Diagenetic modeling of siliciclastic systems: Status report
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Abstract Basin analysis (the reconstruction of the dynamics and history of sedimentary basins) has
entered a quantitative stage that requires analytical lithologic data. These data must include geologic
parameters that describe the characteristics of sediments and the diagenetic changes that they undergo
through time. Diagenesis is controlled by eight geologic parameters: sediment composition, tempera-
ture history, rate of accommodation (subsidence + sea-level changes + sediment compaction), rate of
sediment accumulation, age (time that sediments have been exposed to other variables), internal
sediment-body architecture (sedimentary texture and structure), sediment-body external geometry, and
fluid chemistry and flow history. Tectonic and paleogeographic settings determine the primary
compositions of both chemical and siliciclastic sediments. Siliciclastic provenances are reflected by the
mineralogy of sandstones. The source or sources of sediment in sandstone units within genetic
sequences and the contribution of each source need to be evaluated in terms of quantitative effects on
the various diagenetic styles observed. With the use of modern settings as partial analogues,
stratigraphic, sedimentologic, and petrographic data can be used to reconstruct sandstone architecture
and to draw inferences about original pore fluid chemistry. Subsidence histories, isotopic signatures,
trace element compositions, and fluid inclusion studies combined with petrographic observations can
be used to set constraints on the geologic parameters for sandstone bodies within a time—temperature—
basinsetting framework. As more insight is gained into the reactionkinetics within specific paleotectonic
and depositional settings, diagenetic modeling will become increasingly more quantitative and precise.

Basin analysis has its roots in the first half of the twentieth
century when tectonic settings were shown to control the
compositions of rock associations. Since that time basin
analysis has evolved into a catchall term for integrative
studies involving the dynamics and history of sedimentary
basins. Selection of data types and methodologies employed
depends on the specific goals of a project and the areas of
expertise covered by the researchers involved. One manifes-
tation of basin analysis that has been receiving increasing
emphasis is the integration of depositional architecture and
diagenetic processes in a synthesis of basin history.

The importance of diagenesis became apparent when
petroleum exploration efforts expanded into deep basins and
into mineralogically unstable potential reservoir rock facies.
Simple temperature-dependent models, such as the porosity
basement concept of the early 1970’s, were unreliable predic-
tors of reservoir characteristics and petroleum accumulations
in many basins. The presence of porous and permeable
sandstone petroleum reservoirs of varying ages at great
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depths and of tight sandstone units at depths of only a few
hundred meters demonstrates that temperature, pressure, and
time are not the only parameters that determine diagenetic
style and that the importance of these and other parameters
varies from basin to basin.

With the advent of quantitative basin modeling [e.g.,
Cross (1990)], quantitative evaluations of diagenetic pro-
cesses must be taken into account to construct quantitative
forward models that can be used to make reliable predictions.
To understand diagenetic effects, researchers must deter-
mine what diagenetic reactions take place, where they take
place, what the rates of reaction are under a variety of
conditions, and when these reactions take place during the
history of a basin. In addition, we must be able to determine
whether or when the rocks we are modeling were within an
open fluid-dominated system versus a closed rock-compo-
nent-dominated system with respect to the cycling of fluids
and dissolved chemical constituents.

Inthis article we review the geologic parameters that must
be considered when constructing a diagenetic model and
evaluate the current state of the art in regard to these param-
eters. Published papers and our own research are used to
review important diagenetic reactions in siliciclastic rocks
and to illustrate diagenetic studies, constraints placed on
geologic parameters, and attempts at diagenetic modeling.
Finally, we examine those processes for which there are no
readily available techniques for quantitative evaluation and
suggest ways in which these processes and parameters might
be developed and estimated.
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Figure 1. Relationships among tectonic settings, paleoclimates,
depositional settings, and the eight geologic parameters that directly
control diagenesis.

Geologic controls on diagenesis

As sediments pass through changing temperature, pressure,
and fluid regimes in a subsiding basin, they undergo diage-
netic changes that alter their lithologic characteristics. Diage-
netic processes include compaction, cementation, mineral
replacement and dissolution, plastic deformation of detrital
grains, and grain fracturing. The combined effects of these
processes on the original sediments are referred to as the
diagenetic style.

Diagenetic style is controlled by eight interactive param-
eters: (1) sediment composition, (2) temperature history, (3)
rate of accommodation (subsidence + sea-level change), (4)
rate of sediment accumulation, (5) age (the time that sedi-
ments have been exposed to other variables), (6) internal
sediment-body architecture (sedimentary texture and struc-
ture), (7) sediment-body external geometry, and (8) fluid
chemistry and flow history (fig. 1). Each of these variables is
considered to be independent, and each should be an integral
part of any basin analysis. In addition, other important
dependent variables are determined by combinations of the
listed parameters. For example, pressure gradients within a
sediment package are determined by the comparative rates of
accommodation and sediment accumulation and by internal
sediment-body architecture (i.e., sedimentary texture and
structure determine porosity and interconnectiveness of pores)
and sediment-body external geometry (which determines
potential flow paths). Pressure gradient history is a critical
factor in diagenetic modeling because it determines the
direction and timing of fluid flow pathways.

Sediment compesition Tectonic and paleogeographic
settings determine the primary compositions of both chemi-
cal and siliciclastic sediments. Siliciclastic provenances are
reflected by the mineralogy of sandstones and pelitic sedi-

mentary rocks. The source or sources of sediment in sand-
stone units within genetic sequences and the contribution of
each need to be evaluated because the original sediment
composition places quantitative limits on some diagenetic
processes. This is important because for the most part dia-
genetic products are formed from the dissolution or alteration
of original detrital grains. Therefore large contributions by
source areas covered with unstable rocks, such as andesitic
volcanic rocks, would result in an unstable primary sediment
package compared to sediment packages derived from gra-
nitic sources. The postdepositional hydrochemical regimes
that sediment packages are subjected to also contribute to the
diagenetic style because they control the generation of
aunthigenic materials derived from sources outside sandstone
bodies, such as carbonate cements from the degradation of
organic matter {e.g., Surdam et al. (1989)]. These hydro-
chemical regimes depend to some extent on the depositional
environments of the sediment packages being studied.

Temperature, accommodation, and sediment accumula-
tion histories Heat flow, subsidence rates, and sediment
accumulationrates are related to a basin’s tectonic setting and
fill history. Relative changes in sea level (i.e., custasy +
subsidence) affect rates of accumulation. The resulting burial
history determines the thermal and pressure gradients within
a basin. Geohistory analysis and backstripping are proce-
dures that are used to trace the burial history of reservoir units
as they move through time-temperature-pressure domains
[e.g., Guidish et al. {1985), Sclater and Christie {1980),
Siever (1983), Surdam et al. (1989), Thorne and Watts
(1989}, and Van Hinte (1978)]. As mineral grains move
through these domains, the chemistry and sense of movement
of fluids around them vary in response to changing tempera-
ture and pressure conditions. Chemical changes involve such
parameters as pH, Eh, partial pressure of carbon dioxide
(Pco,), salinity, and composition, which in turn control the
relative solubilities of aluminosilicates and carbonates. In
hydrocarbon-generating basins the interaction of chemical
by-products from organic maturation with mineral grains and
authigenic cements may play a major role in diagenesis and
resulting reservoir qualities (Curtis, 1978; Surdam et al.,
1989).

Galloway (1984) suggested that the hydrologic systems of
large sediment-filied basins can be divided into three hydro-
logic regimes: meteoric, compactional, and thermobaric (fig.
2). In the meteoric regime sediments are in contact with
waters that are flowing down topographic gradients from
surface recharge areas. Flow rates are relatively high and are
controlled by the permeability and homogeneity of sand
bodies. In depositional systems with high sand body
connectivities, we can consider this regime to be an open
system in that waters are continuously replaced as they are
discharged. The compactional regime is characterized by
upward and outward expulsion of pore waters from compact-
ing sediments. Pressures can be greatly increased as a result



of lithostatic loading or the application of compressive tec-
tonic stress (Galloway, 1984), Because there is a finite
amount of fluid in this regime, we can consider the sediments
and fluids to be in a closed system. Likewise the thermobaric
regime can be considered to constitute a closed system.
Fluids in this regime include waters released by mineral
dehydration reactions, such as those that take place during
clay mineral transformations (e.g., smectite to mixed-layer
clays). Fluids move in response to pressure gradients gener-
ated by inorganic and organic phase changes (including
hydrocarbon generation) and by ongoing lithostatic loading
(Galloway, 1984). Harrison (1990) suggests thateach regime
can be distinguished by characteristic diagenetic processes.
We consider regimes and characteristic diagenetic products
in our discussion of diagenetic reactions.

Sedimentary characteristics The internal architecture
and external geometry of sandstone bodies form the primary
plumbing system for the movement of formation fluids.
Rates of movement of chemically active fluids are deter-
mined by pressure differentials and porosity-permeability
pathways. The primary plumbing system establishes the
original pathways along which reactive fluids move and
some diagenetic reactions take place. Distributions of diage-
netic products and rates of diagenetic reactions depend to a
large extent on rock heterogeneities on many scales. At the
largest scale sand body continuity and connectivity between
porous bodies are important parameters affecting both fluid
flow and the degree to which the system remains open.
Within a sand body the presence and distribution of perme-
ability baffles and permeability pathways are critical factors
for distributing diagenetic products. Stratification, especially
cross-stratification involving fine-grained clay-rich layers,
plays a major role in heterogeneous fluid movement on a
microscopic scale (Van de Graaff and Ealey, 1989).

Fluid chemistry Most diagenetic reactions take place
within fluid media. These reactions include ionic exchanges
between sediment particles and interstitial fluids and be-
tween chemically different fluids in pore spaces. To model
diagenetic processes, we must be able to identify potential
reactions and the stability fields that control them. To deter-
mine these parameters, the starting chemical ingredients and
their temporal flux must be established. In addition to estab-
lishing the compositions of original mineral and matrix
materials, the initial fluid chemistry must be known or
discerned. Changes in fluid composition throughout the
gealogic history of the sediment package must be recon-
structed, and thermodynamic and kinetic equations of state
must be defined.

The original pore fluids in a sediment can be reconstructed
through analogy to modern sedimentary environments. These
interpretations can be enhanced or modified in some cases by
analyzing fluid inclusions in endogenic crystals (e.g., car-
bonate grains) or early diagenetic cements.
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Figure 2. Hydrologic regimes that sediments pass through in a
subsiding basin. Arrows show fluid flow directions. Modified from
Galloway (1984) and Harrison (1990).

Important diagenetic reactions in siliciclastic rocks

The relative importance of diagenetic reactions varies be-
tween rock packages because variations occur in the eight
controlling parameters. To determine constraints for diage-
netic models, we must understand the mechanisms and burial
conditions for these reactions. In this section we discuss some
of the reactions that occur most commonly in the rocks that
we studied and in those studied in recent literature.

Carbonate precipitation and solution Precipitationand
dissolution of carbonate cements in sandstones play major
roles in the destruction and enhancement of reservoir poros-
ity and permeability. These processes are controlled prima-
rily by the relative concentrations of carbon dioxide and
hydrogen ions in formation waters. The following simplified
equations for calcite illustrate these relationships:

C02 + HQ_O = H2C03 =H"+ HCO3“

1 ¢}
Ca** + HCOy = CaCO; + HY

Because seawater is saturated with respect to calcium
carbonate {(aragonite or calcite), early calcite cements often
are observed in sandstones deposited in open marine environ-
ments [e.g., Bjgriykke (1988) and Brenner (1989)]. These
cements can be derived directly from saturated seawater as it
is heated or from partial dissolution and reprecipitation of
carbonate grains (e.g., aragonite skeletal fragments). Taylor
(1990) suggests that calcite cements in Miocene sandstones
of the northern Gulf of Mexico were derived from degrada-
tion of basic volcanic rock fragments or previously deposited
marine carbonates. These conclusions were based on the
oxygen, carbon, and strontium isotopic signatures of the
calcite cements. On the other hand, ankerite cements in the
same sandstones have isotopic signatures that indicate that
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they were precipitated from waters expelled from feldspars
and clays in shales undergoing diagenesis at great depth
(thermobaric regime) (Taylor, 1990). If cements such as
these are exposed to acidic waters from terrestrial sources
(e.g., from decaying organic materials) in the meteoric re-
gime, then the reactions in Eqgs. (1) can be reversed, resulting
in carbonate dissolution and the creation of secondary poros-
ity.

Carbonate precipitation and dissolution reactions con-
tinue to be important in the compactional regime. Organic
miatter appears to be a major source for H" and CO, in many
sedimentary systems. Acids derived from the maturation of
kerogens appear to be important in many diagenetic reactions
involving siliceous and carbonate grains and cements [e.g.,
Bjgrlykke (1988), Crossey et al. (1986), Curtis (1978),
Moncure et al. (1984), and Surdam et al. (1984, 1989)]. For
example, Surdam et al. (1984) suggested that carbonate
cements are generated under low-temperature conditions
through the bacterial destruction of short-chain carboxylic
acids. This reaction occurs under low SO,%" concentrations
{e.g., <25 mg/L), which increase Pco, and buffer pH. A
similar carbonate-cement-producing condition is created at
high temperatures through thermal degradation of short-
chain carboxylic acids (Surdam et al., 1984).

In petroliferous basins there is available a large volume of
organic material whose reaction products may be adequate to
account for secondary porosity created by carbonate cement
dissolution [e.g., Crossey et al. (1986), Curtis {1978), Irwin
etal. (1977),and Wood (1986)]. Estimates made by Bjgrlykke

(1988) based on many sources indicate that the production of .

CO, varies between 0.5% and 15% by weight of various
kerogens. Assuming that each mole of CO, has the potential
to dissolve 1 mol of calcite, kerogen-derived CO, alone
could account for significant volumes of calcite dissolution.
However, Bigrlykke (1988) points out that this CO, is re-
leased over a long period of time during maturation of
kerogens and that much of it is neutralized by other reactions,
leaving only a small fraction available for calcite dissolution
in sandstones.

Milliken and Land (1991) suggest that acid generated
through organic maturation may be inadequate to account for
secondary porosity and other petrographic characteristics of
the Oligocene Frio formation along the Texas Gulf Coast.
They suggest that most of the porosity-modifying acids were
derived from a reverse weathering reaction involving
itlitization of smectite in surrounding mudrocks. These acids
dissolved carbonate grains in the mudrocks, leading to the
movement of H, dissolved Ca®*, and CO, to the sandstones.
Reactive feldspars in the sandstones reacted with these fluids,
creating an effective buffer and allowing authigenic carbon-
ate to form and maintain a low Pcg,. Secondary porosity in
the Frio formed when the supply of reactive feldspar was
depleted and the mudrock-derived H* could dissolve carbon-
ate in sandstones (Milliken and Land, 1991).

Other researchers have also suggested that, in the lower
(geopressured) part of the compactional regime and in the
thermobaric regime, inorganic reactions involving clay min-
erals and carbonates are sources for H* ions and CO,. For
example, Hutcheon et al. (1980) suggested the following
reaction for temperatures between 180°C and 250°C:

AL Si,0s(OH), + SMgCa(CaCO3), + Si0, + 2H;0 —
Mg-chlorite + 5CaCO; + 5CO,. (2)

Thus there are many sources for carbonate cements and
the acids required to dissolve them. To properly constrain
models involving carbonate precipitation and dissolution, we
must be able to evaluate the potential mechanisms, such as
those mentioned earlier. Each acid source has characteristic
types of reactions on which volumetric and kinetic con-
straints must be established.

Quartz solubility and diagenetic reactions Sources of
authigenic quartz include (1) dissolution of quartz grain
margins by pressure solution, (2) silica dissolved by under-
saturated waters circulating around quartz grains, (3) silica
released during shale compaction, and (4) silica liberated
during alteration of feldspars, volcanic rock fragments, mi-
cas, and clay minerals (Bjgrlykke, 1988; Leder and Park,
1986). The last two sources are important in the compaction
and thermobaric regimes. For example, hydrolysis of 1 cm’
of potassium feldspar yields 0.46 cm® of kaolinite and 0.43
em® of quartz according to the following reaction (Leder and
Park, 1986):

2K AlSi;04 + 2H* + H,0 —
AL,Si,05(OH), + 48i0, (aq) + 2K". 3)

Similar reactions can be written for the formation of illite (see
later discussion).

Experimental work and petrographic observations made
by Weyl (1959) indicate that pressure solution is an important
source of silica for quartz cementation. Weyl’s hypothesis is
that material dissolved by compressive stresses inside grain-
to-grain contacts diffuses through an intergranular solution
into adjacent pores, where it precipitates (fig. 3). In chemical
environments in which the formation waters are saturated
withrespect tosilica, the quartz is precipitated as overgrowths
on nearby detrital quartz grains. If the waters are undersatu-
rated, then the silica can be moved in solution and precipi-
tated elsewhere. This may account for the early quartz ce-
mentation observed in sandstones that do not show evidence
of aluminosilicate dissolution or pressure solution.

The solubility of quartz under varying temperature-pres-
sure conditions is an important aspect of diagenetic modeling
of systems that have potential for silica cementation or
dissolution. Thorough treatments of this subject have been
presented by, among others, Siever (1962) and Fournier and
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Figure 3. Photomicrograph showing pressure solution eftects on
quartz grains. Sutured grain boundaries (¢.g., lower left boundary of
central grain) with adjacent quanz overgrowths (lower right). Cam-
brian sandstone, Wasatch Range, Utah, Cross-polarized light: width
of field = 0.6 mm.

Potter (1982), and these works should be consulted when
setting modeling constraints,

Calcite replacement of quartz One of the most com-
monly observed diagenetic alterations of quartz 1s replace-
ment by caleite (fig, 4). In some cases quartz dissolution and
calcite precipitation are two separate events, reflecting two
temporally distinct fluid regimes. However, in many cases
the two processes must have been nearly simultaneous to
prevent the collapse of the remnant quartz grains after partial
dissolution. For the same reason quartz grain and calcite
cement must also be in constant contact with each other
during replacement. Weyl (1959) suggested that many disso-
lution and precipitation reactions occurred within a thin film,
of the order of a micron or less in thickness, that allowed
relatively rapid movement of dissolved silica away from the
reacting surtaces while bringing solutes for the precipitating
calcite to the surfaces from the open pore system. Pettijohn et
al. (1987) suggested that Si0O, dissolves from the quartz
surface nto an undersaturated solution and hydrates to
H,Si0,. In dilute solutions at earth surface conditions with
pH values less than 9. the following reaction and equilibrium
constant (K} could result;

Si05 + 2H,0 — H,Si0y: B O, (4)

8]

In order for disselution to proceed, the concentration of
H,;Si0; must be higher in the film than in the pore fuid,
resulting in the diffusion of H,Si0, out into the pore system.
On the other hand, the concentrations of Ca®* and HCO,~
must be higher in the pore system fluids, allowing these two
ions to diffuse into the film. The product of the activities of
these two ions yields a K greater than 107" because calcite

Figured4. Photomicrograph showing quartz grains (dark) that are
embayed and partially replaced by calcite (light), Middle Pennsyl-
vanian Cherokee Group sandstone, Forest City basin, northeastern
Kansas. Cross-polarized light; width of field = 0.6 mm,

precipitates according to the equation
Ca’* + 2HCO;™ = CaCO; + H* + HCO; (5)

H* must also diffuse out of the film into the open pore
system (Pettijohn et al., 1987, pp. 335-336). The problem
that many researchers have with this mechanism is the rate of
diffusion through this thin film, which controls the kinetics of
the replacement (dissolution and precipitation) reactions.
Ultra thin films, such as those described by Weyl (1959) and
Pettijohn et al. (1987). must transport a large volume of
materials in a relatively limited period of geologic time.
Without constraints on possible diffusion rates, we cannot
predict the extent of quartz replacement by calcite or any
similar replacement process. This remains a problem for
modeling a system in which calcite replacement ot quartz has
been observed.

Feldspar alteration and dissolution In our studies of
Pennsyivanian sandstones in the North American
midcontinent and of Cretaceous sandstones in the North
American Western Interior, feldspar aiteration and dissolu-
tion play major roles in sandstone composition and reservoir
properties. One phenomenon, partial afbitization of plagio-
clase feldspar, has little volumetric significance, but it pro-
vides insight into the history of feldspar alteration in some of
the Pennsyivanian sandstones studied. Figure 5 shows a
hollow albite grain. X-ray microanalysis shows that the shell
and shelffike structures within the grain are pure albite
(NaAlSi;0g). Unaltered plagioclase grains in other Pennsyl-
vanian sandstones in the region contain calcium and appear
to be predominantly oligoclase. A reaction for albitization of
oligoclase involves the addition of sodium and silica and the
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Figure 5. SEM photomicrograph of albitized plagioclase grain
shell and shelves. Upper Pennsylvanian sandstone, Forest City
basin, Jowa.

release of caleium and alumina ions and water (Boles, 1982):

08N6A15i103 L O.2CaA1;Si;Ox + 0203H4S]O4
+0.201Na* + 0.796H* —
1.001NaAISH;04 + Ca® + 0.199AF* + 0.804H,0.  (5)

Alteration must have penetrated grains along cleavage
traces, accounting for the shelflike projections in fig. 5.
However, before complete albitization the process was ter-
minated. Al a later time acidic conditions caused differential
dissolution of calcium-bearing feldspar. Boles (1984) ob-
served a similar phenomenon in the Miocene Stevens sand-
stone in the San Joaquin Valley of California. He suggested
the following equation for the dissolution of plagioclase and
calcite:

C3C03 + Na()‘,lcao:;A][_'(SI}_',lOg + 3.45H20 +23H" —
1.3Ca** + HCO4™ + 0.65A1,8i,05(OH),
+0.7Na" + 1.4H,S10,. (6)

In both the Miocene and Pennsylvanian examples the
dynamics of this reaction was such that only the less stable
oligoclase was dissolved, leaving the pure albite shell and
shelves as remnants. Other plagioclase grains that either had
less competent albite shells or were not partially albitized
before disselution collapsed under lithostatic pressure (fig.
o).

While studying Triassic sandstone reservoirs in the Nor-
wegian North Sea, Morad et al. (1990) observed that detrital
plagiocluse with compositions between Any; and Ansg had
been partly to completely albitized, whereas detrital albite
(An,—An;,) and potassium fcldspar grains were fresh and
relatively unaltered. By relating sample depths, oil and water
zones, and degree of feldspar alteration, Morad et al. con-

Figure 6. Collapsed feldspar grain partially altered 1o clay {(center
of photomicrograph). Partially sericitized rock fragments squeczed
between quartz grains are scattered throughout. Middle Pennsylva-
nian Cherokee Group, Forest City basin, northeastern Kansas,
Cross-polarized light; width of field = 0.6 mm.

cluded that aibitization was strongly restricted by oil em-
placement (fig. 7). Albitization was strongest in poorly
cemented sandstones and in more deeply buried sandstones,
indicating that this process is related to residence ume of
sandstones in a zone of albitization and increases in burtal
lemperature,

The chemical equations used by Morad et al. (1990) vield
kaolinite, quartz, and calcite as by-products of albitization.
Their SEM analyses showed that albitization started along
cleavage traces and pits. [tis conceivable that calcite replace-
ment of plagioclase feldspar, a relationship observed in many
sandstones [e.g., Brenner (1989) and Dogan (1984)], took
place inasimilarmanner(fig. 8). Perhaps as pH in pore fluids
rises, calcite replaces plagioclase in place of albite through a
mechanism similar to the one described for calcite replace-
ment of quartz.

Clay mineral diagenesis In addition to grain dissolu-
tion and alteration processes, silica and carbonate cements
are also generated during diagenesis of clay minerals, espe-
cially in the compactional and thermobaric regimes [e.g.,
Bjorlykke (1988), Galloway (1984), Molenaar (1989),
Moncure et al. (1984), and Surdam et al, (1989))].

As expanded-lattice clay minerals, such as montmerillo-
nite, are subjected to higher temperatures during burial, they
alter to illite and kaolinite. The following two equations
illustrate these reactions (Siever, 1962):

Kaolinite formation;

1.2Nag Als 1aM20.46S16020(OH)nH,0 + 3.2H* —
2A1,8i,05(0H), + 5.65i0, (aq) + 0.79Na*
+0.79Mg"" + 1.2nH,0 ¥
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[llite formation:
1.78Nag neAl 1Mo 651502 OH) 4 HLO + 3.8HY
+ 1.33K* + 4.82Mg** —
K 33Al5.95MgeSig 61 020(OH)4 + 7.63510; (aq)
+ LI8Na" + (1.78n + 3.46)H,0. (8)
This clay conversion necessitates the release of iron from
octahedral sites (Boles and Franks, 1979) and a resulting
electron transfer. Oxidation of organic matter in shales pro-
vides an ideal electron donor (Crossey et al., 1986). Crossey
etal. (1986) observed that there is a coincidence between the
ordering of mixed-layer smectite-illite and the peak abun-
dance of organic acids at approximately 28% expandability.
Thus organic acids and iron compounds released at the same
point in the burial history of a siliciclastic package would be
expected to produce diagenetic alterations indicative of this
process, such as the dissolution of grains or carlier precipi-
tated cements and the precipitation of iron-bearing cements.
This relationship was observed in a sandstone-over-shale
core from 10,221 tt (3,115.4 m) to 10.226.5 ft (3,117.0 m)
in the Oligocene Frio formation of south Texas, where
Moncure et al. (1984) observed that the sandstone had zoned
reservoir qualities that Moncure and colleagues related to
clay conversions and organic acid generation. Siliceous grains
were dissolved and iron-rich ankerite and chlorite cements
were precipitated in the zone nearest the sandstone-shale
contact. This zone is characterized by enhanced porosity
because grain dissolution created more porosity than
authigenic cements destroyed. This zone is overlain by a zone
of kaolinite enrichment, possibly representing aluminosili-
cates resulting from dissolution of reactive detrital grains
{fig. 9). However, in evaluating this mechanism, we should
keep in mind the reverse weathering mechanism proposed by
Milliken and Land (1991), discussed earlier,
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Figure8. Photomicrographshowing calcite (dark pray) replacing
teldspar (lighter gray) along cleavage traces. Middle Pennsylvanian
Cherokee Group sandstone, Cherokee shelf, castern Kansas, Cross-
polarized light; width of field = 0.6 mm.

Clay conversion is but one example of the effects of clay
mineral diagenesis on sandstone diagenesis. In addition. we
must keep in mind that movements of aqueous mineral
species with waters of expulsion provide important sources
of authigenic cements within the compactional regime.

Diagenetic alteration of sandstone mineralogy: Life and
death of provenance information An important con-
straint on any diagenetic model is the assumptions made
about the original mineral composition of sandstones, When
we have petrographic samples to study, we tend to use these
samples to help set this constraint. However, how closely
does the present-day composition of a sandstone represent
the composition of the original sand? We can look at this
problem from the perspective of petrologists trying to inter-
pret provenance trom sandstone mineralogy.

During the past 20 years. numerous researchers have used
petrographic techniques to interpret the provenance of sand-
stones [e.g., Dickinson (1985, 1988), Dickinson and Suczek
(1979), Dickinson and Valloni (1980), Graham et al. (1984),
Ingersoll (1983), Mack et al. (1981), and Thomburg and
Kulm (1987)]. Most of these researchers report varying
affects of diagenesis on sandstone mineralogy that fog some
provenance interpretations. In some cases these diagenetic
effects take place early or are preburial, occurring during
weathering, erosion, and transportation of the siliciclastic
sediment. These effects may be related directly to climatic
influences [e.p., Johnsson (1990)]. However, some petrolo-
gists working primarily in petroliferous areas (e.g., the north-
ern shelf of the Gulf of Mexico) claim that postburial diagen-
esis has completely destroyed provenance information [e.g.,
Milliken (1988) and McBride {1985)].

This is an important issue not only because we tend to use
petrographic data to set constraints on original sand mineral-
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Figure9, Porosity-diagenetic zones in a Frio core showing distri-

butions of porosity, quartz overgrowths, chlorite, and kaolinite.
Modified from Moncure et al. (1984) and Crossey et al. (1986).

ogy but also because (1) provenance interpretations may be
critical in reconstructing paleotectonic settings needed to set
reasonable constraints on several other model parameters and
(2) grain preservation, ranging from no destruction to com-
plete dissolution of nonquartz grains, reflects the intensity of
diagenetic processes and thus the kinetics of dissolution and
replacement reactions [e.g., Shanmugam (1985)]. All these
factors must be evaluated when constructing any diagenetic
model.

Many (but not all) of the successful provenance studies
were done primarily in nonpetroliferous areas, whereas those
researchers who observed “diagenetic” quartzarenites worked
primarily in petroliferous areas and therefore studied rocks
that may have been penetrated by waters enriched in organic
acids or in H* derived in some other manner. These differ-
ences illustrate the importance of relating fluid chemistry and
the hydrologic regime to the geohistory of the basin when
considering constraints for quantitative diagenetic models.

Empirical experiments and diagenetic models

The 1980’s was a decade of proliferating sedimentary geo-
chemical research and gave us some of the first significant
attempts to model diagenetic systems. Because of the large
amount of interest and available data, the northern margin of
the Gulf of Mexico has served as a natural laboratory for
developing and testing diagenetic models. For example, in
analyzing the Oligocene—Miocene Frio and Catahoula for-

mations of the Texas Gulf coastal plain, Galloway (1984)
suggested that diagenetic models can be constructed by
studying existing hydrologic settings. He suggested that
generalized hydrologic histories be constructed using diage-
netic features that are observed in depositional sequences. In
the Frio and Catahoula study he showed that hydrologic
regimes and the fluid mixing zones between those regimes
coexist with associations of diagenetic features.

Harrison (1990) reviewed three commonly used modeling
methods: empirical porosity decline curves, facies and burial
history diagenetic models, and theoretical fluid-rock interac-
tion models. The first two methods have been used for many
years, and the third has recently gained momentum through
the use of computers to simplify operations and carry out
required repetitive calculations, Harrison (1990) showed that
a theoretical reaction-path approach provides detailed mod-
els of fluid-rock interactions. An important element in build-
ing this kind of model is an understanding of the
paleohydrologic evolution of the sedimentary basin being
modeled [e.g., Galloway (1984), Harrison (1990), and Siever
(19863}]. Several of the eight key geologic parameters dis-
cussed earlier must be considered in reconstructing
paleohydrologic conditions, including temperature, pres-
sure, subsidence history, sedimentary characteristics, and
fluid chemistry.

In this article the term “diagenetic model” is used in a
general sense for all attempts to reconstruct or predict diage-
netic effects during the burial history of a rock package. This
includes theoretical models, empirically derived function
models, and hybrid models that contain elements of both
theoretical and empirically derived models. Most of these
models have been designed to predict the porosity and
permeability of potential petroleum-bearing sandstones, Al-
though definitive quantitative models have not yet been
published, a few papers have reported results of semi-
quantitative diagenetic models as applied in frontier petro-
leum exploration areas. An approach used by some research-
ers is to construct a model that is based on all known geologic
parameters and thatis widely applicable. Forexample, Scherer
(1987) constructed an empirically derived model for sand-
stone porosity prediction based on 428 cases from which he
calculated function coefficients for the relationship between
geologic parameters and porosity. Despite the use of a large,
varied database, Scherer’s model is valid only for sandstones
older than 3 Ma with little or no cement, no leaching, depth

- of burial in excess of 500 m (1,600 f1), and little or no shear

stresses (Scherer, 1987). Therefore this model may be appli-
cable in a variety of basins, but it may not be useful for many
sandstones within any one basin.

Another approach to quantitative diagenetic modeling
combines elements of theoretical and empirically derived
models by relating geologic parameters for the sediments in
one particular basin or type of basin to the burial history of
that basin or basin type. Bloch et al. (1990) provide us with
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Figure 10. Geohistory diagram of the Kekiktuk Conglomerate showing influence of burial history

on sandstone porosity. From Bloch et al. (1990).

an example of how this type of modeling technique is used to
predict reservoir properties in the sandstones of the Missis-
sippian Kekiktuk Conglomerate on the north slope of Alaska.
They used sedimentologic and petrographic analyses of
outcrop and core samples and geohistory analysis using
formation tops interpreted from seismic data to establish a
calibration data base in areas of well-data control. The
calibration involved a systematic evaluation of the relation-
ship between reservoir quality and data base parameters (fig.
10). The calibration data set was then used to estimate
porosity in a wildcat well outside their control area. The
resulting model was used to correctly predict the sedimentary
facies that the wildcat well penetrated, but, more signifi-
cantly, Bloch et al. (1990) were able to predict potential
reservoir porosities within 2 porosity percent. The key step in
their study was relating the kinetics of silica cementation, the
process most responsible for porosity reduction in their data
base, to the gechistory of the area,

The modeling approaches just discussed could be used to
make predictions about the reservoir qualities of sandstones.
However, in most exploration situations the constraints man-
dated by Scherer’s (1987) model cannot be anticipated. The
approach used by Bloch etal. (1990) establishes a calibration
data base that can be applied in a four-dimensional sense by
iteratively calculating the simultaneous influences of several
processes on a sedimentary system during successive time
increments. Once this is done successfully in a basin, then
perhaps some modification of the approach used by Scherer
(1987) can be used to analyze other basins. Regardless of the
approach used, we believe that useful, reliable quantitative
diagenetic models will result from integrative studies involv-
ing all geologic parameters and the geohistories of the basins
involved.

Constraining diagenetic model variables

To build quantitative diagenetic models to make predictions
in unexplored areas, we must be able to set reasonable
constraints on parameters that we cannot measure directly.
As the burial histories (geohistories) and diagenetic styles
become more complicated, the success of models will in-
creasingly hinge on setting correct constraints on geologic
parameters. The calibration data base approach of Blochet al.
(1990} is one way in which model constraints can be set and
used on depositional systems and basins from which the data
bases were generated.

Constraining sedimentary characteristics and
distributions Provenance studies and paleotectonic re-
constructions are used to predict the characteristics and
distributions of siliciclastic sediments [e.g., Dickinson (1988}].
Provenance tectonics is the prime factor controlling
siliciclastic source and the primary nature of sandstone
grains. However, grain characteristics are also affected by
weathering, transportation, and diagenesis. These processes
tend to reduce chemically and physically less resistant grains,
and, as their intensities or rates increase, sandstones become
more quartzose.

One approach to constraining sedimentary parameters is
to study petrographic characteristics of samples from areas of
control (e.g., outcrops and drill cores and cuttings) and to use
these results along with stratigraphic and sedimentologic
characteristics (also derived from outcrops and wells plus
seismic lines where available) to (1) reconstruct sediment
dispersal paths between source areas and depositional basins
and (2) delineate depositional systems within these basins.

We illustrate this approach with a study of stratigraphic
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variations in the petrographic characteristics of Pennsylva-
nian sandstones in the Forest City basin in Iowa. We found
that sandstones from the Lower Pennsylvanian to the lower
part of the Middle Pennsylvanian in well core samples were
derived from older sedimentary sources and were deposited
in fluvial systems under wet climatic conditions. These
sandstones are associated with coals, show extensive rooting
in some horizons, and probably were often exposed to acid
weathering conditions [as suggested, forexample, by Cecil et
al. (1985)]. Kaolinite cements dominate, with minor authigenic
quartz and late-stage siderite nodular cement engulfing both
framework grains and early formed kaolinite. Detrital apatite
is conspicuously missing from these sandstones, although it
is present in both marine-deposited units and the Upper
Pennsylvanian units. Garnet grains are extensively etched,
and both the absence of apatite and the relatively shallow
burial depths attained [around 1 km (0.6 mi) maximum;
Bunkeretal. (1988)] suggest thatetching occurred under acid
weathering conditions. Skeletal feldspar grains and feldspar
showing extensive coalescing columnar etch pits (Berner and
Holdren, 1979) also suggest extensive weathering (fig. 5).
Dissolution of unstable grains probably took place in an open
meteoric flow system as a result of multiple incursions of
fluid over moderately long periods of time. Stacked, incised
sandstone channel geometries observed in many Lower and
Middie Pennsylvanian sandstone-rich complexes support
this interpretation.

Upper Desmoinesian and Virgilian units (Middle to Late
Pennsylvanian) were deposited during periods of gradually
increasing marine influence within eustatically controiled
cyclic sedimentary packages (Heckel, 1977, 1983, 1984).
Some of these units, although probably exposed to some
meteoric waters, were covered quickly by relatively imper-
meable marine shales and limestones and possibly became

TIME (my.before present)

A Estimotes of depositiona! thicknesses
prior fo crosionol stripping

Geohistory diagram of the Iowa portion of the Forest City basin near the Nebraska—Kansas

saturated by modified marine fluids whose pH’s were buff-
ered by carbonate equilibria. Because Late Pennsylvanian
climates were drier, the amount of acidic meteoric water
would have been reduced, leading to preservation of detrital
apatite, reduced etching of gamet, and better preservation of
feldspars. Feldspars in the Virgilian strata are much fresher,
showing an increase in well-preserved grains and an overall
reduction in the intensity of etching solutions.

Using sedimentologic and tectonic reconstructions and
geohistory diagrams (e.g., fig. 11) derived from the petro-
graphic and sedimentologic data [from Bunker et al. (1988)],
we can set constraints for most of the parameters required to
construct a quantitative forward diagenetic model.

Amount of authigenic material and rate of diagenetic
reaction Almost all diagenetic reactions take place at
temperatures less than 200°C, and therefore rarely go to
completion except after long periods of time (Siever, 1986).
Predicting the amount of authigenic material that is formed in
a sediment requires the use of reaction kinetic equations that
relate time and temperature to reaction yields. The Arrhenius
equation, which relates reaction rate changes to temperature
increases, is commonly used (Siever, 1986):

dnk) E
aT

®

where E, is the activity energy, & is the reaction rate constant,
R is the gas constant permole, and T is temperature in kelvins,
Anintegrated form of this equation has been used when E,, is
not temperature dependent:

E
k=Aexp ——% |, 10
P[ RT] (10)



where A is an integration constant (or frequency factor). This
equation may be applicable in the laboratory but not under
varying diagenetic regimes where reaction mechanisms dif-
fer with temperature changes. Siever (1986) suggests that the
general form of this equation is useful and that the integrated
equation may be useful for making approximations in spe-
cific cases. Siever (1983) constructed a time-temperature
diagram to show generalized yield curves for a hypothetical
slow reaction (fig. 12). Diagrams such as this one can be used
to help set constraints on authigenic mineral yields for
specific temperature and time domains.

Experiments by Walter (1986) were used along with
previously delineated equilibrium constraints to evaluate
carbonate dissolution and precipitation rates during diagen-
esis. One result of this study was that aragonite precipitation
may be favored in high-sulfate low-phosphate solutions,
whereas magnesium-calcite precipitation may be favored in
low-sulfate high-phosphate solutions. This happens because
SO selectively inhibits calcite precipitation and PO
selectively inhibits aragonite precipitation. Experiments such
as those carried out on carbonate sediments by Walter (1986)
show that parameters can be constrained for modeling pur-
poses through the use of carefully controlled kinetics experi-
ments.

The Jurassic of the North Sea exemplifies the major role
that diagenetic reaction kinetics play in determining the
quality of sandstones in petroleum reservoirs. For instance,
the Middle Jurassic Fangst Group has porosities over 30%
and permeabilities in excess of 1,000 md despite containing
most of the diagenetic features that one would predict in a
subarkose to lithic subarkose deposited in a fault-bounded
basin. Harris (1989) observed dissolution of feldspar (mostly
plagioclase), which accounts for 2-4% of rock volume,
minor amounts of quartz cement (about 2%}, alteration of
micas to kaolinite, formation of pore-filling kaolinite, local-
ized discontinuous layers of poikilotopic calcite cement,
siderite replacement of mud and pore fillings, and pyrite pore
fillings. When the porosities and permeabilities in these
sandstones are compared with the diagenetic styles and
primary sedimentary characteristics, they show a direct rela-
tionship with depositional setting and not with diagenetic
effects (Harris, 1989). It appears that diagenetic processes
were not extensive enough to significantly overprint original
sedimentary characteristics. The reason for this must be that
the reaction kinetics in this setting, for the amounts of time
that the sediments were in meteoric and compactional do-
mains, were not rapid enough to either destroy large portions
of effective pores or create more than 4% secondary porosity.
Similar rocks under different time and temperature condi-
tions and resulting reaction kinetics could have either little
effective primary porosity preserved (e.g., Leder and Park,
1986) or secondary porosities that are much greater than
preserved primary porosities (e.g., Frio sandstone of south
Texas; Land, 1984).
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Figure 12, Generalized yield curve for a hypothetical slow reac-
tion. Modified from Siever {1983).

Setting constraints on chemical parameters The chem-
istries of fluids that pass through sediments at or near the
earth’s surface can be estimated in a general way by using
modern sedimentary systems as partial analogues. Table 1
lists the compositions of some natural waters. The molality
values of these waters could be used to set constraints on
meteoric waters responsible for some early diagenetic pro-
cesses. We cannot use surface analogies to set realistic
constraints when considering a wedge of sediments subsid-
ing through various hydrologic and thermal regimes. Forma-
tion waters leave their fingerprints in diagenetic cements in
the form of trace element composition, distinctive isotope
ratios, and trapped fluid inclusions. If these characteristics
can be related to formation fluid type, then they can be used
to set constraints on chemical parameters in a quantitative
diagenetic model.

Carbon, oxygen, and sulfur isotopes have been used to
relate carbonate, sulfate, and sulfide cements to the tempera-
ture and sources of formation waters since the 1970’s [e.g.,
Irwin et al. (1977)]. More recently, these types of data have
been integrated with strontium isotopes to trace the move-
ment of fluids through a sandstone reservoir. Sullivan et al.
(1990) showed that a linear correlation exists between 8'%C
and ¥7Sr/*8r in diagenetic dolomite and ankerite in the
Permian Rotliegend Sandstone beneath the North Sea. They
used this relationship to trace the movement of formation
waters through the Rotliegend relative to organic maturation,
dissolution of feldspars, and other diagenetic events. In
studying Miocene sandstones in the northern Guif of Mexico,
Taylor (1990) used oxygen, carbon, and strontium isotopic

200
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Tablel, Composition of some natural surface waters (inmmol/L)
Species Scawater River Water Rain Water
CI- 535.2 0.22 0.11

Na* 456.2 0.27 0.09
Mg+ 54.2 0.17 0.01
50%* 276 0.12 0.00

K* 9.7 0.06 0.61

Ca?* 10.0 0.38 0.002
HCO5~ 23 0.95 0.002
Si0, 0.1 0.21 <<0.001

Al <<0.1 «<0.01 <<0.001

From Curtis (1990, table 1).

signatures of carbonate cements to trace each cement to its
most likely source. In the process of making these interpre-
tations, Taylor established temperature, depth, and source
constraints.

The stable oxygen isotope ratios of authigenic minerals, in
particular, offer the potential to evaluate both fluid sources
and temperatures of precipitation. The calcite paleo-
temperature equation, as given by Anderson and Arthur
(1983) and Hudson and Anderson (1989), is
T°C = 16.0 — 4.14(8C — 8W) + 0.13(8C — W), (11
where 8C = 8'%0 of calcite relative to PDB, and 8W = 3'*0
of water relative to SMOW. Other paleotemperature equa-
tions for sedimentary minerals of interest have been given by
Friedman and O’Neil (1977).

Because temperatures of precipitation cannot be calcu-
lated without knowing the oxygen isotope composition of
both the mineral and the pore fluid, independent evidence on
fluid compositions or temperatures must be obtained to
exploit paleotemperature equations. Assumptions concern-
ing the isotopic compositions of ancient seawaters or deriva-
tive pore fluids must be viewed with skepticism because of
uncertainties regarding the thermal and isotopic history of the
Phanerozoic ocean system (Hudson and Anderson, 1989).
Girard et al. (1989) and Lee et al. (1989) used radiometric
dating and 8'®0 values of authigenic silicate minerals in
sandstones along with temperature estimates from burial
history curves to calculate pore fluid 'O values and to
interpret sources of ancient formation fluids. Likewise, Girard
et al. (1988) and Ludvigson and Spry (1990} integrated fluid
inclusion filling temperatures and 8'%0 measurements in
secondary minerals to interpret large-scale fluid transport in
clastic sedimentary basins.

The approaches outlined here and others that we do not
have space to discuss can be used in quantitative modeling to
set chemical, temporal, and distribution constraints on the
movements of meteoric, compactional, and thermobaric flu-
ids that precipitate cements as they move through asiliciclastic
sedimentary system.

Factors that still need clarification or quantification

Early attempts at quantitative diagenetic modeling have used
simplifications of geologic parameters to reduce the number
of unknowns [e.g., Bethke (1985), Bredehoeft et al. (1988),
and Harrison (1990)]. Great strides have been made toward
understanding diagenetic reactions and the conditions that
instigate and terminate these reactions. However, we must
still develop models that combine mass balance and reaction
kinetics before we can build truly quantitative diagenetic
models. The activities of ionic species within both open and
closed systems still need quantification. For example, the
availability of some ions for precipitation in cements is
unclear because of competition from prospective host crystal
lattices and from shifting stabilities caused by such factors as
changing Pco,, Eh, or pH conditions. These variations not
only are prevalent in open systems but may also be important
in closed systems as diagenetic reactions proceed.

Quantification of variables that distinguish meteoric or
down-flow cements from deep burial or up-flow cements
may become possible as more isotopic, trace element, and
fluid inclusion data become available. Studies such as the
thermochronologic analysis of the Angola basin that was
carried out by Walgenwitz et al. (1990) add to our data base
of fluid inclusion temperatures tied to isotopic age dates.
Comparing data such as these with those collected from
similar settings could be used to establish quantitative limits
for both down-flow and up-flow water compositions. Similar
comparisons could be made using data coliected from car-
bonate and other cements in siliciclastic sandstones.

Discussion

With the use of modern settings as partial analogues and the
use of stratigraphic, sedimentologic, and petrographic data,
we can reconstruct sandstone architectures and draw infer-
ences about sediment distribution and depositional pattern,
original porosity and permeability characteristics, and origi-
nal fluid chemistry. Geohistory reconstructions can be used
to develop chronologies of geochemical environments for
each sandstone body within a time—temperature-basin set-
ting framework. These geochemical and hydrogeologic re-
constructions can then be related to each paleodepositional
setting. As more insight is gained into the relationships
between tectonic settings, depositional settings, and diage-
netic styles, diagenetic modeling will be increasingly inte-
grated into the more quantitative gechistory analyses and
computerized backstripping methods that currently are em-
ployed in basin analysis. The volumes of data and complexi-
ties of relationships between data sets will increasingly
require computer-based data-handling systems.

Diagenetic modeling is an integrative process because
each variable interacts with other variables in a complex



manner. As a result, single aspects of the total process are
difficulttoisolate. Artificial intelligence in the form of expert
systems is ideally suited for this type of modeling because of
its ability to integrate a large amount of data from many
sources and to caiculate the simultaneous influences of
multiple processes on a sedimentary system during succes-
sive time increments. Once models are generated for sand-
stones from various paleodepositional settings and cyclic
positions, they can be used to predict reservoir parameters,
such as porosity and permeability. A complete basin analysis
designed to produce models for prediction of reservoir distri-
butions and qualities must include diagenetic reactions be-
cause alteration of rock properties can vary from nil to
complete recrystallization, removal, or replacement during
the history of a basin. These alterations affect not only the
porosity and permeability of a potential reservoir but also the
seismic characteristics of the strata (e.g., densities and acous-
tic velocities) used in lithofacies reconstructions from seis-
mic data.

Diagenetic predictions are an important part of any basin
model that is designed to evaluate petroleum accumulation
potentials. However, to make quantitative predictions, we
need quantitative models based on knowledge of diagenetic
processes. To date, attempts at diagenetic modeling have
been largely qualitative. Early attempts to model diagenesis
quantitatively have been based on simplifications of geologic
processes and parameters. Perhaps an intermediate phase in
the evolution of truly quantitative diagenetic models involves
setting constraints for the geologic parameters that control
diagenetic styles. Integrated petrographic studies that yield
calibration data sets can be used to help set constraints on the
parameters used in quantitative forward diagenetic models.

As a quantitative model becomes more precise, its appli-
cability becomes limited to the type of basin from which the
parameter constraints were determined. However, as our
understanding of diagenetic processes, rates, and controls
improves, models will be constructed on two levels. First,
general relationships will be combined with parameter values
for particular basin types. Second, precise quantitative mod-
els will be constructed by combining these general relation-
ships with constraints derived from particular paleotectonic
and paleoclimatic settings. In this way, quantitative models
will be constructed to make predictions for basins within
corresponding paleotectonic and paleoclimatic settings.
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