structures and diagenesis on permeabil-
ity heterogeneity and anisotropy in selected sands and
sandstones. Society of Petroleum Engineers Paper 17130,
16 p.

Fetter, M., L. F. De Ros, and C. H. L. Bruhn, 2009, Petro-
graphic and seismic evidence for the depositional setting
of giant turbidite reservoirs and the paleogeographic evo-
lution of Campos Basin, offshore Brazil: Marine and Pe-
troleum Geology, v. 26, p. 824–853, doi:10.1016/j
.marpetgeo.2008.07.008.

Fontana, D., E. F. McBride, and R. Kluger, 1986, Diagenesis
and porosity evolution of submarine-fan and basin-plain
sandstones, Marnoso-Arenacea Formation, northern Ap-
ennines, Italy: Bulletin of Canadian Petroleum Geology,
v. 34, p. 313–328.

Fontana, D., G. G. Zuffa, and E. Garzanti, 1989, The inter-
action of eustasy and tectonism from provenance studies
of the Eocene Hecho Group turbidite complex (Eocene-
central Pyrenees, Spain): Basin Research, v. 2, p. 223–
237, doi:10.1111/j.1365-2117.1989.tb00037.x.

Franks, S. G., and H. Zwingman, this issue, Origin and timing
of late diagenetic illite in the Permo-Carboniferous Un-
ayzah Sandstone reservoirs of Saudi Arabia: AAPG Bul-
letin, v. 94, p. 1333–1159, doi:10.1306/04211009142.

Galloway, W. E., 1975, Process framework for describing the
morphologic and stratigraphic evolution of deltaic depo-
sitional systems, in M. L. Broussard, ed., Deltas: Models
for exploration: Houston, Houston Geological Society,
p. 87–98.

Gandolfi, G., L. Paganelli, and G. G. Zuffa, 1983, Petrology
and dispersal pattern in the Marnoso-Arenacea Forma-
tion (Miocene, northern Apennines): Journal of Sedi-
mentary Petrology, v. 53, p. 493–507.

Garcia, A. J. V., S. Morad, L. F. De Ros, and I. S. Al-Aasm,
1998, Paleogeographical, paleoclimatic and burial history

http://dx.doi.org/10.1130/0016-7606(1983)94<222:PONAPS>2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(1983)94<222:PONAPS>2.0.CO;2
http://dx.doi.org/10.1306/01280807107
http://dx.doi.org/10.1180/claymin.1989.024.2.09
http://dx.doi.org/10.1180/claymin.1989.024.2.09
http://dx.doi.org/10.1180/claymin.1993.028.3.01
http://dx.doi.org/10.1016/j.sedgeo.2005.02.006
http://dx.doi.org/10.1016/j.gexplo.2005.11.030
http://dx.doi.org/10.1016/j.sedgeo.2006.05.021
http://dx.doi.org/10.1016/j.marpetgeo.2008.02.001
http://dx.doi.org/10.1016/j.marpetgeo.2008.02.001
http://dx.doi.org/10.1016/j.sedgeo.2004.06.001
http://dx.doi.org/10.1016/j.sedgeo.2004.06.001
http://dx.doi.org/10.1016/j.marpetgeo.2008.07.008
http://dx.doi.org/10.1016/j.marpetgeo.2008.07.008
http://dx.doi.org/10.1111/j.1365-2117.1989.tb00037.x
http://dx.doi.org/10.1306/04211009142


controls on the diagenetic evolution of Lower Creta-
ceous Serraria sandstones in the Sergipe-Alagoas Basin,
NE Brazil, in S. Morad, ed., Carbonate cementation in
sandstones: International Association of Sedimentolo-
gists Special Publication 26, p. 107–140.

Garzanti, E., 1991, Non-carbonate intrabasinal grains in are-
nites: Their recognition, significance, and relationship to
eustatic cycles and tectonic setting: Journal of Sedimen-
tary Petrology, v. 61, p. 959–975.

Gaupp, R., A.Matter, J. Platt, K. Ramseyer, and J.Walzebuck,
1993, Diagenesis and fluid evolution of deeply buried
Permian (Rotliegende) gas reservoirs, northwestGermany:
AAPG Bulletin, v. 77, p. 1111–1128.

Geslin, J. K., 1994, Carbonate pseudomatrix in siliciclastic-
carbonate turbidites from theOquirrh-WoodRiverBasin,
southern Idaho: Journal of SedimentaryResearch, v. A64,
p. 55–58.

Giles, M. R., S. L. Indrelid, G. V. Beynon, and J. Amthor,
2000, The origin of large-scale quartz cementation: Evi-
dence from large data sets and coupled heat-fluid mass
transport modeling, in R. H. Worden and S. Morad, eds.,
Quartz cementation in sandstones: International As-
sociation of Sedimentologists Special Publication 29,
p. 21–38.

Gluyas, J., and M. Coleman, 1992, Material flux and poros-
ity changes during sediment diagenesis: Nature, v. 356,
p. 52–54, doi:10.1038/356052a0.

Gluyas, J. G., S. M. Grant, and A. G. Robinson, 1993, Geo-
chemical evidence for a temporal control on sandstone
cementation, in A. Horbury and A. Robinson, eds., Dia-
genesis and basin development: AAPG Studies in Geol-
ogy 36, p. 23–33.

Goldhaber, M. B., R. C. Aller, J. K. Cochran, J. K. Rosenfeld,
C. S.Martens, andR. A. Berner, 1977, Sulfate-reduction,
diffusion, and bioturbation in Long Island Sound sedi-
ments: Report of the FOAM group: American Journal
of Science, v. 277, p. 193–237.

Gomez-Gras, D., 1993, El Permotrías de las Baleares y de la
vertiente mediterránea de la Cordillera Ibérica y del
Maestrat: Facies e Petrologia Sedimentaria: Parte II: Bo-
letín Geológico y Minero, v. 104–105, p. 467–515.

Gozalpour, F., S. R. Ren, and B. Tohidi, 2005, CO2 EOR
and storage in oil reservoirs: Oil and Gas Science and
Technology - Reviews of Institut Français du Pétrole,
v. 60, p. 537–546, doi:10.2516/ogst:2005036.

Grigsby, J. D., 2001, Origin and growth mechanism of authi-
genic chlorite in sandstones of the lower Vicksburg For-
mation, south Texas: Journal of Sedimentary Research,
v. 71, p. 27–36, doi:10.1306/060100710027.

Hamilton, D. S., M. H. Holtz, P. Ryles, T. Lonergan, and M.
Hillyer, 1998, Approaches to identifying reservoir hetero-
geneity and reserve growth opportunities in a continental-
scale bed-load fluvial system: Hutton Sandstone, Jackson
field, Australia: AAPG Bulletin, v. 82, p. 2192–2219.

Haughton, P. D. W., S. P. Todd, and A. C. Morton, 1991,
Sedimentary provenance studies, in A. C. Morton, S. P.
Todd, and P. D.W. Haughton, eds., Developments in sed-
imentary provenance studies: Geological Society (Lon-
don) Special Publication 57, p. 1–11.

Hawlader, H. M., 1990, Diagenesis and reservoir potential
of volcanogenic sandstones—Cretaceous of the Surat
Basin, Australia: Sedimentary Geology, v. 66, p. 181–
195, doi:10.1016/0037-0738(90)90059-3.

Heins, W. A., 1993, Source rock texture versus climate and
topography as controls on the composition ofmodern, plu-
toniclastic sand, in M. J. Johnsson and A. Basu, eds., Pro-
cesses controlling the composition of clastic sediments:
Geological Society of America Special Paper 284, p. 135–
146.

Hendry, J. P., and N. H. Trewin, 1995, Authigenic quartz
microfabrics in Cretaceous turbidites: Evidence for silica
transformation processes in sandstones: Journal of Sedi-
mentary Research, v. A65, p. 380–392.

Hendry, J. P., M. Wilkinson, A. E. Fallick, and N. H. Trewin,
2000, Disseminated ‘jigsaw piece’ dolomite in Upper
Jurassic shelf sandstones, central North Sea: An exam-
ple of cement growth during bioturbation?: Sedimentol-
ogy, v. 47, p. 631–644, doi:10.1046/j.1365-3091.2000
.00319.x.

Hillier, S., 1994, Pore-lining chlorites in siliciclastic reservoir
sandstones: Electron microprobe SEM and XRD data,
and implications for their origin: Clay Minerals, v. 29,
p. 665–679, doi:10.1180/claymin.1994.029.4.20.

Hornibrook, E. R. C., and F. J. Longstaffe, 1996, Berthierine
from the Lower Cretaceous Clearwater Formation, Al-
berta, Canada: Clays and Clay Minerals, v. 44, p. 1–21,
doi:10.1346/CCMN.1996.0440101.

Houseknecht, D. W., 1984, Influence of grain size and tem-
perature on intergranular pressure solution, quartz ce-
mentation, and porosity in a quartzose sandstone: Jour-
nal of Sedimentary Petrology, v. 54, p. 348–361.

Houseknecht, D. W., 1988, Intergranular pressure solution
in four quartzose sandstones: Journal of Sedimentary
Petrology, v. 58, p. 228–246.

Howell, J. A., and S. Flint, 2003, Sedimentology and se-
quence stratigraphy of the Book Cliffs, in A. Coe, ed.,
The Sedimentary Record of Sea-Level Change: Cam-
bridge, Cambridge University Press, p. 135–157.

Hunt, D., and R. L. Gawthorpe, 2000, Sedimentary re-
sponses to forced regressions: Geological Society Special
Publications 172, 383 p.

Hunt, D., and M. E. Tucker, 1992, Stranded parasequences
and the forced regressive wedge systems tract: Deposi-
tion during base-level fall. Sedimentary Geology, v. 81,
p. 1–9.

Hurst, A., and H. Irwin, 1982, Geological modeling of clay
diagenesis in sandstones: Clay Minerals, v. 17, p. 5–22,
doi:10.1180/claymin.1982.017.1.03.

Hutcheon, I., and H. J. Abercrombie, 1990, Fluid-rock inter-
actions in thermal recovery of bitumen, Tucker Lake Pi-
lot, Cold Lake, Alberta, in I. D. Meshri and P. J. Ortoleva,
eds., Prediction of reservoir quality through chemical
modeling: AAPG Memoir 49, p. 161–170.

Ingersoll, R. V., W. Cavazza, S. A. Graham, and I.U.F.S. par-
ticipants, 1987, Provenance of impure calclithites in the
Laramide foreland of southwest Montana: Journal of
Sedimentary Petrology, v. 57, p. 995–1003.

Jackson, M. D., G. J. Hampson, and R. P. Sech, 2009, Three-
dimensional modeling of a shoreface-shelf parasequence
reservoir analog: Part 2. Geologic controls on fluid flow
Morad et al. 1303

http://dx.doi.org/10.1038/356052a0
http://dx.doi.org/10.2516/ogst:2005036
http://dx.doi.org/10.1306/060100710027
http://dx.doi.org/10.1016/0037-0738(90)90059-3
http://dx.doi.org/10.1046/j.1365-3091.2000.00319.x
http://dx.doi.org/10.1046/j.1365-3091.2000.00319.x
http://dx.doi.org/10.1180/claymin.1994.029.4.20
http://dx.doi.org/10.1346/CCMN.1996.0440101
http://dx.doi.org/10.1180/claymin.1982.017.1.03


and hydrocarbon recovery:AAPGBulletin, v. 93, p. 1183–
1208, doi:10.1306/05110908145.

Jahren, J., and M. Ramm, 2000, The porosity-preserving ef-
fects of microcrystalline quartz coatings in arenitic sand-
stones: Examples from the Norwegian continental shelf,
in R. Worden and S. Morad, eds., Quartz cementation in
sandstones: International Association of Sedimentologists
Special Publication 29, p. 271–280.

James,W.C., 1992, Sandstone diagenesis inmixed siliciclastic-
carbonate sequences: Quadrant and Tensleep formations
(Pennsylvanian), northern Rocky Mountains: Journal of
Sedimentary Petrology, v. 62, p. 810–824.

Jessen, K., A. R. Kovscek and F.M.Orr, 2005, IncreasingCO2

storage in oil recovery: Energy Conversion and Manage-
ment, v. 46, p. 293–311, doi:10.1016/j.enconman.2004
.02.019.

Johnsson, M. J., 1990a, Tectonic versus chemical-weathering
controls on the composition of fluvial sands in tropical en-
vironments: Sedimentology, v. 37, p. 713–726, doi:10
.1111/j.1365-3091.1990.tb00630.x.

Johnsson, M. J., 1990b, Overlooked sedimentary particles
from tropical weathering environments: Geology, v. 18,
p. 107–110, doi:10.1130/0091-7613(1990)018<0107
:OSPFTW>2.3.CO;2.

Kalpakci, B., E. E. Klaus, J. L. Duda, and R. Nagarajan, 1981,
Permeability modification of porous media by surfactant
solutions: Society of Petroleum Engineers Paper 9930,
p. 483–491.

Kantorowicz, J. D., I. D. Bryant, and J. M. Dawans, 1987,
Controls on the geometry and distribution of carbonate
cements in Jurassic sandstones: Bridport sands, southern
England and Viking Group, Troll field, Norway, in J. D.
Marshall, ed., Diagenesis of sedimentary sequences:
Geological Society (London) Special Publication 36,
p. 103–118.

Ketzer, J. M., and S. Morad, 2006, Predictive distribution of
shallowmarine, low-porosity (pseudomatrix -rich) sand-
stones in a sequence stratigraphic framework—Example
from the Ferron Sandstone, Upper Cretaceous, U.S.A.:
Maine and Petroleum Geologists, v. 23, p. 29–36,
doi:10.1016/j.marpetgeo.2005.05.001.

Ketzer, J. M., S. Morad, R. Evans, and I. Al-Aasm, 2002, Dis-
tribution of diagenetic alterations in fluvial, deltaic, and
shallow marine sandstones within a sequence strati-
graphic framework: Evidence from the Mullaghmore
Formation (Carboniferous), NW Ireland: Journal of Sedi-
mentary Research, v. 72, p. 760–774, doi:10.1306
/042202720760.

Ketzer, J. M., M. Holz, S. Morad, and I. Al-Aasm, 2003a, Se-
quence stratigraphic distribution of diagenetic alterations
in coal-bearing, paralic sandstones: Evidence from the
Rio Bonito Formation (Early Permian), southern Brazil:
Sedimentology, v. 50, p. 855–877, doi:10.1046/j.1365
-3091.2003.00586.x.

Ketzer, J. M., S. Morad, and A. Amorosi, 2003b, Predictive
diagenetic clay-mineral distribution in siliciclastic rocks
within a sequence stratigraphic framework, in R. H.
Worden and S. Morad, eds., Clay cements in sandstones:
International Association of Sedimentologists Special
Publication 34, p. 42–59.
1304 Diagenesis and Heterogeneity of Sandstone Reservoirs
Ketzer, J. M., S. Morad, and L. F. De Ros, 2004, Sequence
stratigraphy and diagenesis: An integrated tool to im-
prove prediction of reservoir quality in clastic sequences:
32nd International Geological Congress, International
Geological Association, Florence, Italy, p. 163.

King, G. E., 1992, Formation clays: Are they really a problem
inproduction?, inD.W.Houseknecht and E.W. Pittman,
eds., Origin, diagenesis and petrophysics of clay minerals
in sandstones: SEPM Special Publication 47, p. 265–272.

Kronen Jr., J. D., and C. R. Glenn, 2000, Pristine to reworked
verdine:Keys to sequence stratigraphy inmixed carbonate-
siliciclastic forereef sediments (Great Barrier Reef ), in
C. R. Glenn, L. Prevot-Lucas, and J. Lucas, eds., Marine
authigenesis: From global to microbial: SEPM Special
Publication 66, p. 387–403.

Lake, L. W. W., 1996, Enhanced oil recovery: New York,
Prentice Hall Professional, 600 p.

Land, L. S., 1997,Mass transfer during burial diagenesis in the
Gulf of Mexico sedimentary basin: An overview, in I. P.
Montañez, J. M. Gregg, and K. L. Shelton, eds., Basin-
wide diagenetic patterns: Integrated petrologic, geo-
chemical, and hydrologic considerations: SEPM Special
Publication 57, p. 29–39.

Lander, R. H., and L. M. Bonnell, 2010, A model for fibrous
illite nucleation and growth in sandstones: AAPG Bulle-
tin, v. 94, p. 1161–1187, doi:10.1306/04211009121.

Lima, R. D., and L. F. De Ros, 2002, The role of depositional
setting and diagenesis on the reservoir quality of Late De-
vonian sandstones from theSolimõesBasin, BrazilianAma-
zonia: Marine and Petroleum Geology, v. 19, p. 1047–
1071, doi:10.1016/S0264-8172(03)00002-3.

Lindquist, S. J., 1988, Practical characterization of eolian reser-
voirs for development: Nugget Sandstone, Utah-Wyoming
thrust belt: Sedimentary Geology, v. 56, p. 315–339,
doi:10.1016/0037-0738(88)90059-0.

Loomis, J. L., and L. J. Crossey, 1996, Diagenesis in a cyclic,
regressive siliciclastic sequence: The Point Lookout
Sandstone, San Juan Basin, Colorado, in L. J. Crossey,
R. Loucks, and M. W. Totten, eds., Siliciclastic diagen-
esis and fluid flow: Concepts and applications: SEPM
Special Publication 55, p. 23–36.

Lundegard, P. D., 1994, Mixing zone origin of 13C-depleted
calcite cement: Oseberg Formation sandstones (Middle
Jurassic), Veslefrikk field, Norway: Geochimica et Cos-
mochimica Acta, v. 58, p. 2661–2675, doi:10.1016
/0016-7037(94)90136-8.

Luo, J., O. Hlal, S. Morad, and J. M. Ketzer, 2009, Diagenetic
and reservoir-quality evolution of fluvial and lacustrine-
deltaic sandstones: Evidence from Jurassic and Triassic
sandstones of the Ordos Basin, northwestern China:
Journal of Petroleum Geology, v. 32, p. 79–102, doi:10
.1111/j.1747-5457.2009.00436.x.

Lynch, F. L., 1996, Mineral/water interaction, fluid flow, and
Frio Sandstone diagenesis: Evidence from the rocks:
AAPG Bulletin, v. 80, p. 486–504.

Mack, G. H., and L. J. Suttner, 1977, Paleoclimate interpre-
tation from a petrographic comparison of Holocene
sands and the Fountain Formation (Pennsylvanian) in
the Colorado Front Range: Journal of Sedimentary Petrol-
ogy, v. 47, p. 89–100.

http://dx.doi.org/10.1306/05110908145
http://dx.doi.org/10.1016/j.enconman.2004.02.019
http://dx.doi.org/10.1016/j.enconman.2004.02.019
http://dx.doi.org/10.1111/j.1365-3091.1990.tb00630.x
http://dx.doi.org/10.1111/j.1365-3091.1990.tb00630.x
http://dx.doi.org/10.1130/0091-7613(1990)018<0107:OSPFTW>2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1990)018<0107:OSPFTW>2.3.CO;2
http://dx.doi.org/10.1016/j.marpetgeo.2005.05.001
http://dx.doi.org/10.1306/042202720760
http://dx.doi.org/10.1306/042202720760
http://dx.doi.org/10.1046/j.1365-3091.2003.00586.x
http://dx.doi.org/10.1046/j.1365-3091.2003.00586.x
http://dx.doi.org/10.1016/S0264-8172(03)00002-3
http://dx.doi.org/10.1016/0037-0738(88)90059-0
http://dx.doi.org/10.1016/0016-7037(94)90136-8
http://dx.doi.org/10.1016/0016-7037(94)90136-8
http://dx.doi.org/10.1111/j.1747-5457.2009.00436.x
http://dx.doi.org/10.1111/j.1747-5457.2009.00436.x


Mansurbeg, H., M. A. K. El-Ghali, S. Morad, and P. Plink-
Bjorklund, 2006, The impact of meteoric water on the
diagenetic alterations in deep-water, marine siliciclastic
turbidites: Journal of Geochemical Exploration, v. 89,
p. 254–258, doi:10.1016/j.gexplo.2006.02.001.

Mansurbeg, H., S. Morad, A. Salem, R. Marfil, M. A. K. El-
Ghali, J. P. Nystuen, M. A. Caja, A. Amorosi, D. Garcia,
and A. La Iglesia, 2008, Diagenesis and reservoir quality
evolution of Paleocene deep-water, marine sandstones,
the Shetland-Faroes Basin, British continental shelf: Ma-
rine and Petroleum Geology, v. 25, p. 514–543, doi:10
.1016/j.marpetgeo.2007.07.012.

Mansurbeg, H., M. A. Caja, R. M. Marfil, S., E. Remacha, D.
Garcia, T. Martín-Crespo, M. A. K. El-Ghali, and J. P.
Nystuen, 2009, Diagenetic evolution and porosity de-
struction of turbiditic hybrid arenites and siliciclastic
sandstones of foreland basins: Evidence from the Eocene
Hecho Group, Pyrenees, Spain: Journal of Sedimentary
Research, v. 79, p. 711–735, doi:10.2110/jsr.2009.060.

Mathisen, M. E., and J. G. McPherson, 1991, Volcaniclastic
deposits: Implications for hydrocarbon exploration, in
R. V. Fisher and G. A. Smith, eds., Sedimentation in vol-
canic settings: SEPM Special Publication 45, p. 27–36.

Matlack, K. S., D. W. Houseknecht, and K. R. Applin, 1989,
Emplacement of clay into sand by infiltration: Journal of
Sedimentary Petrology, v. 59, p. 77–87.

Matsumoto, R., and A. Iijima, 1981, Origin and diagenetic
evolution of Ca-Fe-Mg carbonates in some coalfields of
Japan: Sedimentology, v. 28, p. 239–259, doi:10.1111/j
.1365-3091.1981.tb01678.x.

McBride, E. F., 1978, Porosity loss in sandstone by ductile grain
deformation during compaction: Transactions of the Gulf
CoastAssociationofGeological Societies, v. 28, p. 323–325.

McBride, E. F., 1989,Quartz cement in sandstones: A review:
Earth Science Reviews, v. 26, p. 69–112, doi:10.1016
/0012-8252(89)90019-6.

McBride, E. F., L. S. Land, and L. E. Mack, 1987, Diagenesis
of eolian and fluvial feldspathic sandstones, Norphlet
Formation (Upper Jurassic), Rankin County, Mississippi,
and Mobile County, Alabama: AAPG Bulletin, v. 71,
p. 1019–1034.

McBride, E. F., M. D. Picard, and R. L. Folk, 1994, Oriented
concretions, Ionian coast, Italy: Evidence of groundwater
flow direction: Journal of Sedimentary Petrology, v. A64,
p. 535–540.

McCracken, S. R., J. Compton, and K.Hicks, 1996, Sequence
stratigraphic significance of glaucony-rich lithofacies at
Site 903, in G. S. Mountain, K. G. Miller, P. Blum, C. W.
Poag, and D. C. Twitchell, eds., Proceedings of the Ocean
Drilling Program: Scientific Results, v. 150, p. 171–187.

McKay, J. L., F. J. Longstaffe, and A. G. Plint, 1995, Early
diagenesis and its relationship to depositional environ-
ment and relative sea-level fluctuations (Upper Creta-
ceous Marshybank Formation, Alberta and British Co-
lumbia): Sedimentology, v. 42, p. 161–190, doi:10.1111
/j.1365-3091.1995.tb01276.x.

McKinley, J. M., R. Worden, and A. H. Ruffell, 2003, Smec-
tite in sandstones: A review of the controls on occur-
rence and behavior during diagenesis, in R. H. Worden
and S. Morad, eds., Clay cements in sandstones: Interna-
tional Association of Sedimentologists Special Publica-
tion 34, p. 109–128.

Melvin, J., and A. S. Knight, 1985, Lithofacies, diagenesis,
and porosity of the Ivishak Formation, Prudhoe Bay area,
in D. A. McDonald and R. C. Surdam, eds., Clastic dia-
genesis: AAPG Memoir 37, p. 347–365.

Miall, A. D., 1996, The geology of fluvial deposits: Sedimen-
tary facies, basin analysis, and petroleum geology: Berlin,
Springer-Verlag, 582 p.

Milliken, M. L., 2005, Late diagenesis and mass transfer in
sandstone-shale sequences, in F. T. Mackenzie, ed., Sedi-
ments, diagenesis, and sedimentary rocks: Treatise on
Geochemistry: Oxford, United Kingdom, Elsevier, v. 7,
p. 159–190.

Molenaar,N., 1998,Originof low-permeability calcite-cemented
lenses in shallow marine sandstones and CaCO3 cemen-
tation mechanisms: An example from the Lower Jurassic
Luxemburg Sandstone, Luxemburg, in S. Morad, ed.,
Carbonate cementation in sandstones: International As-
sociation of Sedimentologists Special Publication 26,
p. 193–211.

Morad, S., 1998, Carbonate cementation in sandstones: Dis-
tribution patterns and geochemical evolution, in S.Morad,
ed., Carbonate cementation in sandstones: International
Association of Sedimentologists Special Publication 26,
p. 1–26.

Morad, S., M. Bergan, R. Knarud, and J. P. Nystuen, 1990,
Albitization of detrital plagioclase in Triassic reservoir
sandstones from the Snorre field, Norwegian North Sea:
Journal of Sedimentary Petrology, v. 60, p. 411–425.

Morad, S.,H. Ben Ismail, L. F.DeRos, I. S.Al-Aasm, andN.-E.
Serrhini, 1994,Diagenesis and formationwater chemistry
of Triassic reservoir sandstones from southern Tunisia:
Sedimentology, v. 41, p. 1253–1272, doi:10.1111/j
.1365-3091.1994.tb01452.x.

Morad, S., I. S. Al-Aasm, F. J. Longstaffe, R. Marfil, L. F. De
Ros, H. Johansen, and M. Marzo, 1995, Diagenesis of a
mixed siliciclastic/evaporitic sequence of the Middle
Muschelkalk (Middle Triassic), the Catalan Coastal
Range, NE Spain: Sedimentology, v. 42, p. 749–768,
doi:10.1111/j.1365-3091.1995.tb00407.x.

Morad, S., L. F. De Ros, J. P. Nystuen, and M. Bergan, 1998,
Carbonate diagenesis and porosity evolution in sheet-
flood sandstones: evidence from the middle and lower
Lunde members (Triassic) in the Snorre field, Norwe-
gianNorth Sea, in S. Morad, ed., Carbonate cementation
in sandstones: International Association of Sedimentolo-
gists Special Publication 26, p. 53–85.

Morad, S., J. M. Ketzer, and L. F. De Ros, 2000, Spatial and
temporal distribution of diagenetic alterations in silici-
clastic rocks: Implications for mass transfer in sedimen-
tary basins: Sedimentology, v. 47, p. 95–120.

Moraes, M. A. S., and L. F. De Ros, 1990, Infiltrated clays in
fluvial Jurassic sandstones of Recôncavo Basin, north-
eastern Brazil: Journal of Sedimentary Petrology, v. 60,
p. 809–819.

Moraes, M. A. S., and L. F. De Ros, 1992, Depositional, in-
filtrated and authigenic clays in fluvial sandstones of the
Jurassic Sergi Formation, Recôncavo Basin, northeastern
Brazil, in D. W. Houseknecht and E. W. Pittman, eds.,
Morad et al. 1305

http://dx.doi.org/10.1016/j.gexplo.2006.02.001
http://dx.doi.org/10.1016/j.marpetgeo.2007.07.012
http://dx.doi.org/10.1016/j.marpetgeo.2007.07.012
http://dx.doi.org/10.2110/jsr.2009.060
http://dx.doi.org/10.1111/j.1365-3091.1981.tb01678.x
http://dx.doi.org/10.1111/j.1365-3091.1981.tb01678.x
http://dx.doi.org/10.1016/0012-8252(89)90019-6
http://dx.doi.org/10.1016/0012-8252(89)90019-6
http://dx.doi.org/10.1111/j.1365-3091.1995.tb01276.x
http://dx.doi.org/10.1111/j.1365-3091.1995.tb01276.x
http://dx.doi.org/10.1111/j.1365-3091.1994.tb01452.x
http://dx.doi.org/10.1111/j.1365-3091.1994.tb01452.x
http://dx.doi.org/10.1111/j.1365-3091.1995.tb00407.x


Origin, diagenesis and petrophysics of clay minerals in
sandstones: SEPM Special Publication 47, p. 197–208.

Moraes, M. A. S., and R. C. Surdam, 1993, Diagenetic het-
erogeneity and reservoir quality: Fluvial, deltaic, and tur-
biditic sandstone reservoirs, Potiguar and Recôncavo rift
basins, Brazil: AAPG Bulletin, v. 77, p. 1142–1158.

Mou, D. C., and R. L. Brenner, 1982, Control of reservoir
properties of Tensleep sandstone by depositional and dia-
genetic facies: Lost Soldier field, Wyoming: Journal of
Sedimentary Petrology, v. 52, p. 367–381.

Mozley, P. S., 1989, Relation between depositional environ-
ment and the elemental composition of early diagenetic
siderite: Geology, v. 17, p. 704–706, doi:10.1130/0091
-7613(1989)017<0704:RBDEAT>2.3.CO;2.

Mozley, P. S., and M. Davis, 1996, Relationship between ori-
ented calcite concretions and permeability correlation
structure in an alluvial aquifer, Sierra Ladrones Forma-
tion, New Mexico: Journal of Sedimentary Research,
v. 66, p. 11–16.

Nedkvitne, T., and K. Bjørlykke, 1992, Secondary porosity in
the Brent Group (Middle Jurassic), Hildra field, North
Sea: Implication for predicting lateral continuity of sand-
stones: Journal of Sedimentary Petrology, v. 62, p. 23–34.

Nelson, P. H., 1994, Permeability-porosity relationships in
sedimentary rocks: The Log Analyst, v. 35, p. 38–62.

Nicols, G., 1999, Sedimentology and stratigraphy: Blackwell,
Oxford, 355 p.

Odin, G. S., 1985, Significance of green particles (glaucony,
berthierine, chlorite) in arenites, inG.G. Zuffa, ed., Prov-
enance of Arenites: NATO-Advanced Study Institute
Series C: Mathematical and physical sciences: Dordrecht,
Netherlands, D. Reidel Publishing Co., v. 148, p. 279–
307.

Odin, G. S., 1990, Clay mineral formation at the continent-
ocean boundary: The verdine facies: ClayMinerals, v. 25,
p. 477–483, doi:10.1180/claymin.1990.025.4.06.

Odin, G. S., and A. Matter, 1981, De glauconiarum origine:
Sedimentology, v. 28, p. 611–641, doi:10.1111/j.1365
-3091.1981.tb01925.x.

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

Pallatt, N., M. J. Wilson, and W. J. McHardy, 1984, The re-
lationship between permeability and the morphology of
diagenetic illite in reservoir rocks: Journal of Petroleum
Technology, v. 36, p. 2225–2227.

Parry, W. T., M. A. Chan, and B. P. Nash, 2009, Diagenetic
characteristics of the Jurassic Navajo Sandstone in the
Covenant oil field, central Utah thrust belt: AAPG Bul-
letin, v. 93, p. 1039–1061, doi:10.1306/04270908170.

Pirrie, D., P. W. Ditchfield, and J. D. Marshall, 1994, Burial
diagenesis and pore-fluid evolution in a Mesozoic back-
arc basin: TheMarambioGroup, Vega Island, Antarctica:
Journal of Sedimentary Research, v. A64, p. 541–552.

Pitman, J. K., D. E. Anders, T. D. Fouch, and D. J. Nichols,
1986, Hydrocarbon potential of nonmarine Upper Cre-
taceous and Lower Tertiary Rocks, eastern Uinta Basin,
Utah, in R. W. Spencer and R. F. Mast, eds., Geology of
1306 Diagenesis and Heterogeneity of Sandstone Reservoirs
tight gas reservoirs: AAPGStudies inGeology 24, p. 235–
252.

Pittman, E. D., 1989, Problems related to clay minerals in
reservoir sandstones, in J. F. Mason and P. A. Dickey,
eds., Oil field development techniques: Proceedings of
the Daqing International Meeting: AAPG Studies in
Geology 28, p. 237–244.

Pittman, E. D., and R. E. Larese, 1991, Compaction of lithic
sands: Experimental results and applications: AAPG
Bulletin, v. 75, p. 1279–1299.

Posamentier, H. W., and G. P. Allen, 1999, Siliciclastic se-
quence stratigraphy—Concepts and applications: SEPM
Concepts in Sedimentology and Paleontology, v. 7, 210 p.

Posamentier, H. W., M. T. Jervey, P. R. Vail, 1988, Eustatic
controls on clastic deposition. I: Conceptual framework,
in C. K.Wilgus, B. S. Hastings, C. G. S. C. Kendall, H.W.
Posamentier, C. A. Ross, J. C. Van Wagoner, eds., Sea-
level changes: An Integrated Approach, Tulsa: SEPM
Special Publication 42, p. 109–124.

Primmer,T. J.,C.A.Cade, J. Evans, J.G.Gluyas,M.S.Hopkins,
N. H. Oxtoby, P. C. Smalley, E. A. Warren, and R. H.
Worden, 1997, Global patterns in sandstone diagenesis:
their application to reservoir quality prediction for petro-
leum exploration, in J. A. Kupecz, J. G. Gluyas, and S.
Bloch, eds., Reservoir quality prediction in sandstones
and carbonates: AAPG Memoir 69, p. 61–78.

Prochnow,E.A.,M.V.D.Remus, J.M.Ketzer, J.C.R.Gouvea
Jr.,R. S. Schiffer, andL. F.DeRos, 2006,Organic-inorganic
interactions in oilfield sandstones: Examples from turbi-
dite reservoirs in the Campos Basin, offshore eastern Bra-
zil: Journal of Petroleum Geology, v. 29, p. 361–380,
doi:10.1111/j.1747-5457.2006.00361.x.

Proust, J.-N., G. Mahieux, and B. Tessier, 2001, Field and
seismic images of sharp-based shoreface deposits: Impli-
cations for sequence stratigraphic analysis: Journal of
Sedimentary Research, v. 71, p. 944–957, doi:10.1306
/041601710944.

Purvis, K., 1992, Lower Permian Rotliegende sandstones,
southern North Sea: A case study of sandstone diagenesis
in evaporite-associated sequences: SedimentaryGeology,
v. 77, p. 155–171, doi:10.1016/0037-0738(92)90123-9.

Pye, K., and D. H. Krinsley, 1986, Diagenetic carbonate and
evaporite minerals in Rotliegende eolian sandstones of
the southern North Sea: Their nature and relationship
to secondary porosity development: Clay Minerals, v. 21,
p. 443–457, doi:10.1180/claymin.1986.021.4.03.

Ramos, E., M. Marzo, J. M. de Gibert, K. S. Tawengi, K. A.
Khoja, and N. D. Bolatti, 2006, Stratigraphy and sedi-
mentology of the Middle Ordovician Hawaz Formation
(Murzuq Basin, Libya): AAPG Bulletin, v. 90, p. 1309–
1336, doi:10.1306/03090605075.

Reynolds, A. D., 1999, Dimensions of Paralic sandstone
bodies: AAPG Bulletin, v. 83, p. 211–229, doi:10.1306
/00AA9A48-1730-11D7-8645000102C1865D.

Richards, M. T., 1996, Fluvial systems, inD. Emery and K. J.
Myers, eds., Sequence stratigraphy: Oxford, Blackwell
Science, p. 111–133.

Rossi, C., and J. C. Cañaveras, 1999, Pseudospherulitic fibrous
calcite in paleo-groundwater, unconformity-related dia-
genetic carbonates (Paleocene of the Ager Basin and the

http://dx.doi.org/10.1130/0091-7613(1989)017<0704:RBDEAT>2.3.CO;2
http://dx.doi.org/10.1130/0091-7613(1989)017<0704:RBDEAT>2.3.CO;2
http://dx.doi.org/10.1180/claymin.1990.025.4.06
http://dx.doi.org/10.1111/j.1365-3091.1981.tb01925.x
http://dx.doi.org/10.1111/j.1365-3091.1981.tb01925.x
http://dx.doi.org/10.1306/04270908170
http://dx.doi.org/10.1111/j.1747-5457.2006.00361.x
http://dx.doi.org/10.1306/041601710944
http://dx.doi.org/10.1306/041601710944
http://dx.doi.org/10.1016/0037-0738(92)90123-9
http://dx.doi.org/10.1180/claymin.1986.021.4.03
http://dx.doi.org/10.1306/03090605075
http://dx.doi.org/10.1306/00AA9A48-1730-11D7-8645000102C1865D
http://dx.doi.org/10.1306/00AA9A48-1730-11D7-8645000102C1865D


Miocene of theMadrid Basin, Spain): Journal of Sedimen-
tary Research, v. 69, p. 224–238.

Ruffell, A. H., andG.Wach, 1998, Firmgrounds: Key surfaces
in the recognition of parasequences in the Aptian lower
GreensandGroup, Isle ofWight (southernEngland): Sedi-
mentology, v. 45, p. 91–107, doi:10.1046/j.1365-3091
.1998.00147.x.

Ryan, P. C., and R. C. Reynolds Jr., 1996, The origin and dia-
genesis of grain-coating serpentine-chlorite in Tuscaloosa
Formation sandstone, U.S. Gulf Coast: American Miner-
alogist, v. 81, p. 213–225.

Saigal, G. C., S. Morad, K. Bjørlykke, P. K. Egeberg, and P.
Aagaard, 1988, Diagenetic albitization of detrital K-
feldspars in Jurassic, Lower Cretaceous, and Tertiary
clastic reservoirs from offshore Norway: I. Textures and
origin: Journal of Sedimentary Petrology, v. 58, p. 1003–
1013.

Salem, A. M., J. M. Ketzer, S. Morad, R. R. Rizk, and I. Al-
Aasm, 2005, Diagenesis and reservoir-quality evolution
of incised-valley sandstones: Evidence from theAbu-Madi
gas reservoirs (Upper Miocene), the Nile Delta, Egypt:
Journal of Sedimentary Research, v. 75, p. 572–584,
doi:10.2110/jsr.2005.047.

Sarkar, S., 1988, Petrology of the caliche-derived peloidal
calcirrudite/calcarenite in the Late Triassic Maleri For-
mation of the Pranhita-Godavari Valley, south India:
Sedimentary Geology, v. 55, p. 263–282, doi:10.1016
/0037-0738(88)90134-0.

Scherer, M., 1987, Parameters influencing porosity in sand-
stones: Amodel for sandstone porosity prediction: AAPG
Bulletin, v. 71, p. 485–491, doi:10.1306/703C80FB
-1707-11D7-8645000102C1865D.

Schulz-Rojahn, J., S. Ryan-Grigor, and A. Anderson, 1998,
Structural controls on seismic-scale carbonate cementa-
tion in hydrocarbon-bearing Jurassic fluvial and marine
sandstones from Australia: A comparison, in S. Morad,
ed., Carbonate cementation in sandstones: International
Association of Sedimentologists Special Publication 26,
p. 327–362.

Scoffin, T. P., and D. R. Stoddart, 1983, Beachrock and inter-
tidal cements, inA. S. Goudie and K. Pye, eds., Chemical
sediments and geomorphology: Precipitates and residua
in the near-surface environment: Chicago, Academic
Press, p. 401–425.

Sech, R. P., M. D. Jackson, and G. J. Hampson, 2009, Three-
dimensional modeling of a shoreface-shelf parasequence
reservoir analog: Part 1. Surface-based modeling to cap-
ture high-resolution facies architecture: AAPG Bulletin,
v. 93, p. 1155–1181, doi:10.1306/05110908144.

Seeman, U., 1982, Depositional facies, diagenetic minerals
and reservoir quality of Rotliegende sediments in the
southern Permian Basin (North Sea): A review: Clay
Minerals, v. 17, p. 55–67, doi:10.1180/claymin.1982
.017.1.06.

Shaw, H. F., 2006, Clay mineralogy of Carboniferous sand-
stone reservoirs, onshore and offshore UK: ClayMinerals,
v. 41, p. 417–432, doi:10.1180/0009855064110202.

Spadafora, E., L. F. De Ros, S. Morad, G. G. Zuffa, and I. S.
Al-Aasm, 1998, Diagenetic evolution of synorogenic hy-
brid and lithic arenites (Miocene), northern Apennines,
Italy, in S. Morad, ed., Carbonate cementation in sand-
stones: International Association of Sedimentologists
Special Publication 26, p. 241–260.

Spötl, C., and V. P. Wright, 1992, Groundwater dolocretes
from the Upper Triassic of the Paris Basin, France: A
case study of an arid, continental diagenetic facies: Sedi-
mentology, v. 39, p. 1119–1136, doi:10.1111/j.1365
-3091.1992.tb02000.x.

Stonecipher, S. A., and J. A. May, 1990, Facies controls on
early diagenesis: Wilcox Group, Texas Gulf Coast, in
I. D. Meshri and P. J. Ortoleva, eds., Prediction of reservoir
quality through chemical modeling: AAPG Memoir 49,
p. 25–44.

Suttner, L. J., and P. K. Dutta, 1986, Alluvial sandstone
composition and paleoclimate: I. Framework mineral-
ogy: Journal of Sedimentary Petrology, v. 56, p. 329–
345.

Tandon, S. K., andD. Narayan, 1981, Calcrete conglomerate,
case-hardened conglomerate and cornstone: A compara-
tive account of pedogenic and non-pedogenic carbonates
from the continental Siwalik Group, Punjab, India: Sedi-
mentology, v. 28, p. 353–367, doi:10.1111/j.1365-3091
.1981.tb01685.x.

Tang, Z., J. Parnell, and A. H. Ruffell, 1994, Deposition and
diagenesis of the lacustrine-fluvial Cangfanggou Group
(uppermost Permian to Lower Triassic), southern Junggar
Basin, NW China: A contribution from sequence stratig-
raphy: Journal of Paleolimnology, v. 11, p. 67–90, doi:10
.1007/BF00683271.

Tanner, L. H., 1994, Distribution and origin of clay minerals
in the Lower Jurassic McCoy Brook Formation, Minas
Basin, Nova Scotia: Sedimentary Geology, v. 92, p. 229–
239, doi:10.1016/0037-0738(94)90107-4.

Taylor, A. M., R. Goldring, and S. Gowland, 2003, Analysis
and application of ichnofabrics: Earth-Science Reviews,
v. 60, p. 227–259, doi:10.1016/S0012-8252(02)00105-8.

Taylor, K. G., R. L. Gawthorpe, and J. C. Van Wagoner,
1995, Stratigraphic control on laterally persistent cemen-
tation, Book Cliff, Utah: Journal of Sedimentary Re-
search, v. 69, p. 225–228.

Taylor, K. G., R. L. Gawthorpe, C. D. Curtis, J. D. Marshall,
and D. N. Awwiller, 2000, Carbonate cementation in a
sequence-stratigraphic framework: Upper Cretaceous
sandstones, Book Cliffs, Utah-Colorado: Journal of Sedi-
mentary Research, v. 70, p. 360–372, doi:10.1306
/2DC40916-0E47-11D7-8643000102C1865D.

Taylor, K. G., R. L. Gawthorpe, and S. Fannon-Howell,
2004, Basin-scale diagenetic alteration of shoreface sand-
stones in the Upper Cretaceous Spring Canyon and
Aberdeen members, Blackhawk Formation, Book Cliffs,
Utah: Sedimentary Geology, v. 172, p. 99–115, doi:10
.1016/j.sedgeo.2004.08.001.

Taylor, T., R. Stancliffe, C. Macaulay, and L. Hathon, 2004,
High temperature quartz cementation and the timing
of hydrocarbon accumulation in the Jurassic Norphlet
Sandstone, offshore Gulf of Mexico, U.S.A., in J. M.
Cubitt, W. A. England, and S. R. Larter, eds., Under-
standing petroleum reservoirs: Toward an integrated res-
ervoir engineering: Geological Society (London) Special
Publications 237, p. 257–278.
Morad et al. 1307

http://dx.doi.org/10.1046/j.1365-3091.1998.00147.x
http://dx.doi.org/10.1046/j.1365-3091.1998.00147.x
http://dx.doi.org/10.2110/jsr.2005.047
http://dx.doi.org/10.1016/0037-0738(88)90134-0
http://dx.doi.org/10.1016/0037-0738(88)90134-0
http://dx.doi.org/10.1306/703C80FB-1707-11D7-8645000102C1865D
http://dx.doi.org/10.1306/703C80FB-1707-11D7-8645000102C1865D
http://dx.doi.org/10.1306/05110908144
http://dx.doi.org/10.1180/claymin.1982.017.1.06
http://dx.doi.org/10.1180/claymin.1982.017.1.06
http://dx.doi.org/10.1180/0009855064110202
http://dx.doi.org/10.1111/j.1365-3091.1992.tb02000.x
http://dx.doi.org/10.1111/j.1365-3091.1992.tb02000.x
http://dx.doi.org/10.1111/j.1365-3091.1981.tb01685.x
http://dx.doi.org/10.1111/j.1365-3091.1981.tb01685.x
http://dx.doi.org/10.1007/BF00683271
http://dx.doi.org/10.1007/BF00683271
http://dx.doi.org/10.1016/0037-0738(94)90107-4
http://dx.doi.org/10.1016/S0012-8252(02)00105-8
http://dx.doi.org/10.1306/2DC40916-0E47-11D7-8643000102C1865D
http://dx.doi.org/10.1306/2DC40916-0E47-11D7-8643000102C1865D
http://dx.doi.org/10.1016/j.sedgeo.2004.08.001
http://dx.doi.org/10.1016/j.sedgeo.2004.08.001


Thomson, A., 1982, Preservation of porosity in the deep
Woodbine/Tuscaloosa trend, Louisiana: Journal of Pe-
troleum Technology, v. 1982, p. 1156–1162.

Tilley, B. J., and F. J. Longstaffe, 1984,Controls onhydrocarbon
accumulation in glauconitic sandstone, Suffield heavy
oil sands, southern Alberta: AAPG Bulletin, v. 68, p. 1004–
1023.

Trewin, N. H., and A. E. Fallick, 2000, Quartz cement ori-
gins and budget in the Tumblagooda Sandstone, west-
ern Australia, in R. Worden and S. Morad, eds., Quartz
cementation in sandstones: International Association
of Sedimentologists Special Publication 29, p. 219–
229.

Valloni, R., and G. G. Zuffa, 1984, Provenance changes for
arenaceous formations of the northern Apennines, Italy:
Geological Society of America Bulletin, v. 95, p. 1035–
1039, doi:10.1130/0016-7606(1984)95<1035:PCFAFO
>2.0.CO;2.

Van Wagoner, J. C., R. M. Mitchum, K. M. Campion, and
V. D. Rahmanian, 1990, Siliciclastic sequence stratigra-
phy inwell logs, cores, and outcrops: Concepts for high-
resolution correlation of time and facies: AAPGMethods
in Exploration 7, 55 p.

Vieira, M. M., and L. F. De Ros, 2006, Cementation patterns
and genetic implications of Holocene beachrocks from
northeastern Brazil: Sedimentary Geology, v. 192, p. 207–
230, doi:10.1016/j.sedgeo.2006.04.011.

Walderhaug, O., 1994, Temperatures of quartz cementation
in Jurassic sandstones from the Norwegian Continental
Shelf—Evidence from fluid inclusions: Journal of Sedi-
mentary Research, v. A64, p. 311–323.

Walderhaug, O., and P. A. Bjørkum, 1998, Calcite cement in
shallow marine sandstones: Growth mechanisms and
geometry, in S. Morad, ed., Carbonate cementation in
sandstones: International Association of Sedimentolo-
gists Special Publication 26, p. 179–192.

Walderhaug, O., R. H. Lander, P. A. Bjørkum, E. H. Oelkers,
K. Bjørlykke, and P. H. Nadeau, 2000, Modeling quartz
cementation and porosity in reservoir sandstones: Ex-
amples from the Norwegian continental shelf, in R. H.
Worden and S.Morad, eds., Quartz cementation in sand-
stones: International Association of Sedimentologists
Special Publication 29, p. 39–49.

Walker, T. R., B. Waugh, and A. J. Crone, 1978, Diagenesis
in first-cycle desert alluvium of Cenozoic age, south-
western United States and northwestern Mexico: Geo-
logical Society of America Bulletin, v. 89, p. 19–32,
doi:10.1130/0016-7606(1978)89<19:DIFDAO>
2.0.CO;2.

Wardlaw, N. C., and J. P. Cassan, 1979, Oil recovery effi-
ciency and the rock-pore properties of some sandstone
reservoirs: Bulletin of Canadian Petroleum Geology,
v. 27, p. 117–138.

Wardlaw, N. C., and R. P. Taylor, 1976, Mercury capillary
pressure curves and the interpretation of pore structure
and capillary behavior in reservoir rocks: Bulletin of Ca-
nadian Petroleum Geology, v. 24, p. 225–262.

Warren, E. D., and A. J. Pulham, 2001, Anomalous porosity
and permeability preservation in deeply buried tertiary
and Mesozoic sandstones in the Cusiana field, Llanos
1308 Diagenesis and Heterogeneity of Sandstone Reservoirs
Foothills, Colombia: Journal of Sedimentary Research,
v. 71, p. 2–14, doi:10.1306/081799710002.

Watson, A., 1985, Structure, chemistry and origins of gypsum
crusts in southern Tunisia and the central Namib Desert:
Sedimentology, v. 32, p. 855–875, doi:10.1111/j.1365
-3091.1985.tb00737.x.

Webb, J. C., S. G. Cluff, C. M. Murphy, and A. P. Byrnes,
2004, Petrology and petrophysics of the Lance Formation
(UpperCretaceous), AmericanHunter,OldRoadUnit 1,
Sublette County,Wyoming, in J. W. Robinson and K.W.
Shanley, eds., Jonah field: Case study of a tight-gas flu-
vial reservoir: AAPG Studies in Geology 52, p. 183–
213.

Weber, K. J., 1982, Influence of common sedimentary struc-
tures on fluid flow in reservoir models: Journal of Petro-
leum Technology, v. 34, p. 665–672.

Weber, K. J., 1986, How heterogeneity affects oil recovery,
in L. W. Lake and H. B. Carroll Jr., eds., Reservoir
characterization: New York, Academic Press, p. 487–
544.

Wetzel, A., 1984, Bioturbation in deep-sea fine-grained sed-
iments: Influence of sediment texture, turbidite fre-
quency and rates of environmental change, fine-grained
sediments; deep-water processes and facies: Geologi-
cal Society (London) Special Publication 15, p. 595–
608.

Weyl, P. K., 1959, Pressure solution and the force of crystal-
lization—A phenomenological theory: Journal of Geo-
physical Research, v. 64, p. 2001–2025, doi:10.1029
/JZ064i011p02001.

Wilkinson, M., 1991, The concretions of the Bearreraig Sand-
stone Formation:Geometry and geochemistry: Sedimen-
tology, v. 38, p. 899–912, doi:10.1111/j.1365-3091
.1991.tb01878.x.

Wilkinson, M., 1993, Concretions of the Valtos Sandstone
Formation of Skye: Geochemical indicators of paleo-
hydrology: Journal of the Geological Society (London),
v. 150, p. 57–66, doi:10.1144/gsjgs.150.1.0057.

Williams, A. W., G. A. Parks, and D. A. Crerar, 1985, Silica
diagenesis: I. Solubility controls: Journal of Sedimentary
Petrology, v. 55, p. 301–311.

Wilson, M. D., and E. D. Pittman, 1977, Authigenic clays in
sandstones: Recognition and influence on reservoir prop-
erties and paleoenvironmental analysis: Journal of Sedi-
mentary Petrology, v. 47, p. 3–31.

Worden, R., and S.Morad, 2003, Clayminerals in sandstones:
Controls on formation, distribution and evolution, in
R. H. Worden and S. Morad, eds., Clay cements in sand-
stones: International Association of Sedimentologists
Special Publication 34, p. 3–41.

Worden, R. H., and S. Morad, 2000, Quartz cementation in
oil field sandstones: A review of the key controversies, in
R. Worden and S. Morad, eds., Quartz cementation in
sandstones: International Association of Sedimentolo-
gists Special Publication 29, p. 1–20.

Wright, V. P., 1988, Paleokarsts and paleosols as indicators of
paleoclimate and porosity evolution: A case study from
the Carboniferous of South Wales, in N. P. James and
P. W. Choquette, eds., Paleokarst: New York, Springer-
Verlag, p. 329–341.

http://dx.doi.org/10.1130/0016-7606(1984)95<1035:PCFAFO>2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(1984)95<1035:PCFAFO>2.0.CO;2
http://dx.doi.org/10.1016/j.sedgeo.2006.04.011
http://dx.doi.org/10.1130/0016-7606(1978)89<19:DIFDAO>2.0.CO;2
http://dx.doi.org/10.1130/0016-7606(1978)89<19:DIFDAO>2.0.CO;2
http://dx.doi.org/10.1306/081799710002
http://dx.doi.org/10.1111/j.1365-3091.1985.tb00737.x
http://dx.doi.org/10.1111/j.1365-3091.1985.tb00737.x
http://dx.doi.org/10.1029/JZ064i011p02001
http://dx.doi.org/10.1029/JZ064i011p02001
http://dx.doi.org/10.1111/j.1365-3091.1991.tb01878.x
http://dx.doi.org/10.1111/j.1365-3091.1991.tb01878.x
http://dx.doi.org/10.1144/gsjgs.150.1.0057


Zuffa, G. G., 1980, Hybrid arenites: Their composition and
classification: Journal of Sedimentary Petrology, v. 50,
p. 21–29.

Zuffa, G. G., ed., 1985a, Provenance of arenites: NATO-
Advanced Study Institute Series C: Mathematical and
physical sciences: Dordrecht, Netherlands, D. Reidel
Publishing Co., v. 148, 408 p.

Zuffa, G. G., 1985b, Optical analysis of arenites: Influence of
methodology on compositional results, in G. G. Zuffa,
ed., Provenance of arenites: NATO-Advanced Study In-
stitute Series C: Mathematical and physical sciences:
Dordrecht, Netherlands, D. Reidel Publishing Co.,
v. 148, p. 165–189.

Zuffa, G. G., 1987, Unraveling hinterland and offshore paleo-
geography from deep-water arenites, in J. K. Leggett
and G. G. Zuffa, eds., Marine clastic sedimentology—
Concepts and case studies (a volume in memory of C.
Tarquin Teale): London, Graham and Trotman Ltd.,
p. 39–61.

Zuffa, G. G., U. Cibin, and A. Di Giulio, 1995, Arenite pe-
trography in sequence stratigraphy: Journal of Geology,
v. 103, p. 451–459, doi:10.1086/629763.
Morad et al. 1309

http://dx.doi.org/10.1086/629763

