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Introduction

Carbonate sediments, or the limestones into
which they may have evolved, once buned
below the reach of sea-floor processes or
below the meteoric environment and the sub-
meteoric mixing zone, enter with progressive
burial the “‘deep-phreatic” or subsurface bur-
ial-diagenetic realm (Figure 1). it is in this
realm that, unless exhumed by tectonic uplift
or lowered sea level, the great majority of
sedimentary carbonates must inevitably
spend most of their geologic existence. It is
hare, too, that the majority of carbonate sedi-
ments which escaped sea-floor lithification or

prolonged meteoric diagenesis undergo
most of the changes that lead to their lithifica-
tion and reduction of porosity.

The importance of deep-burial diagenesis
has been recognized more widsly in the last
fiteen years or so, in considerable part
because of the publication of a major syn-
thesis on carbonate diagenesis by Bathurst
(1975). Since that time, aspects of the subject
have been examined in a number of general
or specific studies, most notably the thought-
ful works by Bathurst (1975, 1980a, 1980b,
1984, 1985}, Schlanger and Douglas (1974),
Garrison (1981}, Shinn and Robbin (1983),
and Scholle and Halley (1985). During this
same period, the development and refine-
ment of instruments and techniques for the
study of cathodoluminescence, ultraviolet
fluorescence, stable-isotope, rare-earth and
minor-element compositions, and microscopic
fluid inclusions have made possible the ac-
quisition of much new information about the
petrologic, mineralogic and chemical changes
that take place in the deep-burial realm.

The tundamental importance of dia-
genesis in this largely occult realm in shaping
the porosity, mineralogy, basic fabrics and
numerous other features of carbonates is
now clear, but many aspects remain to be
clarified. The quest for a basic understanding
and a general theory of diagenesis in the
deep-burial setting has only begun.

The Deep-Burial Setting

Definitions, Burial diagenesis can be
defined in general as any change or collec-
tion of changes that takes place below the
zone of near-surface diagenesis and above
the realm of low-grade metamorphism (Fig-
ure 1). These limits can vary from one sedi-
mentary basin to another or even within a
single basin. By "‘near-surface processes"
we mean the changes caused by processes
operating at or very close o the sea floor orin
the relatively shallow meteoric environment,
within the reach of surface-related processes
(Choquette and Pray, 1970). The sub-lenticu-
lar mixing zone (see James and Choquestte,
1984) is often thought of as part of the mete-
oric, although its nature and vertical as well
as geographic extent are poorly known in all
but a few subtropical Cenozoic limestone
islands and a few aquifers in Cenozoic and

Mesozoic carbonates. Defined in this way,
burial diagenesis is mainly a consequence of
overburden due to bural heneath younger
strata, and of resulting changes in hydrology,
pore-water chemistry, pressure, and tem-
perature. The burial-diagenetic realm would
include, for example, the mesogenetic or
‘'deeper burial’’ realm of Choquette and Pray
(1970), the “compactional” and “‘thermo-
baric'" subsurface regimes suggested by
Galloway (1985) for sandstone-shale
sequences; the “deep-phreatic’’ realm of
many workers; and for geologists in the
petroleum industry the *‘subsurtace™ in gen-
eral. The term phreatic is not very useful
because for many it connotes the zone of
saturation and water-filled pores anywhere
below the water table.
Ditferences from Near-Surface Pro-
cesses.The dominant processes, ambient
conditions, space and time distributions, and
principal products of diagenesis in deep-
burial settings are quite different from those
in near-surface settings. In the sea-floor
environment, cementation by aragonite and
Mg-calcite is the main inorganic agent of
lithification (James and Choquette, 1983) and
is highly facies-specific. Lithification in this
setting is virtually instantaneous geolegicaily,
probably involving time spans on the order of
107 to 104 years.

in the meteoric environment, the main pro-
cesses of lithification involve the precipitation
of calcite, impelled either by dissolution of
aragonite and micro-dissolution of Mg-calcite
{forms of mineral-controlled alteration as dis-
cussed by James and Choquette, 1984), or
by more wholesale dissolution and precipita-
tion of calcite {water-controlled alteration).
Mineral-controlled alteration redistributes
porosity from inter- and intraparticle sedi-
ment pores to new moldic pores, often with
little net change in percent porosity (Harrison,
1975). Water-controlled alteration, on the
other hand, creates new, larger, non-selec-
tive voids or adds CaCO, and reduces poros-
ity. Meteoric-realm diagenesis must involve
time intervals which approximate the dura-
tion of subaerial exposure at uncenformities;
in Plio-Pleistocene sequences on modern
plattorms glacio-eustatic unconformities
involve time intervals on the order of 103 to
105 years (8.g., Steinen and Matthews, 1973:



. SHALLOW BURIAL ~—. BURIAL DIAGENETIC
L MONE - —  — - o~ DOMAINS
o SHALLOW MARINE, PERITIDAL N\

AND ASSOCIATED SEDIMENTS _ ~ X
T pore waters of multiple origins <O \“\--‘_ﬂ
e e N — SHALLOW BURIAL
T DEEP BURIAL — — _  ~ \\§:~‘““— BASINAL
_ . ™ NN seoimMeNTs
T ~ \\’\ marine-derived
- R —_— — ~_ ~ pore waters
.......--_-...----.-....___? \ DEEPBURlAL
METAMORPHIC DOMAIN a ™~ N\
' ~

Figure 1 A sketch outlining two general domains of deep-burial dragenesis. The nature and depth range of the boundary with the metamorphic realm are poarly
known. The depth is likely to range from a kifometre or less to several kilometres or more.

Table 1 General processes and products in the deep-burial domain.
Table 2 Principal controls in deep-burial diagenesis.
Processes Products
intringic Extrinsic
Physical compaction Reduced thickness, porosity and perme-
ability; reoriented and commonly broken Minegralogy Temperature
allochems; compressed textures and Grain size and texture Pressure
structures Organic matter, kerogen and hydrocarbons  Time
Early cement or dolomitization Fluid Flux
Chemical compaction Reduced thickness, porosity and perme- Pore-water chemistry
ability; stylolites and other pressure- Porosity and permeability
solution structures; ions for new carbonate
cement
Cementation Mosaic/drusy to very coarse or poikilotopic

calcite and saddle dolomite

Burial dolomitization Anhedral-crystalline dolomite, generally
rather coarse
Mineral reactions Smectite to illite

Gypsum to anhydrite
Opal A & CT to quartz
Fe hydroxides to Fe oxides

Biochemical aiteration Kerogen and organic acids
of organic matter

Thermochemical Hydrocarbons and CO,
alteration of kerogen

Burial dissolution of Ca  Solution porosity
carbonate and sulphate
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Encs and Perkins, 1977, Beach, 1982); older
Phanerozoic platforms contain regional and
interregional unconformities representing
time intervals up to 108 to 107 years (Sando,
1974, 1985; Sloss, 1984). In the dsep-burial
environment far more complex arrays of pro-
cesses are operative (Table 1). Dominant
among them are physical {(mechanical) com-
paction and dewatering, chemical compac-
tion {pressure solution), cementation,
subsurface dolomitization, alteration of
hydrous minerals to anhydrous ones, ther-
mally driven mineral stabilization reactions,
and alteration and maturation of organic mat-
ter with attendant production of organic acids
and hydrocarbons. A dominant long-term
trend is progressive reduction of porosity by
compaction and cemantation, at higher and
higher temperatures and pressures, in the
presence of pore waters that may become
increasingly saline. Diagenesis can continue
over millions to tens or rarely hundreds of
millions of years {106 - 108 yrs}, although rates
of diagenetic change fall off rapidly with in-
creasing depth and time.

Factors Influencing Deep-Burlal
Diagenesis

intrinsic Factors. Among the most impor-
tant intrinsic factors (Table 2) are the mineral-
ogy. the amount and nature of the organic
fraction, the presence of introduced fiquid
hydrocarbons, and the pore-waler composi-
tion. A sediment that retains aragonite and
Mg-calcite as it goes into the deep-burial
environment will have more '‘diagenetic
potential” {(Schlanger and Douglas, 197) to
generate calcite cement through dissolution
and reprecipitation than will a sediment com-
posed only of calcite. We know relatively litle
about the mineralogy of platform limestones
as they leave the meteoric and sub-meteoric
mixing zones and enter the deep-burial
realm. Scholle and Halley (1985) have argued
that many platform limestones altered in the
meteoric zone are caicite and therefore have
relatively low diagenstic potential like marine
chalks. However, calcite cement of meteoric
origin is rarely homogeneous either iso-
topically or elementally, and therefore must
have at least some diagenetic potential {L.S.
Land, pers. cormm., 1986). in any case, many
studies of Recent and Plic-Pleistocene lime-
stones have shown that mineralogic stabili-
zation in meteoric water from aragonite and
Mg-calcite to low-Mg calcite can take place
quickly, after a few metres to tens of metres
of burial (e.g., Steinen and Matthews, 1973;
Steinen, 1974; Beach, 1982).

In another kind of "‘mineralogical” effect,
imestones that contain at least a few percent
clay minerals or unstable organic matter (in
addition to being fine grained) are more sus-
ceptible than pure limestones to physical
compaction, chemical compaction (pressure
solution), and even spaced cleavage due to
tectonically induced pressure solution. Fur-
thermore, it is widely thought that the amount

of clay andfor organic matter may be impor-
tant. Whether clay and silt content is less than
or more than about 10% appears infiuential in
determining whether pressure soiution pro-
duces, respectively, sutured stylolites or non-
sutured seams and fitted fabrics (R.G.C.
Bathurst, pers. comm., 1986}.

Grain size and texture influence the rates
at which CaCQ, components change and
sediments compact. Fine-grained and poorly
sorted sediments undergo neomorphic and
solution-precipitation reactions more rapidby
because of their larger reactive surface
areas; they also compact more readily than
coarse sedimenls, in marine pore waters at
least, because of their greater pore water
content and potential for particle rearrange-
ment and reorientation. One consequence of
this is that some sediments that were deposi-
ted as lime muds undergo so much physical
compaction of their fing-grained fraction that
they become ‘“diagenetic” wackestone or
packstone {Shinn and Robbin, 1983).

Pore-water chemistry has a variety of im-
portant effects and roles in burial dia-
genesis. For one thing, pore waters transmit,
by physical fluid flow or ion diffusion, the
solute ions produced by dissolution or con-
sumed by cemeniation and replacement re-
actions. Moreover, water chemistry seems to
have a strong influence en major bunal-dia-
genetic processes. One of the most impor-
tant of these, pressure-solution (chemical
compaction), seems to operate less rapidly in
Mg-rich (e.g. marine-derived) pore waters, a
tactor that may be partly responsible for the
retention of high porosity in many chalks
(Neugebauer, 1973, 1974).

The introduction of liquid hydrocarbons
into the pore systems of limestones during
burial diagenesis, especially if the pore walls
are oil-wet, inhibits pressure-solution and can
preclude the formation of stylolites; Dun-
nington (1967), who first suggested these
effects, also noted that the emplacement of
il in sorne limestone reservoirs of the Middie
East might actually have prevented their
compaction and created differential-compac-
tion traps for hydrecarbons. Liquid hydrocar-
bons in pores can also shut off or prevent
cementation. This mechanism has been
invoked to expiain differences in extent of
pressure-solution cementation and porosity
reduction in some chalk reservoirs in the
North Sea (Feazel et a/., 1985; Feazel and
Schatzinger, 1985).

Early-precipitated cement or early replace-
ment dolomite formed at or not far below the
depositional interface will increase the bear-
ing strength of a sediment so that it compacts
less readily, at least at relatively shalow
depths (<2 km?).

Finally, the porosity and permeability of a
sediment or rock, which govern both the vol-
ume of contained pore fluid and the rate at
which fluids are transmitted, affect the speed
at which diagenetic reactions take place. In
Holocene sediments, porosity is generally

greater in fine-grained sediments such as
lime muds than in coarser carbonate sands
(Enos and Sawatsky, 1981). In the geclogic
record the highest known limestone poros-
ities {up to B0% with very low permeabilities
often below 1 md) are found in some Cre-
lacecus and Danian chalks (Scholle, 1977).
Permeability in limestones with interparticle
porosity, however — other things being aqual
— is directly related to grain size, so that in
general the coarser-grained carbonatas will
transmit fluids in larger volumes and at
higher flow rates.
Extrinsic Factors. Among the many extrin-
sic factors affecting burial diagenesis
(Table 2) it appears that pressure and tern-
perature are most important. Pressure of at
least three kinds is applied to sedimentary
sequences being buried: (1) fithostatic pres-
sure, transmitted through the solid frame-
work; (2) hydrostatic pressure, transmifted
only through the pore-system ‘‘water
column’; and what Bathurst (1975) called
{3) finvar or directed prassure. The first two
of these are induced by gravity. The third is
really of tectonic origin and has been recog-
nized increasingly in recent years as a major
cause of spaced cleavage in tectonized car-
bonales that yield by brittle fracture. Typical
hydrostatic and lithostatic pressure gra-
dients, shown in Figure 2A, give an idea of
the pressure ranges ambient over the range
of subsurface depths that have been
sampled thus far by petroleum exploration
drilling. Pore pressure determines the effec-
tive stress on a sediment under overburden
load, because the eflective or net stress is
the lithostatic pressure {or total load) less the
pore pressure (Terzaghi, 1940). Most subsur-
face strata at temperatures greater than
about 100°C have pore pressures which are
higher than “‘normal hydrostatic™ and would
lie in the stippled area of Figure 2A. Usually
the differences between lithostatic and pore-
fluid pressure are small, but under various
conditions the pore-fluid pressures can
become abnormally high, in which case the
strata are said 1o be overpressured or
“geopressured’” and the pore-fluid column
may support part or all of the overburden load.

Abnormally high pore-fluid pressure can
be an important inhibiting factor in burial dia-
genesis. It can actually “prop up” original
pore spaces — either independently or in
concert with early near-surface cementation
— thereby retarding or preventing physical
compaction. It also can slow or shut off the
export and import of pore water and prevent
any changes in the partial pressure of CQO,
and other dissolved gases, thereby creating
a pore-fluid system which is both over-
pressured and static, in which both pressure
solution and cementation may be sharply
retarded. Feazel and Schatzinger (1985) also
have discussed recently the retarding efecls
of high pore pressure.

Many processes seem able to cause over-
pressuring of sedimentary rock pore-fluid



systems, by trapping their fluids. Rapid sedi-
mentation, as in marine parts of major delta
systems, can bury sediments more quickly
than these can expel connate water. Confine-
ment of porous carbonates beneath strat-
iform permeability barriers such as
compacting shales or evaporites, well-indu-
rated hardgrounds, or limestones having
swarms of laterally extensive stylolites, all
can cause overpressuring. 5o also can some
diagenetic reactions involving ¢lay, sulphate
and silica minerals as discussed next under
Temperature, since these reactions add
water to the system. The generation of gases
such as CO,., methane and other hydrocar-
bons, and H,S at siles and in strata where
the gases cannot escape may cause over-
pressuring. The abrupt release of over-
pressure has been proposed as a
mechanism for producing certain breccias
apparently by dilation, for example in thin-
bedded, fine-grained carbonates of basinal
origin in the Miecene Monterey Formation of
Calitornia {e.g. Secor, 1965; Roehi, 1981).
Our understanding of and ability to predict
the realms and effects of abnormally high
pore-fluid pressure in burial diagenesis of
carbonates still are primitive.

A very few studies have shown the impoi-
tance, however, of abnormal pressures as
co-agents (with early emplacement of hydro-
carbons) in causing the retention of unusually
high porosities in some Cretaceous and early
Tertiary chalk reservoirs in the central North
Sea {Scholle, 1977, van den Bark and
Thomas, 1981; Feazel et al., 1985).

A

PRESSURE, bars

Temperature appears to play at least three
roles in burial diagenesis and may be of
considerable importance.

(1) The solubility of calcite and other car-
bonates — unlike that of quartz — is ‘retio-
grade’ in waler having dissolved CO, and
decreases with increasing temperature
{Helgeson, 1969). The decrease is linear up
to temperatures as high as 400°C and is
substantial, on the order of two orders of
magnitude at any one pressure (Bathurst,
1975). This relationship, although compli-
cated by the effects of increasing pressure,
indicates that with increasing temperature
alone, calcite cement (and by inference, sad-
dle dolomite cement) will be more likely 0
precipitate.

{2) Increasing burial brings about a series
of temperature- and pressure-dependent
mineral reactions (Table 1). Some of these
release water to the surrounding pore fluids
and result in minerals that have higher spe-
cific gravities and occupy less space than
their precursors. These reactions include the
conversion of gypsum to anhydrite at around
1000 m (Murray, 1964; Kendall. 1984), and
the conversion in some oceanic sediments of
opal-A to opal-CT and finally quartz within a
depth range of about 450-2000 m (Isaacs,
1981) which may correspond to temperatures
of 40-100°C. These reactions involve
changes in crystal-lattice morphology and
release water of crystallization. Other reac-
tions which release water along with various
cations are the conversion of smectite 1o
mixed-layer clays and finally to illite

commenging at around 2000 m and 60°C in
the US Gulf Coast (Burst, 1969; Perry and
Hower, 1970; Hower et al., 1976, Boles and
Franks, 1679), and the dehydration of various
iron hydroxides such as limonite to yield
hematite and free water. Still other reactions
affecting carbonates, which take place in
sandstones, include the conversion af calcic
plagioclase to albite, releasing Ca?* and
other divalent cations such as Sr2+ which
have been used as radiogenic tracers of bur-
ial reactions (e.g. Steuber and Pushkar, 1983;
Moore, 1985: Woronick and Land, 1985).

(3) Increasing temperature together with
burial reaction time causes the conversion of
sedimentary organic matter from unstable to
more stable forms and eventually to hydro-
carbons and other organic compounds (see
review by Barnes et al., 1984 in this journal).
In dirty sandstones the reactions in this com-
plex serigs are widely thought to release CO,
which can combine in carboxylic and other
organic acids capable of dissolving carbon-
ates {e.g. Schmidt and McDonald, 1879,
Hayes, 1979; Bjorlykke, 1984; Surdam et al.,
1984), Material-balance calculations have led
some workers to suggest, however, that CO,
produced only by decarboxylation, at least in
shales of the Oligocene Frio Formation in the
Texas Gulf Coast, cannot account for most of
the dissolution porosity found in associated
sandstones; other mechanisms andfor long-
distance transport of acidic waters must also
be responsible (Lundegard et af., 1984,
Lundegard, 1985). Dissolution porosity of
burial ofigin is being recognized increasingly
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Figure 2 Graphs showing the general ranges of pressure and tem,
hydrostatic pressure curve varies depending on tha concerntration arn

perature in the deep-burial diagenetic realm. {A) Static pressure ranges. The position of the
d density of pore waters. Most pore-fluid pressures it the subsur face would plot on curves in the

stippled area. Commonly the change from normal to excessive pore-fiuid pressure Is a transition marked by more rapid increases in both pressure and {graph B)

increasing depth.

(B) Temperature ranges assuming different geothermal gradients. Most gradients are 15-350C, and most are non-linear and commonly staepen (decrease) with
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in limestones since its discovery in the early
1980’s (Moore and Druckman, 1981; Elliott,
1982; see also Druckman and Moore, 1985;
Moore, 1985). Although the mineral and fluid
systems must be different, mechanisms like
those invoked for sandstones have generally
been suggested for the limestones.

Interestingly, the temperature range in
which peak generation of hydrocarbons is
believed to occur, 60-150°C (Tissot and
Welte, 1980), is also the temperature range in
which many other burial diagenetic pro-
cesses involving inorganic reactions, pres-
sure solution, cementation, and probably
some burial dolomitization and dolomite neo-
morphism (xenotopic dolomite of Gregg and
Sibley (1984)) also take place.

The range of temperatures in sedimentary
basins can be great, depending on the thick-
ness of the sedimentary fill and the geother-
mal gradients (Figure 2B), which in turn
depend on ambient heat flow and on thermal
conductivity of the sediment. Gradients in
most sedimentary basins are in the range of

15-35°C per kilometre of depth and
25°C-km-' is an often cited normal value
(Wood and Hewett, 1984). Gradients can
change sharply with uplift and passage of a
sedimentary package into a nearer-surface
hydrologic regime fed by cooler meteoric
waters, as has happened in the Western
Canada basin (Hitchon, 1969a, b) and some
other basins.

Processes and Products

In the sections that follow, we examine the
common sedimentological and geochemical
processes and products of burial diagenesis
— the records of their passage into the deep
subsurface (Table 1).

Physical Compaction

As sediments compact under load they de-
water, lose porosity, and decrease in thick-
ness while sedimentary particles and
sedimentary structures are modified and/or
rearranged, depending on how much poros-
ity they had and whether they were grain-
supported or mud-supported initially.
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Figure 3 Sketches illustrating features produced by physical (mechanical) compaction.

Figure 4 A slab of early burial-diagenetic displacive-fibrous calcite (DFC; arrows) developed on both sides
of a mudstone bed that was formed by coalescence of microspar concretions. The bed was thinned a little
between concretions by physical compaction prior to formation of the DFC. From Cambro-Ordovician Cow
Head Group, western Newfoundland (Coniglio, 1985), photo courtesy of M. Coniglio, published by

permission.

Processes. Physical compaction in marine
sediments buried in marine pore waters can
be visualized as taking place in three main
stages which probably overlap.

Stage 1: Initial particle settling and repack-
ing with resulting dewatering occurs in the
first metre or so of burial, where porosities of
lime muds may be reduced a small amount,
say from 80-75% (Ginsburg, 1957; Brown,
1969; Schlanger and Douglas, 1974; Enos
and Sawatsky, 1981).

Stage 2: Particles are rearranged and
elongate grains reoriented in grainy sedi-
ments, while muddy sediments are com-
pacted with continued dewatering, until a
self-supporting ‘‘framework’’ is achieved at
porosities of approximately 40%. The relative
importance of this stage of compaction is
proportional to the original ratio of lime mud
to coarse silt size and larger grains. In shal-
low subtidal sediments this compaction often
takes place within a metre or so below the
seafloor; one can stand on the sediment
rather than sink into it and one can generally
core it (L.S. Land, pers. comm., 1986).

Stage 3: Overburden stress is applied at
grain contacts, and is accommodated by
grain deformation in the form of either ductile
squeezing or brittle fracturing and breakage.
Lime mud between framework-forming
grains, in shelter cavities beneath elongate
particles, or within fossils, is generally
protected from compaction.

A common conclusion of experiments
involving compaction of muddy carbonate
sediments is that thickness reductions can be
substantial and in some cases greater than
porosity reductions, especially in stage 2
compaction (Terzaghi, 1940; Hathaway and
Robertson, 1961; Fruth et al., 1966;
Robertson, 1967; Ebhardt, 1968; Shinn et al.,
1977, Bhattacharyya and Friedman, 1979).
Shinn and Robbin (1983) compacted modern
shallow marine and peritidal muddy carbon-
ate sediments with 47-83% initial porosity
down to as little as 27% (mostly 30-65%) of
their original thickness, with final porosities
reduced to 35-45%. Although some chemical
compaction effects were observed in cores
subjected to the highest pressures, physical
or mechanical compaction was by far the
dominant process. At pressures of 66 to
almost 1000 kgem2 (933-13,600 psi), com-
paction as gauged by thickness reductions
essentially ended when porosities were
reduced to 35-45%. The results of these
experiments indicate that carbonate sedi-
ments can compact under as little as 100 m of
overburden to one-half their original thick-
ness, with accompanying porosity losses of
50-60% of original pore volume.

Products. Sedimentological products of
physical compaction are almost as varied as
the constituents of the limestones (Figure 3).
In mud-supported or pelleted-mud sediments
(mudstone and wackestone) common fea-
tures include: thinning of laminae between
and draping over early concretions (Figures 4



and 5), early-lithified layers, and other hard
objects; squashed burrows and crumpled
fenestrae, gas-escape structures, and desic-
cation cracks (Figure 6); shells and other
elongate grains that have been rotated,
packed more closely, or in some instances
brought into proximity with other rigid grains
against which they have been crushed (Fig-
ures 7 and 8); and flattened pellets or other
grains (Figure 9).

Physical compaction also produces a vari-
ety of swirling structures as well as the tex-
tural “‘telescoping’ noted by Shinn and
Robbin (1983), converting grain-poor lime
mud to wackestone or packstone (Figure 8).
Physical compaction can close and obliterate
desiccation cracks and fenestrae or birds-
eyes in peritidal sediments (Figure 6).
Organic matter is commonly squashed and
deformed into irregular stringers that drape
over rigid grains and may look deceptively
like stylolites. Relatively brittie laminae and
thin mud-cracked beds between layers of
plastically compacted mud may fracture and
rotate (Figure 8).

In grain-supported clean and muddy car-
bonate sands (grainstone and packstone),
plastic deformation of soft pellets, coated
particles and skeletal grains is common (Fig-
ure 9). Ubiquitous, however, are fractured
and crushed grains of various kinds such as
spalled and broken cortical layers of ooids
(Figure 10), broken thin rinds of cement
around grains that have been squashed,
crushed fossils (Figure 11), and fractured
micrite envelopes surrounding grain molds.
Also typical are planar or curviplanar grain
contacts resulting from plastic deformation;
care must be taken, however, to be sure
these contacts are due to physical compac-
tion and not pressure-solution.

Compaction of lime mud between grains,
in sheltered patches either beneath broad
particles such as phylloid algal plates and
brachiopod valves or inside fossils, is gener-
ally very slight, so that original textures and
particles are preserved (Figure 12).

Thinning of limestone strata due strictly to
physical compaction, though often cited as
important, has been well documented in very
few published studies. Among the most con-
vincing on a large scale was reported by
Beach and Schumacher (1982). They
showed that uncompacted pisolitic “‘island”
sediments forming part of the Mission Can-
yon Formation (Mississippian) in an area of
the Williston Basin are surrounded by physi-
cally compacted marine sediments. Isopach
maps indicate thinning of the marine facies
by up to 31%, and abundant crushed fossils
and other features in the marine limestones
(Figure 11) indicate that the thinning is due
mainly or entirely to physical compaction.
Differential compaction at smaller scales has
been reported by many workers, for example
by Byers and Stasko (1978), who calibrated
the compaction by Chondrites which are
alternately little compacted in micritic lenses

Figure 5 A concretion formed by early-burial microspar cementation of pelloidal wackestone (darker)
and grainstone (lighter). The uncemented laminae to right have been compacted to 36% of their
thickness as preserved in the concretion. Compaction was probably physical rather than chemical. A
dilation crack (arrow), now filled by ferroan calcite spar (black in this picture), opened due to differential
compaction of the concretion. Photo is a negative print of a thin-section. Bar scale is 1 cm. From
Camnbro-Ordovician Cow Head Group, western Newfoundland (Coniglio, 1985), photo courtesy of M.
Coniglio, published by permission.

Figure 6 (A) Uncompacted supratidal sediment from the Holocene of south Florida (plastic-impregnated
core). The openings are birdseyes or fenestral pores, vertical shrinkage cracks, and burrows, and horizontal
cracks and large cavities probably formed artificially. (B) Artificially compacted sediment from the same
core. Only the thin storm layers and desiccation cracks in A are clearly preserved. Virtually all the voids have
been squeezed shut, and the overall fabric has been strikingly changed. From Shinn and Robbin (1983),
photos courtesy of E.A. Shinn, published by permission.
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Figure 8 Diagrams illustrating the transformation
of lime mud with sparse allochems to lithified, more
allochem-rich limestone, in this case wackestone,

Figure 7 (A) Uncompacted subtidal bioclastic muddy sediment from the Holocene of south Florida as a result of physical compaction alone.
(plastic-impregnated core). The mollusk shells and Halimeda plates (white) lack preferred orientation. Proportions of mud particles to pore space are
R = horizontal grass rhizomes, G = marine turtle grass. (B) and (C) Artificially compacted sediments from shown schematically by the dots.

the same core, under different loads. Mollusk and Halimeda fragments have been reoriented and commonly
broken, drape-like swirls have appeared, and all of the “‘open'' and uncalcified structures have been
squeezed shut. From Shinn and Robbin (1983), photos courtesy of E.A. Shinn, published by permission.

Figure 9 A pisolitic grainstone that has suffered grain flattening by physical
compaction, and also pressure-solution interpenetration along microstylolites
now marked by dolomite rhombs and voids (white). Bar scale is 1 mm. From the
Mission Canyon Formation (Mississippian), Williston Basin, North Dakota
(Elliott, 1982), photo courtesy of T.L. Elliott, published by permission.

Figure 10 Ooids which have been squashed by physical compaction; outer
concentric laminae on the ooids to right and left of centre are fractured and
spalled. Some pressure solution also has occurred, embaying outer laminae as
in the large ooid to right of centre. Bar scale is 1 mm. Upper Cambrian, Port au
Port Peninsula, Western Newfoundland, photo courtesy N. Chow.
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and much compacted in shaly partings be-
tween the lenses. When considered in light
of the experiments by Shinn and Robbin
(1983), physical compaction is likely to have
been responsible for extensive stratal thin-
ning in the geologic record.

Chemical Compaction
(Pressure-Solution)

Chemical compaction or pressure-solution,
commonly called pressure-solution compac-
tion, is of great significance in carbonate
rocks. It is known to be responsible for reduc-
tions of bed and sequence thicknesses in the
range of at least 20-35%, thickness reduc-
tions that took place after physical compac-
tion. Pressure-solution is also becoming
more widely recognized, despite the common
difficulty in proving cause and effect, as an
important source of carbonate cement in
deep-burial diagenesis (e.g. Bathurst, 1975;
Hudson, 1975; Wong and Oldershaw, 1981,
Scholle and Halley, 1985). Furthermore, it has
been demonstrated that spaced cleavage of
tectonic origin in folded limestones is in fact a
pressure-solution phenomenon, and that
space-cleavage surfaces are actually stylo-
lites or non-sutured seams (e.g. Geiser, 1974,
Groshong, 1975a, b; Rutter, 1976, 1983;
Alvarez et al., 1976; Droxler and Schaer, 1979;
Engelder et al., 1981; Geiser and Sansone,
1981; Marshak and Engelder, 1985).

The term ‘‘chemical compaction™ was pro-
posed by Lloyd (1977) for the loss of porosity
and decrease of thickness brought about in
limestones by the generation of “‘autoch-
thonous’’ carbonate cement internally
through pressure solution. Carried to com-
pletion, cementation of pores by this process
should be capable of completely occluding
whatever porosity remains in the wake of
physical compaction and near-surface dia-
genesis. In Bathurst's (1975) words ... a
limestone undergoing chemical compaction
serves as both a donor and a receptor of
carbonate cement”’.

Pressure-solution and its most obvious
products, stylolites, have attracted the atten-
tions of geologists for well over a century,
beginning apparently with the inquiries of
Thompson (1862) and Sorby (1879, 1908).
Quantitative studies of thickness reductions
due to stylolites were made more than a half-
century ago by Stockdale (1922, 1926), and
more recently have been carried out by Dun-
nington (1954, 1967), Mossop (1972), Play-
ford (1980), Hurley (1986), Bathurst (in prep.)
and many others; our experience and discus-
sions with other geologists suggest that
major thickness reductions also have been
well documented in a large number of
unpublished studies. The time and space
relationships between pressure-solution,
physical compaction and cementation have
been examined most recently by Shinn and
Robbin (1983), Bathurst (1984), and Scholle
and Halley (1985).

Figure 11 Part of a crushed rugose coral, the victim of physical compaction of the surrounding
packstone matrix. Nearshore-marine skeletal limestone from the Mission Canyon Formation
(Mississippian), Williston Basin, North Dakota (Beach and Schumacher, 1982a, b). Bar scale is 1 mm.
Thin-section loaned by D.K. Beach, photo used by permission

Figure 12 Sheltering effects in compacted shallow-marine foraminiferal-pelloidal limestone. A whole but
broken brachiopod shell sheltered the grain-rich sediment inside it from physical compaction, and this
sediment is now normally packed grainstone (lower right), while the same sediment outside the shell was
compacted and is overly-packed packstone. Bar scale is 1 mm. Mission Canyon Formation, Williston Basin,
North Dakota (Beach and Schumacher, 1982b). Thin-section loaned by D.K. Beach, photo used by
permission.
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SOLUTION FILM

Figure 13 A conceptual sketch of elements on a microscale invoived in pressure-solution of two grains

pressed together at a sutured contact.

CHEMICAL
COMPACTION

PRESSURE
DISSOLUTION
(PD) BEDDING

DEPOSITIONAL o aLTe
BEDDING o

4

NODULES

FITTED
NODULES

= / & MICROSTYLOLITES

| &j’_ STYLOLITE
e m—

Figure 14 Sketches of features produced by chemical (pressure-solution) compaction.
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Processes. Pressure-solution is a process
wherein pressure due to load or tectonic
stress, transmitted to and concentrated at
contact points or surfaces between grains,
crystals or larger entities (limestone beds, for
example), increases the solubility of the
stressed mineral(s) due to increasing elastic
strain, and causes dissolution at the contact.
The phenomenon therefore involves a
change of state from solid to liquid, creating a
solution film (Weyl, 1959; De Boer, 1977b;
Robin, 1978) a few water molecules thick at
the contact. This film may or may not be
connected with the solution-filled pore
system of the rock (Figure 13).

For CaCO,, because the solubility-product

constantK,, = [Ca2+] x [CO,2] increases
at the locus of maximum stress due to in-
creased strain energy, dissolution releases
new ions of solute to the solution film. This
pressure-induced solubility increase sets up
a chemical potential gradient which declines
away from the locus toward areas of lower
stress. lons move down this gradient by solu-
tion transfer (Durney, 1976) or diffusion, to be
either combined and precipitated as new cal-
cite cement at nearby sites where stress and
solubility both are lower, or transported in
moving pore waters to more distant sites.
Each mole of CaCO, dissolved by this mech-
anism will produce a mole of solute ions and
therefore, potentially, a mole of CaCO, ce-
ment. The analogy is nearly exact with ice
which is gradually stressed at a contact point,
say by a metal-tipped pole: ice dissolves at
the contact and a depression forms, with an
intervening film of water between metal and
ice; when the pressure is released and the
metal point removed, provided the air is
below the freezing temperature of water, ice
forms again in the depression. The main
departure from this analogy of course is that
in the subsurface the pressure is usually
maintained.
Products. Pressure-solution features are
amazingly diverse (Figure 14). Even stylo-
lites, the most spectacular products, vary so
much in amplitude and in form from one
occurrence to another that they have stimu-
lated a series of elaborate classifications
(e.g. Stockdale, 1922; Park and Schot, 1968;
Wanless, 1979).

The common denominator of stylolites and
other sutured seams (Wanless, 1979) is a
jagged surface, generally coated by insol-
uble clays, organic matter and/or other min-
erals, and made up of interlocking pillars,
sockets, and variously shaped '‘teeth'’.
Sutured seams include stylolites, many
microstylolites, and networks of anastomos-
ing microstylolites (the “fitted fabrics” of
Logan and Semeniuk (1976) and Buxton and
Sibley (1981)). Some stylolites develop selec-
tively at contacts (Figure 15) between beds or
nodules of highly contrastiiig solubilities such
as well cemented oolite and microcrystalline
dolomite (e.g. Choquette and Steinen, 1980).
Often they propagate most extensively in
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Figure 15 Stylolitic contact between ooid
grainstone above and microcrystalline dolomite
below. Finely particulate sulphides and
pyrobitumen(?) form the dark sutured seam. Core-
slab surface, bar scale 1 cm. Ste. Genevieve
Formation (Mississippian), lllinois Basin, lllinois.

Figure 16 (above) Bedding-parallel stylolites
(sutured seams) in thin beds of lime mudstone
separated by thin shaly partings (lighter gray).
Etched core-slab surface, bar scale 1 cm. Ste.
Genevieve Formation (Mississippian), lllinois
Basin, Illlinois.

Figure 17 (right) Swarms of microstylolites and
non-sutured wispy seams in a wackestone with
lenticular burrow fillings of grainstone. Bar scale is
1 ¢cm. Bajocian (Jurassic), Lincolnshire, U.K. Photo
courtesy of R.G.C. Bathurst, published by
permission.

Figure 18 Lower/Left: Outcrop photo of lime
wackestones that show ‘‘pressure-solution
bedding'' at fissile partings made up of
concentrations of microstylolites. Scale is 0.5 m
long.

Upper/Right Inset: Thin-section photo of partings
in an area such as that shown by arrow, illustrating
a concentration of dissolution seams and
microstylolites. Brachiopod shell was broken during
physical compaction, then thinned somewhat by
pressure solution. Bar scale is 0.25 mm long.
Visean (Carboniferous), Clwyd, North Wales, U.K.
Photos courtesy of R.G.C. Bathurst, by permission.
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relatively clay-free, lime mudstone and
wackestone, though they may have been
initiated at clay/shale partings between
"clean” limestone beds (Figure 16).

On the other hand, non-sutured seams
(Wanless, 1979}, have been recognized only
since the 1970's (e.g. Mossop, 1972} as fea-
tures probably caused by pressure solution
(Figure 17). These are “wispy”’ surfaces that
may extend laterally a few centimetres to
hundreds of metres. They are marked, like
sutured seams, by concentrations of arganic
matter, clays, pyrite and detrital silicates, and
commaonly dolomite of residual or syn-stylo-
lite origin. Non-sutured seams deveiop typ-
ically in limestones (and some finely
crystalline dolomites) that have significant
amounts (more than about 10%) of clay and
silt-sized quartz andfor several percent or
more of organic matter. Often it is difficult to
be sure that these wispy 1o planar seams are
the result of pressure solution rather than
physical compaction, and in fact very similar
teatures have been produced experimentally
by physical compaction and termed pseudo-
stylolites (Shinn and Robbin, 1983). It can be
equally hard to ascertain whether thinning
and draping of laminae over and under rigid
nodulas and other objects, without obvious
seams of residues, are due to the 'non-seam
dissolution” of Wanless (1979} or to purely
physical compaction as noted in Shinn and
Robbin's (1983) experiments.

In some sequences of stratified limestones
the seams are so abundant and closely
spaced as to impart a distinct pseudo-bed-
ding strikingly like depositional bedding, as
illustrated in Figure 18 (Bathurst, in prep.;
Simpson, 1985). Bathurst (in prep.) has reck-
oned that solution thinning along these non-
sutured seams may be comparable o the
thinning caused by stylolite-forming dissolu-
tion. It would seem, therefore, that there is an
important previously unrecognized source of
CaCQ,; in addition to obvious stylolites.

Recognition that non-sutured seams (also
called clay seams - Barrett, 1964; horsetails -
Roehl, 1967 and Mossop, 1972; wispy lami-
nae - Lucia, 1972; wavy laminae - Reinhardt
and Hardie, 1976, pseudo-stylolites - Shinn et
al., 1977, and “‘microstylolites” - Wanless,
1979} are pressure-solution features has led
to useful new classifications (Garrison and
Kennedy, 1977; Wanless, 1979; Buxton and
Sibley, 1981, Koepnick, 1984; Scholle and
Halley, 1985), as well as a more radical clas-
sification and terminoclogy (Logan and
Semeniuk, 1976).

The organization of pressure-solution fea-
tures outlined in Figure 19 is modified from a
conceptually simple and useful classification
by Wanless (1979). From this way of organiz-
ing the observations of many workers and
from other considerations, some points of
interest emerge as one tries to understand
the origins and dynamics of pressure-
solution features.

(1) Both sutured and non-sutured seams

can be either bedding-paraliel and single or
multiple, or reticulate, as implied in Figure 19
by the multiple stylolites and fitted nodules,

(2) Reticulate systemns of anastomosing
microstylolites (fitted fabrics) and non-
sulured seams occur as a rule in limestones
made up of abundant rigid entities of sand
size or coarser (the "idens” of Logan and
Semeniuk, 1976). These may be in grain-to-
grain contact, like coids and skelstal debris in
poorly cemented grainstones {(Buxton and
Sibley, 1981; Meyers and Hill, 1983); or, the
entities may be surrounded by more soluble
sediment, like burrow-controlled, resistant
nodules of chert or carbonate-cemented
sediment in a matrix of clayey or organic-rich
lime wackestone. Pressure solution presum-
ably starts at grain contacts {often preceded
by physical compaction). The microstylolites
then propagate irregularly through their host
to create a fitted-fabric network. The net-
work style is a result of a high degree of
heterogeneity.

(3) Bedding-parallel seams typically
develop in well-bedded and/or more homoge-
neous limestones. The homogeneity com-
monly exists either because the limestones
are lime-mud-rich with few large grains, or
because they are grain-rich but have been
extensively cemented by calcite and thus
have less contrasting solubilities than before
cementation. Well-bedded lime mudstones,
therefore, tend to have stylolites of fairly uni-
form amplitudes. Rudstones commonly have
stylolites that parallel stratification but vary in
their amplitudes because of grain-to-grain
solubility contrasts. Sequences in which rela-
tively pure limestones are interlayered with
organic-rich and/or clay-rich limestone inter-
vais tend to undergo strong compaction and
intense development of stylolites in the less
pure intérvals (e.g. Figure 18).

(4) Although recent experimental work
suggested to Baker ef al. (1982) that clays
reduce the solubility of calcium carbonate
with which they are admixed, a large body of
field, petrographic and other observations by
many other workers indicates the opposite,
namely that clays and/or organic matter) seem
to be required in order for pressure-solution to
occur. Furthermore, as just noted, many solu-
tion seams show signs of having been initiated
along ciay partings or clayey zones.

Notwithstanding that many aspects of
pressure-solution are poorly understood, still
it is useful to try and put together the obser-
vations just considered, in a way that may
suggest some dynamics for the initiation and
propagation of pressure-solution features. As
shown diagrammatically in Figure 20, styl-
olites and microstylolites may begin either as
sutures along conlacts between rigid grains,
nodules and the like, or as non-sutured
seams in clay-nich zones and clay parlings.
Once initiated, the sulures propagate at ap-
parent rates and in patterns that appear to
vary in space and time. It was once thought
that stylolite geometries are governed in part
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by solubility contrasts between grains and
other rigid entities (Stockdale, 1922, 1943;
Coogan and Manus, 1975). Dunnington
(1954) showed, however, that this factor
alone cannot be enough because it fails to
explain the wvariations in geometry found
among stylolites. A more plausible kinematic
control on the development and form of stylo-
lites has been proposed by Guzzetta (1984).
This kinematic modei of migrating dissolution
domains is based on the hypothesis that dis-
solution can only take place on one side at a
time of & pressure-solution contact surface,
and will shift from one side 1o the other
through time. Where multiple stylolites are
initiated, some propagate parallei as well as
normal to the direction of maximum stress,
and these then accommodate the stress
selectively and continue to grow at the ex-
pense of the others.

Does pressure solution end? If it requires
only a solution film to proceed, with or without
an accompanying fluid-filled pore system,
and if metamorphism too involves an inter-
crystalline fluid film in which ion diffusion can
occur, then pressure solution may not end or
be precluded in carbonate rocks that have
essentially zero porosity and permeability
(R.B. Halley, pers. comm., 1986). Perhaps all
that is required is that, in any given set of
extrinsic conditions, lithostatic or directed
pressura at a contact point or surface must
only exceed scolution film or pore-fluid
pressure by some threshold amount.

Factors that Influence Pressure Solution
The factors that determine when in a sedi-
ment's burial history pressure solution will
become significant, under what conditions it
will slow or cease, and its role relative to
physical compaction and cementation, are all
poorly understood. What is clear is that a
large number of factors can be influential and
act together. Among these are the amount of
overburden (lithostatic pressure), possibly
temperature because of its effects on carbon-
ate mineral solubilities, early cementation
and dolomitization, water chemistry, water
flow rates, pore-fluid pressure, presence of
liquid hydrocarbons, CaCO, mineralogy, clay
minefal content, content of organic matter,
and host-rock porosity and permeability.
Many of these factors also influence carbon-
ate cementation, and most of them have
been reviewed in detail recently by Feazel
and Schatzinger (1985).

Burial Depth. Chemical compaction proba-
bly starts in marine sediments within the first
few hundred metres of burial. There and until
the sediments are firmly cemented, particle-
to-particle pressure solution and peint-con-
lact cementation (the ‘‘spot-welding” of
Mapstong, 1975) seems to be the dominant
style of pressure solution. Non-sutured and
sutured seam pressure-solution features
may begin to form toward the lower end of
this depth range and certainlty become ob-
vious after about a kilometre of burial.
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Figure 19 Styles of pressure-solution. Modified from Waniess (1979).
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In carbonates being buried in dilute pore
waters, the minimum burial depth needed to
initiate chemical compaction is likely to be
more variable and may often be less. Pres-
sure solution in shallow-marine grainstone
and packstone of Mississippian age in south-
eastern New Mexico apparently began after
"'tens to hundreds of metres’ of burial
(Meyers and Hill, 1983), resulting in fitted
fabrics of microstylolites. Stylolites are well
developed in Mississippian lime mudstones
in the Ninois Basin subsurface, about 150 m
below the unconformity separating the Mis-
sissippian and Pennsylvanian systems there,
and buried now under 550 m of overburden
{Choquette and Steinen, 1980). In limestones
of the uppermost Madison Group {Mississip-
pian) in parts of western Wyoming, stylolites
are intensely developed within a few metres
to tens of metres of the post-Madison uncon-
formity, and diminish in intensity downward,
suggesting that their distribution may have
been influenced by very near-surface mete-
oric-water diagenesis. Thus, the suggestion
of Dunnington (1967} that pressure solution
becomes effective and stylolites become
abundant after burial to around 600-900 m is
probably an oversimpiification.

Pore-Water Composition. Pressure solu-
tion seems to be acceleraled, and physical
compaction may be inhibited, by Mg-poor
meteoric waters as opposed to marine-
derived pore waters. Neugebauer (1973,
1974), drawing on work by Lippmann (1973)
and some others, concluded that high Mg2 +
activities and high Mg2+ /Ca? + ratios in North
Sea and deep-sea chalks were partly respon-
sible for inhibiting their cementation and
porasity reduction by inhibiting pressure
solution. The inhibiting effect is apparently
due to the high hydration energy of Mg?+,
which decreases with rising temperature
{Bjorlykke, 1983). These considerations sug-
gest that pressure solution should be
favoured in burial settings characterized by
meteoric input and should accelerate with
rising burial temperature.

Metastable Mineralogy. Wherever ara-
gonite and high-Mg calcite persist into the
burial environment they should favour pres-
sure-solution, giving their host limestones a
high "‘diagenetic potential”’ for alteration
{Schlanger and Douglas, 1974}. Deep-sea
nannofossil-foramintterat oozes have low
diagenetic potentials because their calcium
carbonate is all iow-Mg calcite. This is a factor
in accounting for their slow rates of pressure-
sclution, cementation, and porosity
reduction.

Clay Minerals. On balance, as discussed
earlier, clays appear to foster pressure solu-
tion. Marshak and Engelder {1985} con-
cluded from petrographic and X-ray
diffraction evidence that in order for spaced,
pressure-solution cleavage of tectonic origin
to develop in limestenes, clays must be pres-
ant between grains or along crystal bound-
aries to provide '‘interconnectivity” of

dissolution sites at grain boundaries with the
larger-scale, free-fluid system. Bathurst has
concluded (pers. comm., 1986} that the
amount of clay and associated fines has an
influence on the style of pressure solution:
Sutured-seam stylolites of the sort illustrated
in Figures 15 and 16 are favoured where clay/
silt content is significant but less than about
10%, whereas non-sutured seams like those
in Figures 17 and 18 tend to develop if clay/silt
content exceeds about 10% and/or there is a
significant amount (more than a few percent)
of organic matter. Where there is neither clay
nor organic matter, stylolites are unlikely to
develop. Stylolites commonly seem to start
developing along clay-shale partings. The
observations of Marshak and Engelder
(1985) are relevant in this connection. They
found that pure lime grainstones deform pri-
marily by twinning, with only isolated tectonic
stylolites, and rarely develop tectonic (pres-
sure-solution) cleavage. They also observed
that sutured, stylolitic seams develop in rela-
tively clay-poor limestones and non-sutured
seams in the more clay-rich limesiones.
Early Dolomitization. Early, pre-burial or
very shallow-burial dolomitization can inhibit
or preclude stylolites from forming. For
example, lime mudstones have superbly
developed bedding-parallel stylolites in the
Ste. Genevieve Formation (Mississippian) in
the lllinois Basin, but closely associated
microcrystaliine dolomites that formed by
local alteration of similar precursor lime muds
have no stylolites (Choquette and Steinen,
1980). The dolomites acquired a ‘'grain-sup-
ported’ crystal framework that resisted
stylolitic pressure soluticn.

Liquid Hydrocarbons. Early introduction of
oil into the pore systems of limestones stilt
undergeing chemical compaction tends to
inhibit or shut off the process, and can entirely
prevent the formation of stylolites (Dun-
nington, 1967) as well as other pressure-
solution effects including “*autocementation”.

Burial Cements

It is now clear that much of the carbonate
cement in many well-lithified limestones was
emplaced dunng burial diagenesis. Essen-
tially aft cementation in deep-basinal sedi-
ments that were never uplifted into the
meteoric, chalks included, must be of burnial
onigin (see Schlanger and Douglas (1974) for
a thoughtful review of chalk diagenesis in
DSDP cores, and Coniglic (1985) for an in-
depth study of the petrology of ancient deep-
marine limestones). Much of the cement in
ancient shallow-marine, peritidal, and plat-
form-margin limestones is of burial-diagene-
tic origin (Talbot, 1971; Meyers, 1974, 1978;
Grover and Read, 1983; Mattes and Mount-
joy, 1980; Moore and Druckman, 1981; Eiliott,
1982; Frank et al., 1982; James and Klappa,
1983; Burruss et al., 1983; Walkden and
Berry, 1984; Choguette and Steinen, 1985;
Druckman and Moore, 1985; Mruk, 1985;
Brinton, 1986). The importance of burial-
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diagenetic cementation has also been
forcefully argued on grounds of stable-isotope
compositions by Hudson (1975, 1977) and on
this and other evidence by Bathurst (e.g, 1975,
1984) and Scholle and Haliey (1985).

Shallow Burial ‘*‘Marine’' Cements

Cements of early, shallow bunal origin {first
few metres to tens of metres) in deeper
marine seftings include displacive fibrous
calcite (also called “beef’ and ‘'cone-in-
cone”; see Fig. 4), a variety peculiar to highly
argillaceous mudstones; and low-Mg calcite
cements of micrte, microspar and slightly
coarser crystal sizes (ca. 1-200 m) found in
fine-grained sediments including chalks.
Coniglio {1985} has recently documented in
detail the sedimentology, petrography and
geochemistry of all these shallow-burial
cements in Cambro-Ordovician slope and
basinal limestones of western Newfoundiand.

Deeper-Burial Cements

In chalks the burial cements are micro-to-
nannocrystalline, from around 1 to 10 microns
except in internal cavitios of some skeletal
graing, and so have been sludied best with
the scanning-electron microscope (e.g.
Matter, 1974; Scholle, 1977, Feazel of al.,
1985). Chalk cements have not yet been
investigated in terms of cement zonation and
geochemistry because of their ultra-small
crystal sizes. The principal types of burial
cements found in shallow marine/peritidal
limestones include: clear coarse calcite (calc-
spar or coarse equant spar); clear-to-
turbid coarse dolomite or dolospar ("‘saddle”
dolomite of Radke and Mathis, 1980;
“baroque” dolomite of Folk and Assereto,
1974}, the xenotopic dolomite of Gregg and
Sibley (1984); and coarse anhydrite. Various
lines of svidence including aguecus fluid
inclusions, oxygen-isotope compoesitions and
cement zonation demonstrate that these bur-
ial cements can form over a substantial
range of conditions. These include ternpera-
tures from around 40-50°C to perhaps 200°C
or higher, burial depths from a few hundred
metres or less (Meyers, 1980) to kilometres;
formation water compositions ranging from
brackish to highly saline, from acidic to
strongly alkaline pH values, and from moder-
ately to strongly negative Eh values; water
flow rates that probably range from almost
stagnant to moderately rapid for ground
water {order of less than 110 m-yr-}; and time
intervals of anywhere from a few thousand(?)
to tens of millions of years.

The general characteristics of coarse bur-
ial cements (Figure 21) are now well estab-
lished. The cements are commonly ferroan
{more than 500 ppm ferrous iron) and
enriched in Mn2+ (more than 100 ppm) but
impoverished in Sr2+ compared with asso-
ciated earlier diagenetic cements, and have
oxygen-isotope compositions depleted in
8Q. Their cathodoluminescence (CL) is
characteristically dull and may or may not
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show compositional zonation. Aqueous fluid
inclusions (generally containing both gas and
liquid phases) and hydrocarbon inclusions
are common.

The significance of iron and manganese in
the 2+ valence state is that they require
reducing conditions to exist. Although in
theory the waters may have positive Eh
values (Frank et al., 1982), in actuality those
deep formation waters for which analyses
have been made (e.g. White, 1975; Collins,
1975; Drever, 1982) have at least moderately
negative Eh. Consequently, ferroan and
manganoan carbonate cements must pre-
cipitate from at least moderately reducing
pore waters (Oglesby, 1976; Pierson, 1981;
Frank et al., 1982). Near-surface meteoric
ground water is normally well oxygenated
(Evamy, 1969), but the distal parts of inter-
mediate and deep carbonate aquifers remote
from recharge areas can be anoxic (e.g.
Grover and Read, 1983).

Cathodoluminescence (CL) is favoured by
the presence of Mn?+ but inhibited by Fe?+.
The ratio of these two cations seems to be
more important than their absolute con-
centrations in determining CL (Pierson, 1981;
Frank et al., 1982; Grover and Read, 1983;
Fairchild, 1983; ten Have and Heijnen, 1985).
Other cations such as Pb2+ and Ce?* may
serve as activator ions and Niz+ and Co?*
as inhibitor ions (Machel, 1985), though they
are clearly subordinate to Mn?+ and Fe?*
and it is unclear whether they affect primarily
CL or photoluminescence.
Bladed-prismatic calcite. This cement con-
sists of elongate scalenohedral crystals, gen-
erally found growing directly on grain
surfaces or atop earlier, marine cements.
Crystals are a few tens of micrometres
across and up to a few hundred micrometres
long, and have prismatic terminations. CL is
typically dark with one or more bright lines
(Figure 22). Generally where more than one
cement type other than marine occurs,

bladed-prismatic calcite is the oldest. Some
of these cements, for example in the Lower
Cambrian Forteau Formation of Labrador
(Figure 22), have two stages, an older stage
rich in fluid inclusions and a younger one
essentially free of inclusions (James and
Klappa, 1983). Bladed-prismatic cements
observed in Jurassic Smackover limestones
of the Gulf Coast, on the other hand, were
found to contain two-phase fluid inclusions,
suggesting to O’Hearn (1985) that they origi-

BLF}DED PRISMATIC

/

7
COARSE MOSAIC
CALCSPAR

PLANE LIGHT

nated in hot brines. The origins of these
interesting cements are unresolved, but the
usual position of such cements in paragene-
tic sequences, and the typically dark-bright
cathodoluminescence, argue for an origin
somewhere in the meteoric, in part in
brackish waters of mixed fresh and marine
origins. Isotopic compositions found by Mruk
(1985), Brinton (1986) and some others are
compatible with this interpretation, but details
of the settings responsible remain unclear.

BURIAL
CALCITE
CEMENTS

NON-LUMINESCENT
BRIGHT

DULL

CATHODOLUMINESCENCE

Figure 21 Sketches of burial-diagenetic cements as they appear in plane light and cathodoluminescence

Figure 22 Muitiple generations of burial calcite cement in a small reef limestone cavity rimmed by Renalcis and early marine cements.
Left: plane light, illustrating bladed prismatic (arrows) and coarse mosaic calcspar.
Right: cathodoluminescence, illustrating black, non-luminescent prismatic crystals (arrows) with brightly luminescent tips and dull but zoned Juminescent coarse

mosaic calcspar. Bar scale is 1 mm. Lower Cambrian, Labrador.
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Coarse mosaic calcspar. This cement typ-
ically consists of plane-sided, equant crystals
ranging from tens to hundreds of microns in
size, which may or may not be noticeably
ferroan and generally have dull, zoned or
unzoned CL (Figure 22).

Poikilitic calcite. These crystals can be
several millimetres in size and large enough
to enclose several depositional grains, and
otherwise have dull CL like the coarse
mosaic calcspar.

Coarse Dolomite Cement. Saddle or
baroque dolomite and xenotopic dolomite are
other varieties of burial cement which often
are ferroan. Saddle dolomite (Radke and
Mathis, 1980) is typified by curved cleavage
traces and crystal faces, a peculiar and dis-
tinctive sweeping extinction in cross-polar-
ized light caused by a distorted crystal lattice,
and often zonation in terms of Fe2+ and Mn2 +
concentrations as well as CL (Figure 23).
Xenotopic dolomite (Gregg and Sibley, 1984)
is typically of mosaic style and consists of
anhedral crystals with irregular or curved
boundaries, fine 1o coarse crystal sizes (ca.
0141 mm) and, as a rule, undulatory extinc-
tion. From experimental and geochemical
considerations it appears to form at tempera-
tures of about 50°C and higher. Late-stage
burial dolomite cements have been reported
in limestone and dolomite sequences in
many regions (Choguette, 1971; Radke and
Mathis, 1980; Mattes and Mountjoy, 1980;
Choquette and Steinen, 1985; Moore and
Druckman, 1981; Grover and Read, 1983,
James and Klappa, 1983; Druckman and
Moore, 1985; Prezbindowski, 1985). Com-
monly the dolomite is closely associated with
burial calcspar cement which it either pre- or
postdates. Saddle dolomite partly of replace-
ment origin has been discovered recently in
grainstones of the Jurassic Smackover For-
mation in the Louisiana Gulf Coast (D.H.
Mruk, pers. comm., 1986). The precipitation
of saddle dolomite in preference to calcspar

seems to be favoured by the presence of
dolomite-crystal substrates, and at the rela-
tively high temperatures of the bural dia-
genetic realm can take place in waters with
relatively low Mg2+/Ca?+ ratios (Rosenberg
and Holland, 1964).

Coarse Anhydrite Cement. Large crystals
of anhydrite, in some instances poikilitic
forms, can be seen in many buried lime-
stones associated with units of anhydrite,
often in carbonate-evaporite cycles (Brinton,
1986). Paragenetically, anhydrite cement
may predate or postdate the burial carbonate
cements (Figure 23). Its presence suggests
formation, or conversion from gypsum, at
depths of something over 300 m since above
that approximate depth gypsum is the more
stable form of calcium sulphate (Murray,
1964).

Criteria for Recognition of Burial
Cements

Although the characteristics just outlined are
generally reliable indicators of deep-burial
origin, the surest criteria are those based on
determining that cements actually postdate
other burial-diagenetic features, such as
physical compaction features, stylolites and
microstylolites, and hydrocarbons or their
alteration products (Figure 24). Generally
speaking, cements can be safely dated as
“late” if they are involved in one or more of the
following kinds of time-space relationships:

(1) Cement crystals cross-cut stylolites, or
microstylolites or pressure-solution seams
end at cement crystals.

(2) Cements heal fractured grains or spalled
ooid cortices.

(3) Cement crystals postdate the physical or
chemical compaction of grains (filling "‘com-
pacted pores’’), or enclose or replace com-
pacted grains.

(4) Cement crystals enclose or postdate
hydrocarbon alteration products such as
asphalt or pyrobitumen.
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(5) Cements fill tectonic fractures or fill dis-
solution pore spaces which themselves were
formed by removal of both grains and early
burial cements.

Conditions of Cement Precipitation

Most burial cements, as outlined earlier,
formed over a wide range of conditions.
Temperature. Burial calcite and saddle dolo-
mite cements evidently precipitate over a
range of temperature from ~40° to 200°C
or somewhat higher but most commonly
between ~50° and 150°C, and at burial
depths between a few hundred metres and
several kilometres. Precipitation tempera-
tures have been estimated by three indirect
methods, from (1) the temperatures at which
primary two-phase fluid inclusions homog-
enize to a single, vapour phase when heated,
(2) stable-oxygen isotope compositions, and
(3) inferred geothermal gradients (see Fig. 2)
and burial depths at the time of cement
precipitation.

Salinity. The aqueous solutions from which
burial calcite and dolomite cements precipi-
tate, judging from a large number of deter-
minations of freezing and initial melting
temperatures of fluid inclusions, are gener-
ally brines of varying salinities. Most of these
brines seem to be of Na-Ca-Cl type, and the
common salinity range is about 10-100 parts
per thousand (%o)(seawater = 35%q). Some
of the high salinities are from cement inclu-
sions in sequences associated with evap-
orites, such as the Jurassic Smackover
Formation in the US Gulf Coast (e.g. Kloster-
man, 1981; O'Hearn, 1985), where the
ambient pore waters probably reflect dissolu-
tion of evaporites (Collins, 1975; Carpenter,
1978; Moore, 1985). Furthermore, not all
cements judged to have formed in burial set-
tings have two-phase aqueous fluid inclu-
sions. Nor does it follow that all pore waters
responsible were brines; what we know sug-
gests however, that many were brines.

Figure 23 Burial cements in a phylioid-algal mold in skeletal grainstone.
Left: plane light, illustrating mosaic calcspar (C), saddle dolomite (D) with inclusion-rich centres, and anhydrite (A) partly replacing a zoned dolomite rhomb. Dark
areas in central part of photo are pore spaces.
Right: cathodoluminescence, illustrating unfilled pore space (black) and outer zones in saddle dolomite cross-cut by non-luminescent anhydrite. Bar scale is 1 mm.
Paradox Formation (Pennsylvanian), southeastern Utah (Brinton, 1986). Photos courtesy of L. Brinton, published by permission.
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Isotopic Compositions of Cements and
Waters. Burial cements typically show a pro-
gression, from older to younger cement gen-
erations and alse within generations, loward
lighter and lighter stable-isotope composi-
tions: their 4'3C values decline only slightly,
whereas their 580 compositions decrease
sharply, by as much as 10-15%a (Figure 25).
This same progression was observed by
Dickson and his co-workers {Dickson and
Coleman, 1980; see also Moore, 1985) in a
series of compositional zones painstakingly
sampled within singfe crystals of burial
cement.

Moreover, burial cements are virtually with-
out exception isotopically “lighter” {(depleted
in the heavier isotopes of C and Q) than
earlier marine and meteoric cements as well
as marine depositional constituents in the
same carbonates, These relationships have
been observed in a large number of studies
both for calcite-dominated cement systems
{e.g. Tan and Hudson, 1974; Walls et al.,
1979; Meyers and Lohmann, 1985; Prezbin-
dowski, 1985; Moorse, 1985; Brinton, 1986),
and for systems of multiple dolomite cements
in early-diagenetic dolomite and limestone
{e.g. Choquette, 1971; Fritz and Jackson,
1972: Mattes and Mountjoy, 1980; Choguette
and Steinen, 1980; Brinton, 1986). However,
Halley has cautioned that some burial
cements may have relatively heavy 490
values and go unrecognized simply because
we expect strongly negalive values; for
example, reservoir water in the Sunniland
Field, south Florida has 4'€0 of + 10%eand at
present reservoir temperature would make
calcite cement with only -2 to -3%. Land and
Prezbindowski (1981) report values of + 1210
+29%, for waters from deeply buried
Cretaceous carbonates of south Texas (R.B.
Halley, pers. comm., 1986).

The progressive decreases in oxygen-
isotope composition primarily reflect increas-
ing temperatures of the precipitating waters.
These can be estimated by using assumed or
determined values for the oxygen-isotopic
compositions of the waters. Graphic charts of
the sort published by Prezbindowski (1985)
for calcite-water systems based on equi-
librium relationships worked out by O'Neil et
al. (1969), and by Land (1985} for dolomite-
water systems can be consulted for this pur-
pose. Using the chart by Prezbindowski
(1985) one can get a sense of the tempera-
ture ranges invoived in individual suites of
burial cements. For example, cements with
5180 values B%s apart would have precipi-
tated at temperatures about 70°C apart,
assuming a water of constant isotopic com-
position. Since progressively younger burial
cements commonly have precipitated from
progressively more saline and presumably
more '80-enriched waters, lemperature
ranges like the one just cited must be
minimum values.
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Figure 25 A graph showing the hypothetical trend of systematic changes in isotopic compoesition which
accompany the diaganesis of a manne carbonate sediment (A), first in the meteoric realm (B), then n
possibly a mixing zone with precipitation of prismatic cement (C), and finally in successively deeper parts of
the bural domain with precipitation of coarse calcspar (D) and saddle dolomite (E) The sequence of
cements from B through E was precipitated from progressively hotter waters. This generai trend, aithough
hypothatical, has been observed in carbonates — both limestones and dolomites, with both caicite and
dolomite cements — from & great many areas and stratigraphic units. it may well be the “'normal” trend of
cement siratigraphies in the deep-burial domain.
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Origin of Burial Cements

Passive Cementation. As in any other car-
bonate-water system, CaCO, dissolved in
one place can be transported over large dis-
tances before conditions are right for pre-
cipitation. It has been shown (e.g. Pray, 1966;
Dunham, 1969; Bathurst, 1971, p. 440-441;
Scholle and Halley, 1985) that in order to
precipitate one volume unit of calcite cement
from an imported aqueous solution with rea-
sonable CaC0, content, something on the
order of 10,000 to 100,000 unit volumes of
solution is required. Is water flux likely to be
large enough to meet these needs? In rela-
tively shallow aquifers with flow rates of
~5-20 metres per year such as the south
Florida Tertiary aquifer (Back and Hanshaw,
1971) and the Madison Limestone aquifer of
Wyoming, Montana and the Dakotas
(Hanshaw et al., 1978), cementation appears
to be an active present-day process. But in
strata that are buried at depths of several
kilometres such as the Smackover in much of
the US Gulf Coast, and are unconnected with
active aquifers, formation water flow rates
are likely to be very small. In the opinion of
some workers (e.g. Wood and Hewett, 1984)
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Figure 26 A core-slab surface illustrating the
common association of anomalously low porosity
(< 6%) with stylolites. Porosities above and below
the thin stylolite-related interval are 15-20%. The
arrows indicate positions of pores that were used
to define the boundaries of the “tight'' horizon.
Devonian Kaybob reef, Swan Hills Formation,
Alberta (Wong and Oldershaw, 1981). Photo
courtesy of PK. Wong, published by permission.

no formation waters are likely to be completely
static even if overpressured, and some circula-
tion with flow rates of at least 1 metre per year
must take place by convection alone.
Autocementation. An increasingly convinc-
ing body of evidence points toward the view
that in partly closed systems pressure solu-
tion may be the main agent for cementation
in limestones undergoing burial diagenesis
(Hudson, 1975, 1977, Scholle and Halley,
1985). Most studies that have attempted to
find cause-effect relationships between
stylolites and burial cements, however, have
not clearly established such relationships. A
few authors have noticed that stylolites com-
monly occur in intervals of anomalously low
porosity (Harms and Choquette, 1965; Dun-
nington, 1967; Nelson, 1981), but have not
established that the cement occluding the
porosity was genetically related to the stylo-
lites. The only investigation known to us
which demonstrated a direct link unequivocally
was by Wong and Oldershaw (1981). Those
authors showed not only a spatial relationship
between stylolites and intervals of low porosity
(Figure 26) but a time relationship as well, in
which cement zones were found to be genet-
ically related to stages in stylolite growth (Fig-
ure 27). The cements are very coarse and the
zones, revealed by staining with KFeCN solu-
tion, are so spectacular that they can be seen
with the unaided eye.

Is it possible that similar time-space rela-
tionships exist in other stylolitic and once-
porous limestones but have not been identi-
fied? To discern them in more finely crystal-
line cements would require very critical
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observations and some measure of luck.
Buxton and Sibley (1981) argued that flow
rates in limestone aquifers are too high to
favour the transport of ions released by pres-
sure-solution solely by diffusion along solu-
tion films to nearby precipitation sites.
Wherever solution films are connected to
water-filled pore systems in which flow is
significant, the films should discharge their
load of ions into the flow system.

Factors that Promote Burial Cementation.
It is generally accepted that supersaturation
with respect to both calcite and dolomite pre-
vails in most subsurface pore waters. Excep-
tions are the shallow ‘“‘upstream' (up-
gradient) parts of aquifers that are being
actively recharged, like the Mississippian
Madison Formation in the northern US Rocky
Mountain and high plains region (Hanshaw et
al., 1978) and the confined Biscayne aquifer
(Cenozoic) of south Florida (Kohout, 1965,
1967; Back and Hanshaw, 1971); there, under-
saturation and dissolution are common. The
general condition, however, is one of super-
saturation. It is likely to be achieved primarily
by dissolution of CaCO, increasing the
activities of Ca2+ and CO,2 in ambient pore
waters. Supersaturation is likely to be main-
tained as long as significant precipitation of
carbonate cement or significant dilution of
system pore waters by meteoric water do not
occur.

Increasing temperature should also work to
enable the precipitation of calcite, which
is retrograde (Helgeson, 1969). Although
increasing pressure partly counters the
effects of temperature, experimental work by
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QK

Figure 27 Diagrams showing the development of a stylolite and the concurrent precipitation of coarse,
zoned cements with CaCQ, produced by pressure solution. In its later stages the stylolite grew at the
expense of some of the earlier cement. Fe-rich cement is black, Fe-poor cement is white, and pore space is
stippled. Devonian Kaybob reef, Swan Hills Formation, Alberta (Wong and Oldershaw, 1981). Diagram

courtesy of PK. Wong, published by permission.
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Figure 28 Scanning-electron micrographs of chalk from a well in the Ekofisk area of the North Sea, illustrating the retarding
effects of hydrocarbons on burial cementation. Samples A, B are from high in, ¢, D from the middle of, and E, F from below the
hydrocarbon zone. Pore-fluid pressures are believed to be approximately equal in the three intervals. Cementation by calcite
was extensive in the lowest, water-saturated zone but was slight in the two zones above, suggesting that it was impeded by
hydrocarbons. From Feazel et al. (1985b), courtesy of C.T. Feazel, published by permission.
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Sippel and Glover (1964) and Sharp and
Kennedy (1965) indicates that over the tem-
perature range from about 25°C to 200°C the
solubility of calcite in waler decreases by
about two orders of magnitude. As much as
half of this decrease may be counteracted by
increasing pressure, but the change may be
significant nevertheless.

Another mechanism that may promote the
precipitation of carbonale cements in situa-
tions where fracturing and faulting sharply
alter the hydrology and pore-fluid pressure of
a sequence or basin is CO, outgassing.
Hanshaw et a/. (1978) suggested this mecha-
nism as a means of precipitating carbonates
from meteoric ground water subjected to
reduced pressure at the earth’s surface. The
same process may operate in special situa-
tions in the deep subsurface. There, where
pore-fluid pressures are likely to be one to
two orders of magnitude larger than any in
the near-surface meteoric, pC02 also is likely

to be much higher. Any fault or fracture sys-
tem that suddenty, in terms of geologic time,
connects the aqueous pore-fluid column in
the deep-burial domain with that in the shal-
lower subsurface will abruptly reduce the
pore-fluid pressure of the system connected

with the opened fractures, dropping the pCOZ

and causing carbonates to precipitate both in
the fractures and in the adjoining water-filled
pore systems.

Rates of outgassing are highly lempera-
ture dependent; a warm bottle of carbonated
beverage, for example, loses its CO, much
more quickly than a cold one. The mecha-
nism is operative where travertine deposits
form at the surface vents of hot springs in
carbonate terranes. That it may indeed oper-
ate in the subsurface is strongly suggested
by the fact that dilation fractures and breccias
in carbonate rocks, whether of tectonic or
other crigins, commonly are filed by coarse
calcite or dolomite cernent for which oxygen-
isotope compositions indicate precipitation
from hot formation waters; furthermare,
these fracture-filling cements often have the
same isotopic composition as cements in the

"wallrock™ argund them (e.g. Murala et al.,
1969; Choquette, 1971). Baroque dolomite
fillings are common and well known in brec-
cias, fractures and *'zebra structures” found
in Mississippi Valley-type sulphide-ore
gangues and in numerous epigenetic dolo-
mite reservoirs of petroleum. Perhaps CO,
outgassing through fracture systems was
instrumental in their origin.

Factors That inhibit Cementation. The most
clearty identifiable of these (Table 3) have been
outlined earlier and are discussed by Feazel
and Schatzinger (1985). Entry of hydrocarbons
is one of the more important inhibiting factors
and has been documenled in many lime-
stones, as illustrated in Figure 28.

Dissoluticn in Burial Diagenesis

The discovery of solution porosity in sand-
stones, attributed by some to CQ, and/or
H,S generated during burial diagenesis
(Schmidt and McDonald, 1979; Hayes, 1979),
led shortly 10 a successful search for solution
porosity of likely deep-bunal origin in lime-
stones. Pore space believed to be of this
origin was reported by Moore and Druckman
(1981; also Druckman and Moore, 1985:
Moare, 1985) in deeply buried (> 2-3 km) ooli-
tic and pisolitic limestones of the Upper
Jurassic Smackover Formation in the US
Gulf Coast. Around that time, solution poros-
ity of presumed burial-diagenetic origin was
also reported by Elliott (1982) in limestones of
the Mississippian Mission Canyon Formation
in the Williston Basin.

The solution pores may be fabric-selective
or not (Choquette and Pray, 1970) and
include molds, vugs, and solution-enlarged
interparticle voids. Fabric-selective pores
may be related to previous diagenetic history.
A suite of metastable carbonate sediments
which is altered and lithified in the meteoric
environment may be entirely calcite, but not
all its components are the same. Calcite
cement is a pure precipitate; calcitized ara-
gonite and Mg-calcite allochems are precipi-
tated calcite with minor embedded organic
and mineral relics and high trace element
cantent; original calcite fossils are biogenic

Inhibiting

Stable CaCO, mineralogy

Dilute pore waters

Hydrocarbons displace pore waters
Low-flux hydrology

Increase in pc02 (higher pore pressure)

Decrease in temperature
Reduced porosity and permeability

Table 3 Factors that influence cementation in the deep-burial environment.
Based in part on Feazel and Schatzinger (1985).

Enabling

Metastable CaCQ, mineralogy
Pressure-solution

High-flux hydrology

Highly oversaturated pore waters {if
high flux)

Increase in temperature
Decrease in pCO2

21

calcite containing organic templates. In the
new burial environment, because of dif-
ferences in crystal size and composition,
microporosity, and amount and kinds of origi-
nal organic matter, the relative solubilities of
these components will be subtly different:
biogenic calcite > caicitized aragonite or Mg-
calcite > calcite cement. Fabric-selectiva
dissclution of biogenic calcite aikochems and
possibly of calcitized aliocherns may subse-
quently take place during burial {Donath et
&l., 1980; James and Klappa, 1983). This is
also manifested by silicification of biogenic
calcite and Mg-calcite allochems (bryozoans,
brachiopods, echinoderms) in the subsur-
face, while original aragonite allochems (moi-
luscs, scleractinian corals) are preserved as
calcite.

Non-fabric-selective voids may begin as
interparticle pores or molds and quickly
enlarge. Features that point toward a burial-
diagenetic origin of these pore spaces are
illustrated in Figure 24, and examples of
these types of voids are shown in Figure 29
and 30.

Pores commonly cross-cut both carbonate
grains and cements, in siluations where the
cements are clearly of post-<compaction, bur-
ial origin. In other cases, solution pores occur
along and locatly cut across stylolites, which
they therefore postdate {Figure 30).

This rather enigmatic, burial-diagenetic
porosity has been ascribed by most workers
to formation waters with anomalousty high
concentrations of CO, that were supplied by
the thermal decarboxylation of organic mat-
ter (kercgen). According to Lundegard
(1985), however, a more likely source of CO,
to account for dissolution of carbonate
cement in sandstones of the Wilcox Forma-
tion (Tertiary) of the Texas Gulf Coast is a
series of hydrous pyrolysis reactions
between organic carbon and oxygen in water
to yield CO, or organic acids. These reac-
tions would have occurred in connate waters
expelled into the Wilcox sandstones from
compacting shales downdip. An alternate
mechanism, the production of strongly acidic
waters by sulphate reduction {in reaction with
methane, tor example) to produce CO, and
H.S, seems possible in formation waters
reducing enough to produce cements, and
may have found some support in the discov-
ery of abundant iron sulphides in some
Smackover limestones (L.M. Walter, oral
comm., 1985).

Whatever the mechanism(s) may be, there
is littke doubt that {1} solution porosity can be
generated in the deep subsurface and may in
places be significant, and (2) organic com-
pounds, possibly including liquid hydrocar-
bons andfor erganic acids, are implicated. It
is unclear as yet whether solution porosity of
this origin is to be found generally in lime-
stones and sandstones situated updip in the
flow paths of connate waters being expelled
from compacting shales, and the prediction
of such late porosity is a difficult challenge.
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Figure 29 Solution porosity interpreted as burial diagenetic in origin (Elliott, 1982).
Left: Solution vug that cross-cuts both grains and dolomite-lined microstylolites. Most grains are flattened pisolites.

Right: Small vug formed by dissolution of micrite matrix in a pisolite pac
are 1 mm. Mississippian Mission Canyon Formation, Williston Basin, North Dakota. Photos courtesy

Figure 30 Solution pores (P) and calcspar (C)
interpreted as burial diagenetic, formed by
dissolution along a stylolite. Bar scale is 1 mm.
Mississippian Mission Canyon Formation, Williston
Basin, North Dakota (Elliott, 1982). Photo courtesy
of T.L. Elliott, published by permission.

kstone. Calcite crystals interpreted as warm-water precipitates partly line the vug. Bar scales
of T.L. Elliott, published by permission.
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Figure 31 A plot of percent porosity versus depth for various limestone sequences. All but the deepest
curve (to 6 km) are for Cretaceous and Tertiary chalks (from Scholle, 1977, Lockridge and Scholle, 1978;
Schianger and Douglas, 1974). Chalk curves other than for DSDP carbonates and chalks from the Scotian
Shelf and North Sea well L16/1 probably refilect some diagenesis in the meteoric. The deep curve is for
shallow-marine and peritidal limestones from the south Florida shelf: the dotted lines enclose the spread of

data for this curve (after Schmoker and Halley, 1982)
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Changes in Porosity with Depth

The sum of all these processes and products
should be reflected in changes in porosity
with depth.

General Trends. Most reliable information
comes from Cretaceous and Tertiary chalks
in oceanic settings as a result of the Deep-
Sea Drilling Project (DSDP), synthesized by
Garrison (1981). Data for chalks in the North
Sea, adjoining areas in Great Britain, and the
US High Plains and Gulf Coast have been
developed or synthesized by Scholle (1974,
1977), Lockridge and Scholle (1978), Scholle
and Halley (1985). All of the porosity-depth
information for the South Florida basin
comes from studies by Schmoker and Halley
(1982) and Schmoker (1985).

Figure 31 gives most of the porosity versus
depth curves that have been published to
date, and shows a number of important fea-
tures. The DSDP curve, when combined with
data for North Sea chalks (1 well, Scholle,
1977), has an exponential shape: rates of
porosity reduction are highest at shallow
depths and decrease exponentially with bur-
ial depth. The same is true for South Florida

basin limestones, even though they appear
to be much more varied lithologically than the
chalks and likely spent part of their burial
history in the meteoric environment. The ex-
ponential aspect was what led Pray (1960)
and Schmoker and Halley (1982) respectively
to suggest the concept of a porosity ‘‘half-
life’ or "'half-depth”’.

There is a general porosity versus depth
relationship for oceanic chalks in marine
pore-water systems. The right-hand curve in
Figure 32 is based on porosity data from a
dozen DSDP sites down to about 11 km sub-
bottom, and on chalks in a North Sea well
from about 1.6 to 2.5 km sub-bottom. Building
on interpretations by Schlanger and Douglas
(1974), the chalk curve has been extrapolated
to about 6 km; there it probably converges
with a somewhat differently drawn curve for
the South Florida limestones. Most Phan-
erozoic limestones buried to comparable
depths lose all but about 5 percent or less of
their porosity (Schlanger and Douglas, 1974;
Scholle and Halley, 1985). Limestones with
that little porosity generally have so little per-
meability (< 0.05 md is typical) that further
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throughput or expulsion of pore waters is
unlikely and compaction and cementation
should be arrested.

This general curve for chalks in a marine
pore-water system also traces, albeit in very
generalized form, the progressive lithification
of pelagic, nannofossil-foraminiferal ooze
(unconsolidated) through chalk (poorly con-
solidated) into lithified limestone. Most deep-
sea oozes, and also shallow-marine lime
muds (Ginsburg, 1957), lose some porosity in
the first metre or so of burial. After this initial
reduction from 80 to 75 percent, physical
compaction remains dominant down to
around 200-250 m, where porosities are re-
duced to 60 percent and ooze changes into
chalk. From 200-250 m to around 1000 m
chemical compaction becomes more and
more dominant as the smaller nannofossil
remains dissolve under load and low-Mg
calcite micrite cement precipitates, initially
cementing grains at their contacts. From
around a kilometre downward, pressure-
solution and “‘autocementation” clearly must
continue to dominate, until diminishing per-
meabilities end pore-water circulation.
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*75-60% POROSITY

CHALK 250-1000 m

+* CHEM. COMPACTION &
PD CEMENTATION DOM.
*60-40% POROSITY

*40-5% OR LESS POROSITY

METEORIC ZONE
CEMENTATION

START OF
OVERPRESSURING

DISSOLUTION

"NORMAL" BURIAL CURVE

HYPOTHETICAL
POROSITY-DEPTH

CURVES

POROSITY, %
0 40
0 Ll L] T T 1
GRAINSTONE / ————J\
(HYPOTHETICAL)
B s 2z
I
| I
[}
I
]
]
]
E |
B ]
- S FLORIDA | !
':'_: 3r LIMESTONES| ! LIMESTONE ~1-6+ km
o : « CHEM. COMPACTION &
w X PD GEMENTATION
o 1
I
L |
1
:
]
: OOZE-TO-CHALK-TO-
- f LIMESTONE CURVE
: POROSITY vs DEPTH
i | MARINE PORE WATERS
l
6 1 1 1 | |

Figure 32 Generalized porosity versus depth curves. The chalk curve is for
DSDP cores of unlithified nannofossil-foraminiferal ooze, partly lithified chalk,
and indurated limestone and represents a general lithification sequence for
lime-mud sediments saturated only with marine-derived pore waters. The
lithification stages are from Schlanger and Douglas, 1974. The south Florida
curve is from Schmoker and Halley (1982). The grainstone curve is
hypothetical and is extrapolated from an average value at “‘zero depth'' for

modern sediments (Enos and Sawatsky, 1981).

situations:

marine pore waters;

Figure 33 Hypothetical curves of porosity versus depth for four known

1. “normal” burial of fine-grained sediments in marine pore waters;
2. cementation in the meteoric (horizontal segments) alternating with burial in

3. reversal of normal trend by dissolution in the deep subsurface followed by
resumption of normal burial;

4. porosity reduction arrested by build-up of abnormally high pore-fluid

pressures.
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If we add average values of initial porosity

for modern shallow-marine carbonate sedi- Table 4 General porosity ranges of common textural types of modern carbonate
ments (Table 4) at the zero-depth level in sediments. Compiled from Enos and Sawatsky {1981), Schlanger and
Figure 32, we can define an envelope which Douglas (1974), and GRAPE porosity profiles by Harms and Choquette
should allow us to predict in very approximate {1965) and by Pray and Choquette (unpublished).

fashion the porosity-depth characteristics of

virtually any CaCQ, sediment buried in & Chalks 70-80%

marine pore-water system. This envelope, Lime muds {mudstone texture) 60-70%

which assumes convergence at around 5% Muddy lime sands (wackestone and packstone) 50-60%

porosity or less, is in accord with data from Clean lime sands (grainstone) 40-50%

compaction experiments that show rates ot
porosity reduction (compaction) 1o be lowest
for clean carbonate sand (grainstones) and
highest for mudstones. It is interesting that
the south Florida curve falis within this enve-

lope. The similarity in trends can be inter-
preted in mare than one way, particularly
since the data for south Florida limestones
show a considerable amount of scatter PV,
{Figure 31; Halley and Schmoker, 1982, 50% t,
Schmoker and Halley, 1982). 38% PV, 35% 1o
From published information about the to 80%
stratigraphic age relationships of the oceanic 19% PV,
chalks {Schlanger and Douglas, 1974) and 60% 23 %
the south Florida shallow-marine limestones
(Schmoker and Halley, 1983) one can get a 20% 40% 57 %
crude picture of the rates at which porosity is 4
reduced in these Cretaceous to Pleistocene
sediments. For chalk (Schlanger and CASE 1. PHYSICAL COMPACTION ONLY.
Douglas, 1974}, reduction from 80% to 750 75% PV. 50% PV. 6% PV
porosity in the top metre or 50 is accom- ’ Y 2

plished in around 50,000 years; reduction

from 75% to 60% by physical compaction to 40%
depths of 200-250 m takes on the order of 10 60% *
million years (m.y.); and reduction from 60% o e

to 409% at around 1000 m depth takes as long 80%

as 120 m.y. For south Florida limestones the

age relationships are less well constrained /F 20% /F

but point to roughly comparable or slower I F I T

rates of porosity decrease with depth; the first 20% 20%

porosity “‘halfife”” (50-25%) or “half-depth”
o e O e a6, woul and | ~AGE 2. CEMENTATION ONLY. ALL CEMENT IMPORTED.
-6%) would be

around 150 m.y. (4-6 km). OPEN SYSTEM.

Rates of porosity reduction appear 1o be
substantiaily greater in limestone sequences
that now reside or in the past resided in the
meteoric realm, as pointed out by others (e.g.

Bathurst, 1985). Unfortunately there is very 50%t,

little information about porosity variations o 38% PV,

over depth intervals of more than a few tens 80% ST 35% t,

or hundreds of metres through meteoric 16% PV, 22% 1.

zones. The porosily depth curves in Figure 20 5% PV,
- -

33, which are qualitative, portray the shapes
one might expact for different burial-diagene- 20%
tic histories: (1) a "“‘normai’* curve of the kind

Y777
60% 95%
shown in Figure 32; {2) a curve for chalk or

hme mud that was subjected very early on o CASE 3. PHYSICAL AND CHEMICAL COMPACTION.
meteoric-zone or conceivably marine ALL CEMENT |NTERNAL, FROM PRESSURE SOLUTION.
cementation by imported CaCO,; (3} a curve PARTLY CLOSED SYSTEM, WATERS EXPORTED ONLY.

of the sort expected if solution porosity were

created after buria! to considerable depth;
and (4) a curve imposed by early build-up-of

high pore-fluid pressure. It se.ems.possible Figure 34 Diagrams showing the changes in pore volume, percent porosity, and thickness for three
that the south Florida data. given its rather hypothetical cases of compaction and/or cementation. For purposes of these diagrams, alf solid
wide scatter, could include thin meteoric constituents are shown by the shaded/stipple pattern, the cement portion of the solid fraction is indicated

zone profiles. by the hachured pattern, and pore space is white.
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Volumetric Considerations. Al this point it
may be helpful to summarize the principal
ways, and some of their implications, that
initially high pore volumes may be reduced.
The simple diagrams in Figure 34 illustrate
these points. Initial pore space can be
reduced, in principle at least, entirely by
physical compaction (case 1), entirely by pre-
cipitated cement (case 2), or by combinations
of compaction and cementation as sug-
gested in case 3. Itis important to distinguish
between changes in pore volume and
changes in porosity, which is the percent of
bulk volume occupied by pore volume.
Porosity is the property that is measured
whether using wireline logs, standard core-
analysis methods, the GRAPE porosity-
profiling device {Harms and Choquette,
1965), or various other means.

In case 1 the original thickness {1.) is
reduced 10 35% and the original pore volume
(PV,) to 16%, but the measured porosity is
reduced from 80% to 40%. The distinctions
here are important for what they imply about

the real pore space now available for filling by
cement, in this example only 16% of the origi-
nal pora space. A quite different picture
emerges from this way of looking at volume
changes than that implied in the idea of a
“porosity half-life'' suggested by Pray (1960)
and later reworded to “'porosity half-depth’ by
Schoile and Halley (1985), for those concepts
are based cn measured porosities — the only
measures of pore-space volume that are nor-
malized and so can be compared between
different data sets.

Case 1, based as it is on the work of Shinn
and Robbin (1983), should be considered to
apply to fine-grained sediments that are sub-
jected to increasing load while saturated with
marine pore waters only. It seems likely that if
the same sediments had been saturated with
meteoric water when subjected to such
oxireme strass, some cementation would
have occurred.

The other extreme exampie is shown in
case 2 of Figure 34. Here the same initial
pore volume is assumed, bul it is reduced

burial domains.

crystalling in basinal domain

exposure
STARTING PORE WATERS: B: marine

compactible

arrested or reversed;

access of meteoric water

Table 5 Similarities and differences between basinal (B) and sheif/platiorm (S/P)

SIMILARITIES

GENERAL TRENDS with increasing burial include:

— TEMPERATURE & PRESSURE INCREASE

— POROSITY REDUCTION, to less than 5-6% after 5-6 km burial {Many thin,
exposed shelfiplatform carbonates are cemented tight before entering
the shelf/platform burial domain.)

— EXPULSION OF PORE WATERS

— HYDROUS TO LESS HYDROUS OR ANHYDROUS MINERALS

— MORE SALINE PORE WATERS

— PHYSICAL COMPACTION FOLLOWED BY CHEMICAL COMPACTION

CEMENTS: mostly dull CL & ferroan in shelf/platform domain; less well known but finer-

DIFFERENCES

BURIAL RATES: stow in basinal (B}, high in shelffplatform (S/P) with interludes of

§/P: meteoric to brackish, marine & hypersaline

STARTING SEDIMENTS: B: mostly stable fine-grained CaCO, with low diagenetic
potential & high physical compactibility; some metastable CaCO, in shelf-
derived debris flows; thin lithified intervals; often argillaceousforganic rich

S/P: metastable to stable CaCO, & dolomite, fine- to coarse-grained, commonly
lithified, with variable diagenetic potential; subtidal muds, evapontes & shales

ACCESS BY METEOQRIC WATER: 8: nil unless uplifted
§/P: usual due to eustatic and/or tectonic uplift

CARBONATE FOR CEMENTS: B: pressure solution dominant source
S/P:; metecrically denved water at shallow/proximal depths, pressure solution more
important with burial; sulphate cement from dissolution of evaporites.

POROSITY REDUCTION: B: follows expeonential curve(s) of type in Fig.32 unless

8/P: can follow similar curve(s) but also can go more swiftly in high-flux settings;
rales more variable; reduction by physical compaction variable with facies &
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entirely by precipitated cement unaccom-
panied by compaction, with no significant
change in thickness. As in case 1, the mea-
sured porosity at one stage in pore-voiume
reduction is 40%. In this case aiso, a true
“porosity hali-life” is represented, because
the real reduction in pore volume is exactly
the same as the reduction in measured
porasity. The important difference is that the
reat pore volume filled and remaining to be
filled by cement is far greater here than in
case 1.

Furthermaore, in case 2 all of the cement
required is assumed to have been imported
from cement donors somewhere else; none
is supplied by the sediment or receptor itself.
Case 2 may be a fair representation of those
shallow-marine, peritidal (e.g. beachrock)
and perhaps eolian carbonate sediments that
“set up" and/or become partly cemented at
the sediment-water or sediment-air/water
interface, then duwiing meteoric diagenesis
acquire cement quickly enough to withstand
a significant (though not predictable) amount
of load stress and compaction. Cementation
may be mineral-controlled or water-control-
led as discussed earlier in this series (James
and Choquette, 1984). The sediment is,
however, entirely a receptor of cement.
Case 3, in which both physical compaction
and cementation produced by pressure solu-
tion work to reduce initial porosity, is probably
closer to reality than the two preceding,
extreme situations. The first three stages
shown there probably model closely what
happens in chalks and other fine-grained
ocean-hasin sediments that undergo manne-
only burial diagenesis (Schlanger and
Douglas, 194; Garrison, 1981), as discussed
in the next section. The fourth stage, with 5%
porosity, is assumed from extrapolated
porosity versus depth curves shown in Fig-
ures 31 and 32. Cement, which at the end
stage occupies about hall of the "rock vol-
ume”’, is internaily generated by pressure
solution; the sediment is both donor and
receptor, and in the sense that pore waters
are expelled both from the sediment and
through it from underlying sediments, the
system is partly closed with respect to
ambient pore water.

Burial Diagenetic Models

In spite of obvious deficiencies in our data
and understanding, it is nevertheless impor-
tant to try and summarize what we know or
can surmise about burial diagenesis. For this
purpose it is useful to envision two general
end-member domains (Figure 1, Table 5):
(1} a basinal burial domain involving rela-
tively deep-marine sediments which are
heing buried in undiluted, marine pore
waters; and (2) a shelf/platform burial
domain involving shallow-marine and periti-
dalicoastal sediments which are being buried
in varied pore waters ranging from meteoric
to marine to occasionally evaporitic, in
response to episodes of emergence and



axposure that interrupt their ongoing subsi-
dence and burial. Burial loading may be more
or less uninterrupted, as in the deeper marine
parts of many sedimentary basins (1 above),
or repeatedly interrupted as appears to be
the case in many shallow marine carbonate
shelf/platform provinces bordering basins
{2 above); or initially uninterrupted as a
sequence is progressively buried, then
arrested or reversed by basin margin or inlra-
basin uplift.

Although the general course of burial dia-
genesis seems generally similar in many
respects, there are important differences
between the two domains which we attempt
to summarize in the discussion that follows
(Table 5).

Basinal Burial Domain
General Characteristics. Sediments that
accumulate in basinal environments, apart
from sand-sized and coarser allochthonous
debris flows, are dominantly fine-grained.
They carry marine pore waters into the sub-
surface, which are modified only by reactions
between pore fluids and the organic and
inorganic constituents of the sediments.
Meteoric ground water may impinge on sedi-
ments of the outer shelf, or on sediments
short distances downslope from exposed
shelf/platform and ramp margins, but should
not interact with basinal sediments even dur-
ing low sea-level stands. The diagenetic sys-
tem is partly closed hydroechemically, in the
sense that pore waters are being expelied
only upward and toward the basin margins
{Bonham, 1980) during the phases of major
thickness and porosity reduction. There
should be no significant transport in counter-
current directions, unless by hydrologic con-
vaction {(Wood and Hewett, 1984).
Sedimentation and burial rates are slow, in
the range of 2-15 m-(m.y)'. Build-up of
abnormal pore-fluid pressure may occur nev-
ertheless, for example beneath hardgrounds
or zones of intense stylolite development or
physical compaction or beneath zones of
abundant carbonate concretions and layers.
Geothermal gradients should be low, in the
range ~ 15-20°C-km-.
Nature of Sediments Entering the Burial
Realm. Most of these will be unlithified,
except for thin hardgrounds. The boundary
between shallow (few metras to a few tens of
metres?) and deep is somewhal arbitrary
and is perhaps the lower limit at which sul-
phate reduction takes place, biogenic meth-
ane is produced, early-burial carbonate
concretions and layers form, and chert nod-
ules originate. Some workers place the
boundary in the transition from bacteriaily
mediated reactions 1o thermally mediated
reactions, at approximately 60-80°C (L.S.
Land, pers. comm, 1986). Carbonate frac-
tions of pelagic sediments will be composed
of low-Mg calcite, without aragonite or Mg-
calcite, and thus stable, with little or no “dia-
genetic potential’’ (Schlanger and Douglas,

1974). Aragonite and Mg-calcite in
allochthonous carbonates should survive
well past the shallow-burial domain. Dis-
placive- and replacive-fibrous calcite
cements such as cone-in-cone may also
have formed (see Coniglio {1985) for detailed
information about shallow-burial features in
fine-grained limestones).

Trends in Diagenesis. These will be domi-
nated in the basinal domain by the expulsion
of pore waters (dewatering), physical com-
paction initially and later pressure-solution
compaction, the consequent long-term
reduction of thickness and pore volume, the
production of carbonate cement by pressure
solution, and the thermochemical conversion
of arganic matter to hydrocarbons.
Burial-Diagenetic Features. Porosity gen-
arally decreases sharply in the upper
200-250 metres as outlined in Figure 32,
mainly due t¢ physical compaction. Through
the first 800-1000 metres(?) of burial the sedi-
ments will show decreasing Sr2+, Mg2+ and
bulk 5'80 as some of the finer-grained con-
stituents dissolve initially under grain-contact
linear pressure (pressure solution) and low-
Mg, low-Sr finely crystalling calcite cements
begin to precipitate.

Cementation will start somewhere below
200-250 metres and become dominant below
1000 metres, will be directly due to pressure
solution (autocementation), and should be
volumetrically proportional to the amount of
pressure solution unless flow rates of expel-
led pore fluids are high enough to move
solute icns quickly away from sites of pres-
sure solution. Because Mg? + concentrations
and Mg/Ca ratios are relatively high in marine
pore waters, stylolites may begin to form at
greater depths than they would in shelf/plat-
form burial domains involving more dilute
waters. However, pressure-solution “‘bed-
ding" (Figure 18), due to intervals of closely
spaced stylolites and non-sutured seams,
should be common in sequences with clay-
and/or organic-rich strata.

The cathodoluminescence of cements pro-
duced in sub-basin burial diagenesis is spec-
ulative. Early-burial displacive fibrous calcite
may be dully to rather brightly luminescent
{Conigiio, 1985). Later burial calcite micro-
cements should have dull CL with little or no
zonation, reflecting the general monotony of
basinal pore-water systems. Some bunal dolo-
mite may form, especially if the sediments are
argillaceous, and shoukd be ferroan, with dull,
possibly zoned CL.

Shelf/Plattorm Burial Domain

General Characteristics. The sediments
are far more varied and may include, in
various combinations, limestones of
mudstone to grainstone texture, reef carbon-
ates, peritidal limestone and dolomite,
coastal plain evaporites, and coastal plain to
shallow marine sandstones and shales.
Because these shallow marine to coastal
sediments are commonly exposed intermit-

tently during accretion, they are periodically
filled with meteoric groundwater. Conse-
quently, before they exit the meteoric
anvironment they may have seen multiple
generations of fresh to brackish to marine or
even hypersaline waters related to low and
high stands of sea level.

Sedimentation and burial rates will vary

from low to very high in the case of reef
carbonates. The pre-burial diagenetic system
will in general be open, since during times of
exposure paris of the shelf/platform
sequence will be recharge areas and others
will be confined or unconfined surface aqui-
fers linked to recharge areas. With burial,
diagenetic systems may become partly
closed as fluid flow directions become domi-
nantly upward and laterally toward the updip
margins of these shelf basins. Build-up of
abnormal pore-fluid pressure may occur
locally beneath evaporites and compacted
shales, early-cemented permeability barriers
of various kinds, and zones of intense stylo-
lite development. Gecthermal gradients may
range from low 10 quite high.
Nature of Sedimants Entering the Burial
Realm. The limestones will vary in CaCO,
mineralogies from metastable to completely
stabilized (see James and Choquette, 1984).
Because some carbonates will be lithified
and others not, their resistance to physical
compagction and/or chemical compaction will
range from low in marine lime muds and
uncemented marine lime sands, for example,
to very high for such carbonates as calcrete,
beachrock, shallow-marine hardgrounds,
lithified reef carbonates, and dolomites of
peritidal/supratidal or mixing-zone origin.
Porosities also will vary widely. Pore waters
will range from fresh to marine, or in evapori-
tic sequences to hypersaline. Limestones
associated with karst terranes will have
acquired stable mineralogies and a wide vari-
ety of water-controlled alteration features
(James and Choquette, 1984) including vugs,
caves and solution-enlarged fractures, inter-
nal sediment, and a variety of speleothems.
Limestones that still retain their metastable
mineralogies, or retained them while in the
meteoric or shallow-marine setting, may
already have undergone mineral-controlled
alteration, perhaps in the form of low Mg
calcite cements or of selective dissolution of
allochems.

It is unclear in any detail what the miner-
alogies and cements in the carbonates may
be when they exit the lenticular mixing zone
and enter the sub-lenticular, shallow burial
realm. The limestones may have acquired
non-luminescent, bladed and prismatic cal-
cite cements with brightly luminescent sub-
zones (Figure 22). Early-diagenetic finely
crystaltine dolomite will probably have
formed in some meteoric (mixed-water?) set-
tings, and both the dolomite and some lime-
stone may have acquired some pore-lining
limpid dolomite cement.
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Trends in Diagenesis. The dominant trends
will include the evolution of pore waters from
a varied suite to mostly saline to hypersaline
brines; greatly varying amounts of physical
compaction during relatively shallow burial
and of chemical compaction during shal-
low(?) to deeper burial; cementation with
both locally sourced CaCO; from pressure
solution and more remotely sourced CaCOy,
produced by dissolution beneath exposure
surfaces; dehydration of certain minerals
such as gypsum and smectite; and long-term
reduction of porosity.

Burial-Diagenetic Features. Porosity
should vary considerably in the shaliow
reaches of the bural domain but generally
should decrease overall, at rates that will
vary, if controlled by cementation, according

to the amount of alteration accomplished ear-
lier in the meteoric realm. The duration and
extent of physical compaction must vary con-
siderably too, but cannot be predicted in any
but very general terms. Uncemented marine
sediments will suffer substantial compaction.
Pressure-solution features are widespread in
shallow-marine limestones, and include
grain-to-grain microstylolites and non-
sutured seams, swarms of non-sutured
seams in nodular arrays, and bedding paral-
lel stylolites and non-sutured seams. Pres-
sure-solution features in limestones may
begin developing at shallower depths than in
sub-basin diagenesis — perhaps atter as lit-
tle as a few tens of metres in some cases —
because of the more dilute waters with lower
Mg/Ca ratios and lower Mg?+ concentrations.
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Cementation should continue from the
lenticular mixing zone downward. Burial
cements precipitated either below the reach
of fresh meteoric ground water, or in deep
aquifers at long distances down-gradient
from recharge areas (see Back and
Hanshaw, 1971, Hanshaw et a/., 1978; Grover
and Read, 1983), will by and large have dull
cathodoluminescence which may or may not
be zoned. These cements will include both
coarse caicite spar and saddie or barogue
dolomite, and many of them will be ferroan.
Older to younger burial cements will vary sys-
tematically in oxygen-isotope composition
toward lighter 480 values, and in trace-ele-
meni compositions toward lower concentra-
tions of Sr2 + and higher Fe?+ and Mn?+ . Fluid
inclusions will generally record progressively
higher temperatures of precipitation from
aqueous pore fluids that become more saling
with depth and are dominantly of Ca-Na-Cl
type.

Cement Sequences and Burial History
Many different burial-history scenarios of
course apply in sedimentary basins, and
often can be discerned in the intricate
“cement stratigraphies’ (Mayers, 1974) that
result. Many authors({e.g. Meyers, 1974, 1978;
Walls et al., 1979; Mattes and Mountjoy, 1980;
Dickson and Coleman, 1980; Moore and
Druckman, 1981; Grover and Read, 1983;
James and Klappa, 1983; Moore, 1985; Walls
and Burrowes, 1985; Burruss et al., 1983;
Mruk, 1985; Brinton, 1986) have used various
aspects of cement stratigraphy and geo-
chemistry to reconstruct burial histories.

Figure 35 is an attempt to portray the
sequences of carbonate cement types, with
CL characteristics, that might be precipitated
in various diagenetic realms starting with the
seafloor and meteoric settings and progress-
ing into the basinal and shelf/platform burial
domains, during three commonly encoun-
tered stages: (1) widespread marine trans-
gression (high sea level), (2) lowered sea
level with consequent exposure, and (3) con-
tinued subsidence and bunal, ali without
tectonic uplift.

Where sedimentary basins, containing a
spectrum of facies from shallow-marine/pen-
tidal or continental to shelf basin or basinal,
are deformed and their margins exhumed
and exposed to recharge by metegric waters
into aquifers, a whole array of major changes
must then take place: the hydrology of the
system commonly becomes dominated by
meteoric waters which are modified with
transport into the subsurface; geothermal
gradients may be altered, becoming lower in
the recharge areas and changing iaterally to
steeper gradients across the subsurface
parts of the deformed basin — changes that
may influence the course of carbonate
cement precipitation; and the recharge por-
tions of limestone aquifers may then become
major donors of cemenl because of large-
scale dissolution.
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All of these modifications to the basin
dynamics will inevitably be recorded in the
burial-diagenetic record. Investigations of the
present-day and past hydrology and the geo-
chemistry of many basins and deep aquifers,
notably the Western Canada or Alberta basin
{e.g. Hitchon, 1969a,b; Garven and Freeze,
1984a,b), provided the basis for a model
sketched in Figure 36. As in many other
basins, the general palechydrology, hydro-
chemistry, and burial-diagenetic history of
this particular basin have also been inti-
mately bound up in the generation and
migration of hydrocarbons in the basin and
the origin of lead-zinc sulphide ore deposits
and their associated epigenetic dolomite
host rocks in the Pine Point and other
districts.

Conclusion

Much of what we see when we look at a
limestone is the result of its residence in the
burial diagenstic environment. The most dra-
matic changes are brought about through
compaction. Physical compaction, occurring
first, may transform depositional texture from
wackestone to packstone, compress
unlithified sediment, squash and obscure
critical depositional features, and through
plastic and brittle deformation rotate, fracture
and crush sedimentary particles. Chemical
compaction or pressure-solution, taking
place deeper, results in stylolites or non-
sutured seams, which can create a new style
of diagenetic bedding/stratification, pres-
sure-solution pseudo-bedding. Dissolved
carbonate is precipitated locally (autocemen-
tation) and probably accounts for much burial
cementation. The bladed, coarsely crys-
talline, poikilotopic, commonly ferroan burial
coments have distinctive isotopic, cath-
odoluminescence and fluid-inclusion signa-
tures which point to precipitation from brines,
promoted by general carbonate supersatura-
tion and elevated temperature. The domi-
nant, prevailing trend in burial diagenesis, as

pointed out many years ago (e.q. Pray and
Choquette, 1966; Choquette and Pray, 1970),
is toward complete or nearly complete occlu-
sion of porosity. Some porosity may be
retained, however, for a variety of reasons: if
the sediments were already low-Mg calcite or
dolomite prior to burial; or formation-water
flux was sluggish over much of the sediment’s
burial history, andfor residence lime in the
burial setting and depth of burial were insuffi-
cient for pressure-solution cementation to pro-
ceed to completion; or perhaps the
geothermal gradient was low and the lem-
perature effect on carbonate solubility was
suppressed; or again, perhaps most desir-
able and serendipitous of all, if the occlusion
of porosity was shut off by the influx of hydro-
carbons. Dissolution may also take place,
though perhaps on a limited scale, through
reactions between formation waters and
maturing organic matter. Although the pro-
cesses and general products of burial dia-
genesis give us an idea of the features and
the kinds of limestones to expect in deep-
burial settings, the actual fabrics and struc-
tures that develop in limestones are largely
dependent on differences in the original com-
position and early diagenetic history of the
sediments. Two preliminary diagenetic mod-
els representing burial of basinal versus
shelf/platform sediments, respectively
removed from or associated with early
“exposure’ to waters of meteoric origin, are
proposed to highlight these differences.

Only with hindsight are we likely to know
whether or not in the 1980’s we have been on
a plateau or a steep climb in the search for
unifying principles in the burial diagenesis of
sedimentary carbonates. It does seem clear
that our understanding of the dynamics and
our ability to forecast or even adequatsly
chart the different courses of diagenesis in
this largely occult realm are still quite primi-
tive. There is much to learn but we have
come a long way; the next steps in the search
are sure to be exciting.
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Flgurs 36 A schematic cross-section of an asymmelrical foreland basin, the Alberta Basin, showing
hydrologic fiow lines and lemperature gradients. Modified from Hitchon( 1969a) and Garven and Freeze(1984b) .

Acknowledgements

This article has benefited from the ideas and
suggestions of many colleagues. We are
grateful to Robin G.C. Bathurst, Robert B.
Halley, and Lynton S. Land, and to our col-
leagues Mario Coniglio, Dexter H. Craig and
Neil F. Hurley for critical reviews of the manu-
script. Photographs were graciously lent us
by Robin Bathurst, David K. Beach, Lise Brin-
ton, Nancy Chow, Mario Coniglic, Charles T.
Feazel, Eugene A. Shinn, and P.K. Wong. We
owe much to the thoughtful trealises on
aspects of burial diagenesis by three dis-
tinguished friends, Robin Bathurst, Robert
Halley and Peter A. Scholle. Finally, we thank
our wives, Jean and Judith, for assistance in
the preparation of this review and the two that
preceded it (James and Choquetie, 1983,
1984). N.P.J). acknowledges the Matural Sci-
ences and Engineering Research Council of
Canada for ongoing support. PW.C.
acknowledges the management of Marathon
Oil Company, particularly $.G. Andrew and
F.G. Knight, for support and permission to
publish.

General References and Reviews

ADREF*, 1984, Stylolites and associated
phenomena - relevance to hydrocarbon
reservoirs: “Abu Dhabi National Reserveir
Research Foundation, Special Publication, P.Q.
Box 6838, Abu Dhabi, UAE., 304 p.

A compendium of racent papers on the burial
diagenesis o! sediments in general and on
stylolites in particular.

Barnes, M.A_, Barnes, W.C. and Bustin, R.M., 1984,
Diagenesis and chemistry and evalution of
organic matter: Geoscience Canada, v. 11,
p. 103114,

An overview of the afteration of sedimentary
orgarnic matter; should be read in conjunction
with this article.

Bathurst, R.G.C., 1975, Carbonate sediments and
their diagenesis: Developments n
Saedimentclogy 12, Elsevier Scientific
Publishing Co., Amsterdam, 2nd Edition, 658 p-
The mos! comprehensive synthesis on
diagenesis in carbonates, and like its
predecessor first edition {Bathurst, 1971} the
standard refergnce on the subject. The
bibliography is extensive and valuable.

Bathurst, B.G.C., 1980a, Lithification of carbonate
sediments: Science Progress, Blackwaell
Scientific Publications, Oxford, UK, p. 451-471.
A raview of rasearch on cementation in
carbonales.

Bathurst, R.G.C.. 1980b, Deep crustal diagenssis in
limestones: Aevista del Instituto de
Investigaciones Geologicas Diputacion
Provincial, Universidad de Barcelona, v. 34,
p. 89-100.

Probably the first recent review specifically on
burial diagenesis.



Geoscience Canada Volume 14 Number 1

Bathurst, R.G.C., 1985, Carbonate diagenesis and
reservoir davelopment - conservation,
destruction and creation of pores: Notes for a
short course: Colorado School of Mines,
Golden, Colorado, April 8-10, 1985, 63 p.

A useful review on carbonate diagenesis and
porosity. Soon to be published in the
Colorado School of Mines Quarterly.

Bricker, O.P., 1971, ed., Carbonate cements: Johns

Hopkins Prass, Baltimore, MD, 376 p.
The last third of this book contains articles on
burial cements and cermentation. Other parts
have examples of marine and meteoric
carbonate cementation.

Chanda, S.D., Bhattacharyya, A. and Sarkan, S.,
1983, Compaction in limestones - a reappraisal;
Journal of the Geological Society of India, v. 24,
p. 7392
An extensive teview that argues the case for
commaonly extansive compaction in fine-
grained limastones.

Choquette, PW. and Pray, L.C., 1970, Geologic

nomenclature and classification of porosity in
sadimentary carbonates: American Association
of Petroleum Geologists, Bulletin, v. 54,
p. 207-250.
An outline of the basic concepts of porosity
avolution in carbonate rocks. Contains a
comprehensive descriptive classification that
has been widely accepted.

Enos, Paul and Sawatsky, L.H., 1981, Pore networks
in Holocene carbonate sediments: Journal of
Sedimentary Petrology, v. 51, p. 961-985,

The bes! single reference to the porosity of
modern carbonate sediments, with abundant
data.

Feazel, C.T. and Schatzinger, R.A., 1985a,
Prevention of carbonate cementation in
petroleum reservoirs: in Carbonate cements,
Schneidermann, N. and Harris, PM., eds.,
Society of Economic Paleontologists and
Mineralogists, Special Publication 36, p. 97106.
A concise averview on factors responsible for
preserving carbonate porosity in the geclogic
record.

Friedman, G.M., 1975, The making or unmaking of
limestones or the ups and downs of porosity:
Journal of Sedimantary Petrology, v. 45,
p. 379-298.

A general review on both cementation and
porosity.

Garnison, R.E., 1981, Diagenesis of oceanic
carbonate sediments - a review of the DSDP
perspective: in Warme, J.E., Douglas R.G. and
Winterer, E.L., eds., The Deep Sea Drilling
Project - a decade of progress: Society of
Economic Paleontologists and Mineralogists,
Special Publication 32, p. 181-207
A synthesis of results from the DSDP project
concerning diagencsis of chatk and other
deep-marine carbonate sediments in the
marine burial environmeant.

Halley, R.B., 1984, Post-depositional diagenasis of
metastable carbonates - an overview:
Palaeontographia Americana, no. 54,
p. 245-253,

A brief review emphasizing characteristics of
starting carbonate skeletal constituents and
sedimants.

Hailey, R.B., 1985, Burial diagenesis of carbonate
rocks: Notes for a short course (unpublished),
Colorado School of Mines, Golden, Colorado,
April 1985, 44 p.

An excellont review covering many of the
same topics discussed in this article, but from
a different perspective. Scon to be publishad
in the Golorado School of Mines Quartarly.

Meyers, W.J.. 193, Carbonate cement stratigraphy

of the Lake Valley Formation (Mississippian),
Sacramento Mountains, New Mexico: Journal
of Sedimentary Petrology, v. 44. p. B37-861.
The firs! paper to use cement siratigraphy
based on cathodoluminescence to unravel
the burial diagenetic history of a group of
shallow water carbonates.

Roehl, P.O. and Chogustte, P.W., 1985, eds.,
Carbonate Petroleum Reservoirs, Springer-
Verlag, New York, 622 p.

Numerous papers in this volume contain
excellant illustrations of diagenesis in the
burial reaim.

Schneidermann, N, and Harrs, PM., 1985, eds.,

Carbonate Cements: Society of Economic
Paleontologists and Mineralogists, Special
Publication 36, 379 p.
Many papers in this volume specifically
address burial diagenesis and cementation,
An important collection of works on the
subject.

Schlanger, S.0. and Douglas, R.G., 197, The
pelagic coze-chalk-limestone transition and its
implications for marine stratigraphy: in Hs,
K.J. and Jenkyns, H.C., eds., Pelagic
sadiments on land and under the sea:
International Association of Sedimentologists,
Special Publication 1, p, 117148.

The first paper to outline succinctly the
diagenesis of pelagic carbonates and
propose the concept of diagenetic potential.

Scholle, P.A. and Halley, R.B., 1985, Burial

diagenesis - out of sight, out of mind!, in
Schneidermann, N. and Harris, PM., eds.,
Carbonate Cements: Society of Economic
Palgontologists and Mineralogists, Special
Publication 36, p. 309-334,
A review of burial diagenesis ol carbonate
sediments, which argues persuasively the
case for extensive cementation ol pressure-
salution, burial-diagenetic origin. Has an
excellent bibliography.

Shinn, E.A. and Robbin, D.M., 1983, Mechanical

and chemical compaction in tine-grained
shallow-water limestones: Journal of
Sedimentary Petrology, v. 53, p. 595-618.
The first detailed experimental study using
cores of modern carbonate sediments with
their original in situ pore Huids. A wall-
illustrated work that helps explain many
features seen in lina-grained limestones.

Tissot, B.P. and Welte, D.H., 1978, Petroleum

formation and ocurrence - a new approach to ail
and gas exploration: Springer-Verlag, Berlin,
538 p.
Probably the standard reference on the
geochemistry, maturation, and gensration of
organic matter and hydrocarbons in
sedimentary rocks, emphasizing shales more
than carbonates.

Physical Compaction

Baldwin, B. and Butler, C.O., 1985, Compaction
curves: American Association of Patroleum
Geologists, Bulletin, v. 69. p. 622- 626.

Beach, D.K. and Schumacher, Ann, 1982, Stanley
Field, North Dakota - a new model for a new
exploration play: in Christopher J.E. and Kaldi,
John, eds., 4th International Williston Basin
Symposium, p. 235-243.

Bhattacharyya, A. and Friedman, G.M., 1979,
Experimental compaction of ooids and lime
mud and its implication for lithification during
burial: Journal of Sedimentary Petrology, v. 49,
p. 1279-1286.

Brown, P.R., 1969, Compaction of fine-grained
terrigenous and carbonate sediments - a
raviaw: Bulletin of Canadian Petroleum
Geology, v. 17, p. 486-495,

Byers, C.W. and Stasko, L.E., 1978, Trace fossils
and sedimentologic interpretation - McGregor
Member of Platteville Formation (Ordovician) of
Wisconsin: Journal of Sedimentary Petrology,
v. 48, p. 1303-1310.

Coogan, A H., 1970, Measurements of compaction
in oolite grainstone: Journal of Sedimentary
Petrology. v, 40, p. 921-929.

Ebhardt, G., 1968, Experimental compaction of
carbonate sediments: in Muller, G. and
Friedman, G.M., ads., Recent Developmants in
Carbonate Sedimentology in Central Europe:
Springar-Veriag, New York, p. 58-85.

Fruth, L.8., Jr., Orme, G.R. and Donath, F.A., 1966,
Experimental compaction effects in carbonate
sediments: Journal of Sedimentary Petrology,
v. 36, p. 47-754.

Ginsburg, R.N., 1957, Early diagsnesis of
lithification of shallew-water carbonate
sediments in south Florida: in LeBlanc, R.J. and
Breeding, J.G., eds., Regional aspects of
carbonate deposition: Society of Economic
Paleontologists and Mineralogists, Special
Pubiication 5, p. 80-98.

Hathaway, J.C. and Robertson, E.C., 1961, Micro-
taxture of artificially consolidated aragonite
mud: United States Geological Survey,
Professional Paper 424-G, p. 301-304.

Meyers, W.J., 1980, Compaction in Mississippian
skeletal limaestones, southwestern New Mexico:
Journal of Sedimentary Petrology, v. 50,
p. 457-474.

Mayers, W.J. and Hill, B.E., 1983, Quantitative
studies of compaction in Mississippian skeletal
limestenes, New Mexico: Journal of
Sedimentary Petrology, v. 53, p. 231-242.

Oertel, G. and Curtis, C.D., 1972, Clay ironstone
cancretion presarving fabrics due to
progressive compaction: Geological Society of
America, Bulletin, v. 83, p. 2597-26086.

Pray, L.C., 1960, Compaction in calcilutites (abstr.):
Geological Society of America, Bulletin, v. 71,
p. 1946.

Robertson, E.C., 1967, Laboratory consolidation of
carbonate sediment: in Richards, A.F., ed.,
Marine Gectechnique: International Research
Conterence on Marine Geotechnique, Urbana,
inois, University of lllinois Press, p. 118127

Shinn, E.A., Halley, R.B., Hudson, J.H. and Lidz,
B.H., 1877 Limestone compaction - an enigma:
Geology, v. 5, p. 2114,



Shinn, E.A. and Robbin, D.M., 1983, Mechanical
and chemical compaction in fine-grained
shallow-water limestones: Journal of
Sedimentary Petrology, v. 53, p. 595-618.

Terzaghi, R.D., 1940, Compaction of ime mud as a
cause of secondary structure: Journal of
Sedimentary Petrology, v. 49, p. 437-462.

Woeller, J.M.. 1959, Compaction of sediments:
American Association of Petroleum Geologists,
Bullatin, v. 43, p. 273-319.

Zankl, H., 1969, Structural and textural evidence of
early lithification in fine-grained carbonate
rocks: Sedimentology, v. 12, p. 241-256.

Chemical Compaction, Stylolites and
Cementation

Alvarez, W., Engelder, T. and Lowrie, W, 1976,
Formation of spaced cleavage and folds in
britile limestone by dissolution: Geology, v 4,
p. 698-701.

Baker, PA., Kastner, M., Byerlee, J.D. and Lockner,
D.A., 1980, Pressure solution and hydrothermal
recrystallization of carbonate sediments - an
experimental study: Marine Geology, v. 38,
p. 185-203.

Baker, PA.. Gieskes, J.M. and Elderfield, H., 1982,
Diagenesis of carbonates n deep-sea
sediments — evidence from SrfCa ratios and
interstitial dissolved Sr data: Journal of
Sedimentary Petrology. v. 52, p. 71-82.

Barrett, P.J.. 1964, Residual seams and
cemantation in Oligocene shell calcarenites, Te
Kuiti Group: Journal of Sedimentary Petrology.
v. 34, p. 524-531.

Bathurst, R.G.C_, 1984, The integration of pressure-
solution and mechanical compaction and
cementation: in ADREF, eds., Stylolites and
associated phenomena - relevance to
hydrocarbon reservoirs: Abu Dhabi National
Reservoir Research Foundation, Special
Publication, Abu Dhaby, U.AE., p. 41-56.

Bathurst, R.G.C., in press, Secondarily enhanced
bedding in shallow-water argillaceous
limestones' stratifiad cementation and
compaction: Sedimentology, v. 34.

Bachon, P., 1976, L'importance des joints
stylolithiques dans la compaction des
carbonates: Centre des Recherches de Pau,
Bulletin, v. 10, p. 627-644.

Buxton, TM. and Sibley, D.F,, 1981, Pressure
solution features in a shallow buried limestone:
Journal of Sedimentary Petrology, v. 51.
p. 19-26.

Choquette, P.W. and Steinen, R.P., 1880,
Mississippian non-supratidal delemite, Ste.
Genevieve Limestone, lllincis Basin: ewidence
for mixed-water dolomitization : in Zenger, D.H..
Dunham, J.B. and Ethington, R.L., eds.,
Concepts and Models of Dolomitization - a
symposium; Society of Economic Paleon-
tologists and Mineralogists, Special Publication
28, p. 163-196.

Coogan, A H. and Manus, R.W., 1975, Compaction
and diagenesis ol carbonate sands. in
Chilingarian, G.V. and Wolf, K.H.. eds.,
Compaction of coarse-grained sediments, |.
Developments in Sedimentology 18: Elsevier
Seientific Publishing Co., New York, p. 79166.

DeBoer, R.B., 1977a, On the thermodynamics of
pressure solution: interaction between
chemical and mechanical forces: Geochimica
ot Cosmochimica Acta, v. 41, p. 249-256.

DeBoer, R.B., 1977, Pressure soluton, theory and
experiments: Tectonophysics, v. 39, p. 287.301.

Droxler, A. and Schaer, J.P, 1979, Deformation
cataclastique plastique lors du plissement, sous
faible couverture, de strales calcaires: Eclogae
Geologicae Helveticae, v. 72(2). p. 551-570.

Dunnington, H.V, 1954, Stylolite development post-
dates rock induration: Journal of Sedimeantary
Petrology, v. 24, p. 27- 49.

Dunnington, H.V., 1967, Aspects of diagenesis and
shapa change in stylolite imestone reservoirs:
7th World Petroleurn Congress, Proceedings,
Menxico City . v. 20, p. 339-352.

Durney, D.W,, 1872, Solution-transfer, an important
geological deformation mechanism: Nature,
v. 235, p. 315- 317,

Durney, D.W., 1976, Pressure-solution and
crystallization deformation: Royal Society of
London, Philosaphical Transactions, Seres A,
v. 283, p. 229-240.

Eder, W., 1982, Diagenetic redistribution of
carbonats, a process in forming limestone-marl
alterations (Devonian and Carboniferous,
Rheinisches Schiefergebirge, West Germany}:
in Einsele, G. and Seilacher, A, eds., Cyclic
and Event Stratification, Springer-Verlag, New
York, p. 98112,

Engelder. T, Geiser PA. and Aivarez, W 1981, Role
of pressure solution and dissolution in geology:
Geology, v. 9, p. 4445,

Fletcher, R. C. and Pollard, D.D., 1981, Anticrack
model for pressure solution surfaces: Geology,
v. 9, p. 419-424.

Garrison, R. E. and Kennedy, W.J., 1977, Origin of
solution seams and flaser structure in Upper
Cretacecus chalks of southern England:
Sedimentary Geology. v. 19, p. 1074137

Geiser, PA., 197, Cleavage in some sedimantary
racks of the Valley and Ridge province,
Maryland: Geological Society of America,
Bulletin, v. 85, p. 1399-1412.

Geiser, P.A. and Sansane, S., 1981, Jaints,
microfractures and the formation of solution
cleavage in limestone: Geology, v. 9,
p. 280-285.

Groshong, R.H., Jr., 1974, "Slip” cleavage caused
by pressure solution in a buckle fold: Gealogy,
v. 3, p. 411-413.

Grosheng, R.H., Jr., 1975, Strain, fracture and
pressure solution n natural single-layer folds:
Geological Sociely of America, Bulletin, v. 86,
p. 136341376.

Guzzetta, G., 1984, Kinematics of siylolite
formation and physics of the pressurg-solution
process: Tectonophysics, v. 101, p. 383-394.

Harms, J.C. and Choguetie, PW., 1965, Geologic
evaluation of a gamma-ray porosity device: in
Society of Professional Well Log Analysts, 6th
Annual Symposium, Transactions, v. 2, p. ci-
C37.

Hurley, N.F., 1986, Geoclogy of the Oscar Range
Devonian reef complex, Canning Basin,
Western Australia: unpublished Ph.D. Thesis,
University of Michigan, Ann Arbor, Michigan,
269 p.

Koepnick, R.B., 1984, Distribution and vertical
permeabilty of stylolites within a Lower
Cretaceous carbonate reservoir, Abu Dhat,
U A.E.: in Stylolites and associated phenomena
- relevance to hydracarbon reservoirs: Abu
Dhabi National Reservoir Research Foundation
Special Publication, Abu Dhabi, U.AE.,
p. 261-278.

Lioyd, R.M., 1977 Parosity reduction by chemical
compaction — stable isotope model (abstr):
American Association of Petroleurn Geologists.
Bulletin, v. 61, p. 809.

Logan, B.R. and Semeniuk, V., 1976, Dynamic
metamorphism; processes and products in
Devonian carbonate rocks, Canning Basin,
Western Australia: Geclogical Scciety of
Australia, Special Publication 16, 138 p.

Lucia, F.J., 1972, Diagenesis of a crinoidal
sediment: Journa! of Sedimentary Petrology,
v. 32, p. B4B-865.

Manus, R.W. and Coogan, A.H.. 1974, Bulk volume
reduction and pressure solution derived
cements: Journal of Sedimentary Petrology,
V. 44, p. 466-471.

Marshak, 5. and Engelder, T, 1985, Development of
cleavage in kimestones of a fold-thrust belt in
eastern New York: Journat of Structural
Geology, v. 7, p. 345-359.

Merino, E.. Ortoleva, P and Strickholm, P., 1983,
Generation of evenly-spaced pressure-solution
seams during (late) diagenesis - a kinetic
theory: Contributions to Mineralogy and
Petrology, v. 82, p. 360-370.

Meyers, W.J. and Hill, B.E., 1963, Quantitative
studies of compaction in Mississippian skelotal
hmestones, New Mexico: Journal of
Sedimentary Petralogy, v. 53, p. 231-242.

Morse, J.W., 1983, The kinetics of caicium
carbonate dissolution and precipitation, in
Reeder, R.J., ed., Carbonates: Mineralogy and
chemistry: Mineralogical Society of America,
Reviews in Mineralogy, v. 11, p. 227-264.

Mossop, G.D., 1872, Origin of the peripheral rim,
Redwater Reef, Alberta: Bulletin of Canadian
Petroleurn Geology, v. 20, p. 238-280.

Nelson, R.A., 1981, Significance of fracture sets
associated with stylolite zones: American
Association of Petroleum Gealogists, Bulletin,
v. 65, p. 2417-2425.

Park, W.C. and Schot, E.W., 1968, Stylolitization in
carbonate rocks: in Muller, G. and Frnedman,
G.M., egs., Recent Developments in Carbonate
Sedimentology 1n Central Europe: Sprnnger-
Verlag, Berlin. p. 66-74.

Playford, PE., 1980, Deavonian Great Barrier Reef:
of Canning Basin, Western Australia: American
Association of Petroleum Geologists, Bulletin,
v. 64, p. B14-840.

Pratt, B.R., 1982, Limesione response to stress.
pressure solution and dolomitization -
Discussion and examples of compaction in
carbonate sediments: Journal of Sedimentary
Petrology, v. 52, p.323-328.

Reinhardt, J. and Hardie, L., 1976, Selected
examples of carbonate sedimentation, Lower
Paieozowc of Maryland: Maryland Geological
Survey, Guidebook 5, 53 p.

Robin, PF., 1978, Pressure solution al grain-to-
grain contacts: Geochimica et Cosmochimica
Acta, v. 42, p. 1383-1389.

Roehl, PO., 1967, Stony Mountain {Ordovician) and
Interlake {Silurian) facies analogs of Recent low-
energy marine and subaerial carbonates.
Bahamas: American Association of Petroleum
Geologists, Bulletin, v. 1978-2032.

Rutter, E.H., 1876, The kinetics of rock deformation
by pressure solution: Royal Society of London,
Philosophical Transactions, Series A, v. 283,
p. 203-219.

Rutter, E.H., 1983, Prassure solution in nature,
theory and experiment: Journal of the
Geological Socisty of London, v. 140,
p. 725-A40.



Geoscience Canada Volume 14 Number 1

Sorby, H.C., 1879, On the structure and origin of
limestones: Journal of the Geological Society
of London, v. 35, p. 56-95.

Sorby, H.C., 1908, On the application of quantitative
methods to the study of the structure and
history of rocks: Journal of the Geological
Society of London, v. 64, p. 171233,

Simpson, J., 1985, Stylalite-controlled layering in an
homogeneous limestone. pseudo-bedding
produced by burial diagenesis: Sedimantology.
v. 32, p. 495-505,

Sprunt, E.A. and Nur, A., 19778, Experimental study
of the effects of stress on solution rate: Journal
of Geophysical Research, v. 82, p. 3013-3022.

Sprunt, E.A. and Nur, A., 1977b, Destruction
of porosity through pressure solution:
Geaphysics, v. 42, p. 726-71,

Stockdale, P.B., 1822, Stylolites - their nature and
origin: Indiana University Studies, v. 9, p. 1-97

Stockdale, P.B., 1926, The stratigraphic significance
of solutions in rocks: Journal of Geolegy, v. M,
p. 1-87

Stockdale, P.B., 1943, Stylolites: primary or
secondary? Journat of Sedimentary Petrology,
v. 13, p. 312,

Thompson, J., 1862, On crystallization and
liguefaction, as influenced by stresses tending
to change of form in crystals: Royal Society of
London, Proceedings, v. 11, p. 473-480,

Trurnit, P, 1968, Analysis of pressure-solution
contacts and classification of pressure-solution
phenomena: i Muller, G. and Friedman, G M.,
eds., Recent developments in carbonate
sedimentology in central Europe: Springer-
Verlag, Berlin, p. 75-84.

Wanless, H.R., 1979, Limestone response to stress
— pressure solution and dolomitization: Journal
of Sedimentary Petrology, v. 49, p. 437-462.

Wanless, H.R., 1962, Limestone response to strass
— pressure solution and dolomitization —
reply: Journal of Sedimentary Petrology, v. 52,
p. 328-332.

Wanless, H.R., 1983, Burial diagenesis in
limestones: in Parker, A. and Sellwood, BW.,
eds., Sediment diagenesis: J. Reidel and
Company, Lancaster, p. 379-417

Weyl, PK., 1958, The solution kinetics of calcite:
Journal of Geology, v. 66, p. 163-176,

Weyl, PK., 1859, Pressure solution and the force of
crystallization - a phenomenclogical theory:
Journal of Geophysical Research, v. 64,
p. 2001-2025.

Wolfe, M.J., 1968, Lithification of a carbonate mud:
Senonian Chalk in northern Ireland:
Sedimentary Geology, v. 2, p. 263-290.

Wong, PK., 1984, Origin of low-permeability zones
in the Upper Devonian Kaybob reef, Alberta,
Canada: /n Stylolites and associated
phenomena: relevance to hydrocarbon
reservoirs: Abu Dhabi National Reservoir
Research Foundation Special Publication, Abu
Dhabi, U.A.E., p. 247-260.

Wong, PK. and Oldershaw, A., 1981, Burial
cementation in the Kaybob reef complex,
Alberta, Canada: Journal of Sedimentary
Petrology, v. 51, p. 507-520.

Burial Cements - Petrography

Burruss, R.C., Cercone, K.R. and Harris, PM.,
1983, Fluid inclusion petrography and tectonic
burial history of the Al Ali No. 2 well: evidence
for the timing and diagenesis and oil migration,
northern Oman foredeep: Geology, v. 11,
p. 567-570.

Cayeux, L., 1935, Carbonate rocks - limestones and
dolomites: transl. by A. V. Carozzi, 1970, Habner
Publishing Company, Connecticut, 506 p.

Choquette, P.W. and Steinen, R.P., 1985,
Mississippian oolite and non-supratidal
dolomite Reservoirs in the Ste. Genevieve
Formation, North Bridgeport Field, lllinois
Basin; in Roehl P.O. and Choquette, PW., eds.,
Carbonate petroleum reservoirs, Springer-
Verlag, New York, p. 207227

Coniglio, M., 1985, Origin and diagenesis of fine-
grained slope sediments, Cow Head Group
(Cambro-Ordovician), western Newfoundland:
unpublished Ph.D. thesis, Memorial University
of Newfoundiand, v. 1 and 2, 684 p.

Druckman, Y. and Moore, C.H., 1985, Late
subsurface secondary porosity in a Jurassic
grainstone reservoir, Smackover Formation,
Mt. Vernon field, southern Arkansas: in Roehl,
P.0O. and Choquette, P.W., eds., Carbonate
pétroloum reservoirs: Springer-Verlag, New
York, p. 369-384.

Eliott, T.L., 1982, Carbonate facies, depositional
cycles, and the development of secondary
porosity during burial diagenesis: in
Christopher, J.E. and Kaldi, J., eds., 4th
International Williston Basin Symposium:
Saskatchewan Geological Society, Special
Publication 6, p. 131151,

Evamy, B.D., 1969, The precipitational environment
and correlation of some calcite cement
deduced from artificial staining: Journal of
Sadimentary Petrology, v. 38, p. 787-793.

Folk, R.L. and Assereto, R., 1974, Great aragonite
rays and baroque white dolomite in tepee
fillings, Triassic of Lombardy, Italy {abstr.::
American Association of Petroleum Geologists.
Abstracts with Program, Annual Meeting, San
Antonio, Texas, p. 34-39.

Frank, J.R., Carpenter, A.B. and Oglesby, TW,,
1982, Cathodoluminescence and compasition
of calcite cement in the Taum Sauk Limestone
{Upper Cambnan), southeast Missouri: Journal
of Sedimentary Petrology, v. 52, p. 631-638.

Franks, PC., 1969, Nature, origin and significance
of cone-in-cone structures in the Kiowa
Formation {Early Cretaceous), northcentral
Kansas: Journal of Sedimentary Petrology,
v. 39, p. 1438-1454.

Grover, G., Jr. and Read, J.F., 1983, Paleoaquifer
and deep-burial-related cements defined by
regional cathodoluminescent patterns, Middle
Ordovician carbonates, Virginia: American
Association of Petroleum Geologists, Bulletin,
v. 67, p. 1275-1303.

Hallam, A., 1960, A sedimentary and faunal study of
the Blue Lias ot Dorset and Glamorgan: Royal
Society of London, Philosophical Transactions,
Senes B, v. 243, p. 1-44.

Hallam, A., 1964, Origin of the limestone-shale
rhythm in the Blue Lias of England - a compasite
theory: Journal of Geology, v. 72, p. 137169,

Harrig, D.C., 1982, Carbonate cement stratigraphy
and diagenesis of the Burlington Limestone
[Mississippian}, southeastern lowa and western
linois: M.Sc. Thesis, State University of New
‘fork, Stony Brook, 220 p.

K3

Heckel, PH., 1983, Diagenetic model for carbonate
rocks in midcontinent Pennsylvanian eustatic
cyciothems: Journal of Sedimentary Petrology,
v. 53, p. 733-758.

Irwin, H., 1980, Early diagenetic carbonate
precipitation and pore-fluid migration in the
Kimmeridge Clay of Dorset, England:
Sedimentology, v. 27, p. 577-591.

James, N.P. and Klappa, C.F., 1983, Petrogenesis of
early Cambrian reef limestones, Labrador,
Canada: Journal of Sedimantary Petrology,
v. 53, p. 10511096,

Loucks, R.E. and Budd, D.A., 1985, Diagenesis and
reservoir potential of the upper Jurassic
Smackover Formation of south Texas: in
Ventress, PS., ef al., eds., The Jurassic of the
Gult Rim: Gulf Coast Section: Society of
Economic Paleontologists and Mineralogists,
p. 195-205.

Marshall. J.D., 1982, Isotopic composition of
displacive fibrous calcite veins, reversals in
pore-water composition during burial
diagenesis: Journal of Sedimentary Petrology,
v. 52, p. 615-630.

Matter, A., 1974, Burial diagenesis of pelitic and
carbonate deep-sea sediments from the
Arabian sea, in Whitmarsh, R.B., Weser, O.E.,
Ross, D.A., et al,, Initial Reports of the Deep
Sea Drilling Project, v. XX, p. 421-469.

Mattes, B.W. and Mountjoy, E.W., 1980, Buriai
dolomitization of the Upper Devonian Miette
buildup, Jasper National Park, Alberta: in
Zenger, D.H., Dunham, J.B. and Ethington,
R.L., eds., Concepts and Models of
Dolomitization: Society of Economic
Paleontologists and Mineralogists, Special
Publication 28, p. 259-297

Meyers, W.J., 197, Carbonate cement stratigraphy
of the Lake Valley Formation (Mississippian),
Sacramanto Mountains, New Mexico: Journal
of Sedimentary Petrology, v. 44, p. 837-861.

Meyers, W.)., 1978, Carbonate cements - thair
regional distribution and interpretation in
Mississippian limestones cof southwestern New
Maexico: Sedimentology, v. 25, p. 371-400.

Moore, C.H., 1985, Upper Jurassic subsurface
cements - a case history: in Schnesdermann, M.
and Harris, PM., eds., Carbonate cements:
Scciety of Economic Paleontologists and
Mineratogists. Special Publication 36,
p. 231-308.

Mruk, D.H., 1985, Cementation and dolomitization
of the Capitan Limestone, McKittrick Canyon,
west Texas: M.Sc. Thesis, University of
Colorado at Boulder, Boulder, CO, 153 p.

Qldershaw, A.E. and Scoffin, TP, 1857 The source
ot ferroan and non-ferroan calcite cements in
the Halkin and Wenlock limesones: Geological
Journal, v. 5, part 2, p. 309-320.

Prezbindowski, D.R., 1985, Bural cementation - is it
important? A case study, Stuart City trend,
south-central Texas: in Schneidermann, N. and
Harns, PM., eds., Carbonate cements: Society
of Economi¢ Paleontologists and Mineralogists,
Special Publication 36, p. 241-264.

Saller, A.H., 1985, Diagenesis of Cenozoic
limestones on Enewetak Atoll: unpublished
Ph.D. Thesis, Lowsiana State University, Baton
Rouge, LA, 363 p.

Talbot. M.R_, 1971, Calcite cements in the Corallian
Beds (Upper Oxfordian} of southern Engtand:
Journal of Sedimentary Petrology, v. 41,
p. 261-273.



32

Walkden, G.M. and Berry, J.R., 1984, Syntaxial
overgrowths in muddy crincidal limestones;
cathodoluminescence sheds new light on an
oid problem: Sedimentalogy, v. 31, p. 251-268.

Walls, R.A. and Burrowes, G., 1985, The role of
cementation in the diagenetic history of
Devonian reefs, in Schneidermann, N. and
Harris, PM., eds., Carbonate Cements, Society
of Economic Paleontologists and Mineralogists,
Special Publication 38, p. 185-220.

Woodland, B.G., 1964, The nature and origin of
"‘cone-in-cone’ structure: Fieldiana, Geology:
Field Museum of Natural History, Chicago, v. 13,
p. 185-305.

Woronick, R.E. and Land, L.S., 1985, Late Burial
diagenesis, Lower Cretaceous Pearsall and
Lower Glen Ross Formations, south Texas, in
Schneidermann, N. and Harris, P.M., eds..
Carbonate Cements: Saciety of Economic
Palsontologists and Mineralogists, Special
Publication 36, p. 265-275.

Yurewicz, D.A. and Dravig, J.J., 1984, Improved
recognition of sedimentary fabrics using
fluorescence microscopy - implications for
interpreting carbonate facies and diagenetic
history: American Association of Petroleum
Geologists, Bulletin, v. 68, p. 542.

Burial Cements — Water Chemistry and
Hydrology

Back, W. and Hanshaw, B.B., 1970, Comparison of
chemical hydrogeology of the carbonate
peninsulas of Florida and Yucatan peninsulas:
Journal of Hydrology, v. 10, p. 330-368.

Back, W. and Hanshaw, B.B., 1971, Rates of
physical and chemical processes in a carbonate
aquifer: in Advances in chemistry series. 106,
American Chemical Society, Washington, D.C.,
p. 77-93.

Baker, PA., Gieskes, J.M. and Elderfeld, H., 1982,
Diagenesis of carbonates in deep-sea
sediments - evidence trom Sr/Ca ratios and
interstitial dissolved Sr+2 data: Journal of
Sedimentary Petrology, v. 52, p. 71-82.

Berner, R.A., 1975, Diagenetic models of dissolved
species in the intarstitial waters of compacting
sediments. American Journal of Science.
v. 275, p. 88-96.

Bonham, L.C., 1980, Migration of hydrocarbons in
compacting basins: in Problems of petroleum
migration, American Association of Petroleumn
Geologists, Studies in Geology, v. 10, p. 69-88.

Bredehoeft, J.D. and Papadopulous, [.5., 1965,
Rates of vertical groundwater movement
estimated from the earth’s thermal profile:
Water Resources Research, v. 1, p. 325-328.

Carpenter, A.B., 1978, Origin and chemical
gvolution of brines in sedimentary basins:
Oklahoma Geological Survey Circular 79,
p. 6077

Champ, D.R., Gulens, J. and Jackson, RE., 1979,
Oxidation-reduction sequences in ground-water
flow systems: Canadian Journal of Earth
Sciences, v. 16, p. 12-23.

Clayton, R.N., Friedman, |., Graf, D.L., Mayeda,
TK., Meents, WF. and Shimp, N.F., 1966, The
origin of saling formation waters. |. |sotopic
composition: Journal of Geophysical Research,
v. 71, p. 3869-3882.

Collins, A.G., 1975, The geochemistry of ail field
walers: Elsevier Scientific Publishing Company,
New York, 496 p.

Cook, PJ., 1974, Geochemistry and diagenesis of
interstitial fluids and associated oozes, Deep
Sea Driling Project, Leg 27, Site 262, Timor
Trough: in Veevers, J.J., Heirtzler, JR., ot &l
Imtial Reports, Deep Sea Driling Project,
v. XXVII, p. 463-480.

Drever, J.I., 1982, The geochemistry of natural
waters: Prentice-Hall, Englewood Clitfs, NJ,
388 p.

Dunham, R.J., 1969, Early vadose silt in Townsend
mound {reef), New Maxico: in Friedman, G.M.,
ed., Depositional environments in carbonate
rocks: a symposium: Society of Economic
Palsontologists and Mineralogists, Special
Publication 14, p. 139-181.

Galloway, W.E., 1985, Hydrogeologic regimes of
sandstone diagenesis: in McDonald, D.A. and
Surdam, R.C., eds., Claslic diagenesis:
American Association of Petroleum Geologists.
Memoir 37, p. 3413,

Garven, G., 1985, The role of regional fluid flow in
the genesis of the Pine Point deposit, Western
Canada sedimentary basin: Economic Geology,
v. BO, p. 307-324.

Garven, G. and Freeze, R.A., 1984a, Theoretical
analysis of the role of groundwater flow in the
genesis of stratabound ore deposits. 1.
Mathematical and numencal models: American
Journal of Science, v. 284, p. 1085-1124.

Garven, G. and R.A. Freeze, 1984b, Theoretical
analysis of the role of groundwater flow in the
genests of stratabound ore deposits. 2.
Quantitative results: American Journal of
Science, v. 284, p. 11251174,

Graf, D.L. and Anderson, D.E., 1981, Geochemical
inputs for hydrologic models of deep-lying
sadimentary units - loss of mineral hydration
water: Journal of Hydrology, v. 54, p. 287-314.

Hanor, J.S., 1979, Sedimentary genesis of
hydrothermal fluids: in Barnes, H.L., ed.,
Geochemistry of hydrothermal ore deposits
(2nd edition): John Wiley and Sons, New York,
p. 137168.

Hanshaw, B.B., Busby J. and Lee, R., 1978,
Geochemical aspects of the Madison aguifer
system: in Williston Basin Symposium,
Montana Geological Society, p. 385-389.

Helgeson, H.C., 1969, Thermodynamics of
hydrothermal systems at elevated temperatures
and pressures: American Journal of Science,
v, 269, p. 729-804.

Helgeson, H.C., 1979, Mass transfer among
minerals and hydrothermal solutions:
Barnes, H.L., ed., Geochemistry of
hydrothermal ore deposits (2nd edition): Wiley-
Interscience, New York, p. 568-610.

Hitchon, B., 1969a, Fluid flow in the western
Canada sedimentary basin - 1. Effect of
topography: Water Resources Research, v. 5,
p. 166-185.

Hitchen, B., 1969b, Fluid flow n the western
Canada sedimentary basin - 2. Eftect of
geology: Water Resources Research, v. 5,
p. 460-469.

Hitchon, B., Billings, G.K. and Klovan, J.E., 1971,
Geochemistry and onigin of formation waters in
the western Canada sedimentary basin. 3.
Factors contralling chemical composition:
Geochimica et Cosmochimica Acta, v. 35,
p. 567-598.

Hitchon, B. and Friedman, |., 1975, Geochemistry
and origin of formation waters in the western
Canada sedimeniary basin. 1. Stable isotopes
of hydrogen and oxygen: Geochimica et
Cosmochimica Acta, v. 33, p. 13211349,

HoHand, H.D. and Malinin, $.D., 1979, The solubility
and occurrence of non-ore deposits: in Barnes,
H.L., ed., Geochemistry of hydrothermal ore
depasits (2nd edition): Wiley-Interscience, New
York, p. 461-508,

Kharaka, Y.K., Hull, RW. and Carothers, W.W.,
1985, Water-rock interactions in sedimentary
basins: in Gautier, D.L., Kharaka, YK. and
Surdam, R.C., eds., Relationship of organic
matter and mineral diagenesis: Society of
Economic Paleontologists and Mineralogists,
Notes for Short Course No. 17, p. 79176.

Klosterman, M.J.. 1981, Application of fluid inclusion
techniques 1o bunal diageness in carbonate
rock sequences: M.Sc. Thesis, Louisiana State
University, Baton Rouge, LA, 102 p.

Kohout, F.A., 1965, A hypothesis concerming cyclic
fiow of salt water related to geothermal heating
in the Floridian aquifer: New York Academy of
Sciences, Transactions, sev, Il, v. 28, p. 249-271.

Kohout, F.A., 1967 Groundwater flow and the
geothermal regime of the Floridian plateau: Gulf
Coast Association of Geological Societies,
Transactions, v. 17, p. 339-354.

Land, L.S. and Prezbindowski, D.R., 1981, The
ongin and evolution of saline formation water,
Lower Cretaceous carbonates, south-central
Texas: Journal of Hydrology, v. 54, p. 51-74.

O'Hearn, T.C., 1985 A flud inclusion study of
diagenetic mineral phases, Upper Jurassic
Smackover Formation, south west Arkansas
and northeast Texas: Applied Carbonate
Research Program, Lousiana State University,
Technical Series, Contribution #24, 189 p.

Plummer, L.N. and Back, W., 1980, The mass
balance approach - application to inlerpreting
the chemical evolution of hydrologic systemns:
Ametican Journal of Science, v. 280, p. 130142

Pray, L.C., 1966, Informal commenis on calcium
carbonate cementation: Socisty of Economic
Paleontologists and Mineralogists, Technical
session on Lithification and Diagenesis, St.
Louis meetings, April 1966 (unpublished).

Roehl, PO., 1981, Dilation brecciation - a proposed
mechanism of fracturing, petroleum expulsion
and dolomitization in the Monterey Formation,
California; in Garrison R.E., Douglas, R.G.,
Pisciotto, K.E., Isaacs. C.M. and Ingte, J.C.,
eds., The Monterey Formation and Related
Siliceous Rocks of California: Society of
Economic Paleontologists and Mineralogists,
Pacific Section, Symposium, p. 285-315.

Rosenberg, PE. and Holland, H.D., 1964, Cakcite-
dolomite-magnesite stability relations in
solutions at elevated temperatures: Science,
v. 145, p. 700-701.

Sayles, E.L. and Manheim, F.G., 1975, Interstitial
solutions and diagenesis n buried marine
sediments: results from the Deep Sea Drilling
Project: Geochimica et Cosmochimica Acta,
v. 39, p. 103127



Geoscience Canada Volume 14 Number 1

Secor, D.T,, Jr., 1965, Role of fluid pressure in
jointing: American Journal of Science, v. 263,
p. 633-646.

Sharp, WE. and Kennedy, G.C., 1965, The system
Ca0-C0O,-H,0 in the two-phase region calcite
+ aqueous solution: Journal of Geclogy, v. 73,
p. 391-403.

Sippel, R.F. and Glkover, E.D., 1964, The solution
alteration of carbonate rocks, the effects of
temperature and pressure: Geochimica et
Casmochimica Acta, v. 28, p. 14011417

White, D.E., 1975, Saline waters of sedimentary
rocks: in Young, A. and Galley, G.E., eds.,
Fluids in subsurface environments: American
Association of Petroleum Geologists, Memoir 4,
p. 342-366.

Wood, J.R. and Hewaett, T.A., 1984, Reservoir
diagenesis and convective fluid flow: in
McDonald, D.A. and Surdam, R.C., eds.,
Clastic diagenesis: American Association of
Petroleum Geologists, Memoir 37, p. 93-110.

Burial Cements - Trace Elements and
Cathodoluminescence

Carpanter, A.B. and Oglasby, TW,, 1976, A model
for the formation of luminescently zoned calcite
cements and its implications (abstr.): Geological
Society of America, Absiracts with Programs,
v. B, p. 469-470.

Fairchild, 1.J., 1983, Chemical controls of
cathodoluminescence of natural dolomites and
calcites - new data and review: Sedimentology,
v. 30, p. 579-583.

Frank, J.R., Carpenter, A.B. and Oglesby, TW,,
1982, Cathodolumingscence and composition
of calcite cement in the Taum Sauk limestone
{Upper Cambrian), Southeast Missouri, Journal
of Sedimentary Petrology, v. 52, p. 631-638.

Machel, H.G., 1985, Cathodoluminescence in
calcite and dolomite and its chemical
interpretation; Geoscience Canada, v. 12,
p. 139148,

Oglesby, TW.,, 1976, A model for the distribution of
manganease, iron and magnesium in authigenic
calcite and dolomite cements in the upper
Smackover Formation in eastern Mississippi:
M.Sc. Thesis, University of Missouri at
Columbia, Columbia, MO, 122 p.

Pierson, B.J., 1981, The control of cathodolumines-
cence in dolomite by iron and manganese;
Sedifmentology, v. 28, p. 601-610.

ten Have, T. and Heijnen, W., 1985, Cathodo-
luminescence activation and zonation in
carbonate rocks: an expenmental approach:
Geolcgie en Mijnbouw, v. 64, p. 297-310.

Burial Cements - Stable |sotopes

Brinton, L., 1986. Deposition and diagenesis of
phylloid algal banks, lsmay Field and San Juan
River Canyon, Paradox Basin, Utah: M.Sc.
Thasis, Colorado School of Mines, Golden, CO,
36 p.

Burke, W.H., Denison, R.E., Hetherington, R.B.,
Koepnick, A.8., Nelson, HF. and Otto, JB.,
1982, Variation of seawater B7Sr/®Sr
throughout Phanerozoic time: Geology, v. 10,
p. 516-519,

Choquette, P.W., 1971, Late ferroan dolomite
cement, Mississippian carbonates, lllinois
Basin, USA: in Brcker, O.P, ed., Carbonate
cements: Johns Hopkins University Studies in
Geology, No. 19, The Johns Hopkins Press,
Baltimore, MD, p. 339-346.

Choquatte, P.W. and Steinen, R.P., 1980,
Mississippian non-supratidal dolomite, Ste.
Genevieve Limestone, lllinois Basin: evidence
{or mixed-water dolomitization; in Zenger, D.H.,
Dunham, J.B. and Ethington, R.L., eds.,
Concepts and models of dolomitization - a
symposium: Society of Economic Palecn-
tologists and Mineralogists, Special Publication
28, p. 163-196,

Czerniakowski, L.A., Lohmann, K.C. and Wilson,
J.L., 1984, Closed-system marine burial
diagenesis - isctopic data from the Austin chalk
and its components: Sedimentology, v. 31,
p. 863-877

Dickson, J.A.D. and Colemnan, M.L., 1980, Changes
in carbon and oxygen isotope compaosition
during limestone diagenesis: Sedimentology,
v. 27, p. 107-118.

Fritz, P and Jackson, S.A., 1972, Geochemical and
isotopic characteristics of Middle Devonian
dolomites from Pine Point, northern Canada:
Proceedings of the 24th International
Geological Congress, Montreal, Section 6,
p. 230-242.

Hudson, J.D., 1975, Carbon isotopes and limestone
cement: Geology, v. 3, p. 19-22.

Hudson, J.0., 1977, Stable isotopes and limestone
lithification: Journal of the Geological Society of
London, v. 133, p. 637-660.

Irwin, H., Gurtis, C.D. and Coleman, M., 1977,
Isotopic evidence for source of diagenetic
carbonates formed during burial of organic-rich
sediments: Nature, v. 269, p. 209-213.

Land, L.S5., 1980, The isotopic and trace-elemeant
geochemistry of dolomite - the state of the art:
in Zenger, D.H., Dunham, J.B. and Ethington,
R.L., eds., Concaepts and models of
dolomitization: Society of Economic
Paleontologists and Mineralogists, Special
Publication No. 28, p. 874110

Land, L.S., 1985, Environments of limestone and
dolomite diagenesis - some geochemical
considerations: Notes for a short course on
carbenate diagenesis, Colorado School of
Mines, Golden, CO, April 8-10, 1985.

Lohmann, K.C., 1983, Unravelling the diagenetic
history of carbonate reservoirs - integration of
petrographic and geochemical technigques: in
Wilson, J.L., Lohmann, K.C. and Wilkinson,
B.H., Notes for a short course, American
Association of Petroleum Geologists Annual
Meeting, Dallas, Texas, April 1983.

Matter, A., Douglas, R.G. and Perch-Nielsen, K.,
1975, Fossil preservation, geochemistry, and
diagenesis of pelagic carbonates from Shatsky
Rise, northwest Pacific: in Larson, R.L.,
Maberly, R., at ai_, Initial Reports of the Desp
Sea Drilling Project, v. XXXII, p, 891-921,

McKenzie, J.A., Bernoulli, D. and Garrison, R.E.,
1978, Studies on lithification and diagenesis -
lithification of pelagic-hemipelagic sediments at
DSDP Site 372, oxygen-isotope alteration with
diagenesis: in Hsl, K.J., Montadert, L., et al.,
Initial Reports of the Deep Sea Drilling Project,
v. XLIl, p. 473-478,

33

Mevyers, W.J. and Lohmann, K.C., 1985, Isolope
geochemistry of regionally extensive calcite
cement zonas and marine companents in
Mississippian limestones, New Mexico: in
Schneidermann, N. and Haris, PM., eds.,
Carbonate cements: Society of Economic
Palecntologists and Mineralogists, Special
Publication 36, p. 223-240.

Moldevanyi, E.P. and Lohmann, K.C., 1984, Isotopic
and petrographic record of phreatic diagenesis
- Lower Cretaceous Sligo and Cupido
Formations: Journal of Sedimentary Petrology,
v. 54, p. 972-985,

Murata, K.J., Friedman, |. and Madsen, B.M,, 1969,
Isotopic composition of diagenetic carbonates
in marine Miocene formations of California and
Oregon: United States Geological Survey
Professional Paper 614-B.

O'Neil, J.R., Clayton, R.N. and Mayeda, T.K., 1969,
Oxygen isotope fractionation in divalent metal
carbonates: Journal of Chemistry and Physics,
v. 51, p. 5547.5558.

Prezbindowski, D.R., 1985, Burial cementation - is it
important? a case study, Stuart City trend,
south central Texas: in Schneidermann, N, and
Harmis, PM., eds., Carbonate cements: Society
of Economic Paleontologists and Mineralogists,
Special Publication 38, p. 241-264.

Sofer, Z., 1978, Isotope composition of hydration
water in gypsum: Geochimica et Cosmochimica
Acta, v. 42, p. 1141- 1143

Stueber, A.M. and Pushkar, P, 1983, Application of
strontium isotopes to origin of Smackover
brines and diagenetic phases, southern
Arkansas (abstr.): American Association of
Petroleum Geologists Bulletin, v. 67, p. 553-554.

Tan, F. C. and Hudson, J.D., 194, Isotopic studies
of the palececology and diagenesis of the Great
Estuarine Series {Jurassic) of Scotland: Scottish
Journal of Geclogy. v 10, p. 91108,

Veizer, J. and Compston, W., 1974, 87S1/965
composition ol seawater during the
Phanerozoic: Geochimica et Cosmochimica
Agcta, v. 38, p. 14611484,

Veizer, J. and Hoets, J., 1976, The nature of 180/180
and '2C/12C secular trends in sedimentary
carbonate rocks: Geochimica et Cosmochimica
Acta, v. 49, p. 1387:1305.

Walls, R.A., Mountjoy, EW. and Fritz, P, 1979,
Isotopic composition and diagenetic history of
carbonate cements in Devonian Golden Spike
reef, Alberta, Canada: Geological Society of
America Bulletin, v. 90, p. 963-982,

Organic Geochemistry and Organic-
Inorganic Interactions

Barnes, M.A., Barnes, W.C. and Bustin, R.M., 1984,
Diagenesis and chemistry and evolution of
organic matter: Geoscience Canada, v. 11,
p. 103-114,

Berner, R.A., 1975, Diagenetic models of dissolved
species in the interstitial waters of compacting
sediments: American Journal of Science,
v. 275, p. BB-96.

Bjorlykke, K., 1984, Formation of secondary
porosity: how important is it? in McDonald, D.A.
and Surdam, R.C., eds., Clastic diagenesis:
American Asscciation of Petroleum Geologists,
Memoir 37, p. 127151,



Curtis, C.D., 1977, Sedimentary geochemistry -
environments and processes dominated by
involvement of an aqueous phase: Royal
Society of London, Philosophical Transactions,
Series A, v. 286, p. 353-372.

Curtis, C.D., 1978, Possible links betwesn
sandstone diagenesis and depth-related
geochemical reactions occurring in anclosing
mudstones: Journal of the Geatogical Society of
London, v. 135, p. 107117

Deroo, G., Power, T.G., Tissot, B., McCrossan, R.G.
and Hacquebard, PA., 1977 The origin and
migration of petroleum in the western Canadian
Sedimentary basin - a geochemical and thermal
maturation study: Geological Survey of
Canada, Bulletin 262, 136 p.

Dow, W. 1977, Kerogen studies and geological
interpretations: Journal of Geochemical
Exploration, v. 7. p. 79-89.

Espitalié, J., Laporie, J.L.. Madec, M., Marquis, F.
Lepiat, P., Paulet, J. and Boutefen, A, 1977,
Méthode rapide de charactérisation des
roches-méres, de leur potentiel pétrolier et de
teur degré d'évolution: Revue de ['institut
Frangais du Pétrale, v. 32, p. 23-42.

Foscola, A.E. and Powell, TF,, 1980, Mineralegical
and geochemical transformations of clays
during catagenasis and their relation to oil
generation: in Miall, A.D., ed., Facts and
principles of world oil occurrence, Canadian
Society of Petroleum Geologists, Memoir 6,
p. 153172

Froekich. PN., Klinkhammer, G.P. and Bender, M.L.,
et al., 1979, Early oxidation of organic matter in
pelagic sediments: Geochimica et Cosme-
chimica Acta, v. 43, p. 1075-1080.

Hayes, J.B., 1979, Sandstone diagenesis - the hole
truth: Society of Economic Paleontologists and
Mineralogists, Special Publication 26,
p. 127140

Hood, A. and Castano, J.R., 1974, Organic
metamorphism - its relationship to petroleum
generation and application to studies of
authigenic minerals: United Nations ESCAP,
CCOP, Technical Bulietin 8, p. 87118

Huc, A.Y. and Durand, B.M., 1977, Occurrence and
significance of humic acids in ancient
sediments: Fuel, v. 58, p. 73-80.

jewin, H., Curtis, C.D. and Coleman. M., 1977
|sotopic evidence for source of diagenetic
carbonates formed during burial of organic-rich
sediments: Nature, v. 269, p. 209-213.

Kharaka, Y.K., Hull, RW. and Carothers, W.W.,
1985, Water-rock interactions in sadimentary
basins: in Gautier, D.L., Kharaka, Y.K. and
Surdam, R.C.. eds., Relationship of organic
matter and mineral diagenesis: Society of
Economic Paleontologists and Mineralogists,
Notes for Short Course No. 17, p. 78-176.

Lundegard, P.A., 1985, Carbon dioxide and organic
acids: origin and role in burial diagenesis, Texas
Guif Coast Tertiary: Ph.D. Thesis, University of
Texas at Austin, Austin, TX, 145 p.

Mackenzie, A.5., Patience, R.L. and Maxwell, J.R.,
1981, Molecular changes and the maturation of
sedimentary organic matter: in Atkinson G. and
Zuckerman, J., eds., Orngin and chemistry of
petroleum: Pergamon Press, Oxford, p. 1-31.

McBrige, E.F., 1977, Secondary porosily -
importance in sandstone reservoirs in Texas:
Gulf Coast Association of Geological Societies,
Transactions, v. 27, p. 121122,

Mitterer, .M., 1968, Amino acid composition of
organic matrix in caicareous oolites: Science,
v, 162, p. 1498-1499.

Powell, T.G., Foscolos, A.E., Cunther, PR. and
Snowdon, L.R.. 1978, Diagenesis of organic
matter and fine clay minerals - 8 comparative
study: Geochimica et Cosmochimica Acta,
v. 42, p. 1181-1198.

Schmidt, V. and McDonald, D.A., 1979, Tha rols of
secondary porosity in the course of sandsione
diagenesis: in Scholle, P.A. and Schluger, PR.,
ods., Aspects of diagenesis: Society of
Economic Paleontologists and Mineralogists,
Special Publication 26, p. 175-207

Snowden, L.R. and Powell, T.G., 1982, Immature oil
and condensate - modification of hydrocarbon
generation model for terrastriat arganic matter:
American Association of Petroleum Geologists,
Bulletin, v. 66, p. 775-788.

Suess, E., 1970, Interaction of organic compounds
with calcium carbonate. I. Association
phenomena and geochemical implications:
Geochimica et Cosmochimica Acta, v. 34,
p. 157168.

Suess, E. and D. Fitterer, 1972, Aragonitic coids -
experimental precipitation from seawater in the
presence of humic acid: Sedimentolagy. v. 19,
p. 129-139.

Surdam, R.C., Boese, 5.W. and Crossey, L.J., 1984,
The chemistry of secondary porosity: in
McDonald, D.A. and Surdam, R.C., eds.,
Clastic diagenesis: American Association of
Petroleum Geologists, Memair 37 p. 127149

Tissot, B.P, Bard, J.F. and Espitalié, J., 198Q,
Principal factors controlling the timing of
petraleurn generation: in Miall, A.D., ed., Facts
and principles of world petroleum occurrence:
Canadian Sociely of Petroleumn Geologists,
Memoir 6, p. 143-152.

Burial Diagenesis of Chalks and Other
Fine-Grained Oceanic Carbonates

Beall, A.O. and Fischer, A.G., 1969, Sedimentclogy:
in M. Ewing et a/., Initial Reports of the Deep
Sea Drilling Project, Yoiume I, United States
Government Printing Office, Washington, D.C.,
p. 521-593.

Feazel, C.T., Keany, J. and Peterson, R.M., 1985k,
Cretaceous and Tertiary chalk of the Ekofisk
Field area, central North Sea: in Roehl, PO.
and Choquette, P.W., eds., Carbonate
petroleum resarvoirs: Springer-Verlag, New
York, p. 495-511.

Hancock, J.M., 1976, The petrology of the Chalk:
Proceedings of the Geological Society of
London, v. BB, p. 499-535.

Mapstone, N.B., 1975, Diagenetic history of a North
Sea chalk: Sedimeniology, v. 22, p. 601-613.
Matter, A., Douglas, R.G. and Perch-Nielsen, K.,
1975, Fossil preservation, geochemistry, and
diagenesis of pelagic carbonates from Shatsky
Rise, northwest Pacific, in Larson, R.L.,
Moberly, R., et al., Initial Reports of the Deep

Sea Drilling Project, v. XXXII, p. 891-821.

McKenzie, J.A., Bernoulli, D. and Garrison, R.E.,
1978, Studies on lithification and diagenesis -
lithification of pelagic-hemipelagic sediments at
DSDP Site 372, oxygen-isotope alteration with
diagenesis, in Hsi, K.J., Montadert, L., et al.,
Initial Reports of the Deep Sea Prilling Project,
v. XL, p. 473-478.

Mimran, Y., 1977 Chalk deformation and large-scale
migration of calcium carbonate: Sedimentology,
v. 24, p. 333-360.

Neugebauer, J., 1873, The diagenstic problem of
chalk - the role of pressure solution and pore
fluid: Neues Jahrbuch {0r Geologie und
Paleontotogie, Abhandlungen, v. 143,
p. 223-245.

Neugebauer, J., 197, Some aspects of cementation
in chalk: in Hsil, K.J. and Jenkyns, H.C., eds.,
Pelagic sediments on land and under the sea:
International Association of Sedimentologists,
Special Publication 1, p. 149-176.

Scholle, P.A., 1974, Diagenesis of Upper
Cretaceous chalks from England, Northern
Ireland and the North Sea: in Hsi, K.J. and
Jenkyns, H.C., eds., Pelagic sediments - on
land and under the sea: International
Association of Sedimentologists, Special
Publication 1, p. 177-210.

Scholle, PA., 1977, Chalk diagenesis and its relation
to petroleum exploration - oil from chalks, a
modern miracle? American Association of
Petroleum Geologists, Bulletin, v. 61.
p. 982-1009.

van den Bark, E. and Thomas, 0.D., 1981, Ekoafisk:
first of the giant il fields in western Europe: int
Halbouty, M.T., ed., Giant oil and gas fields of
the decade 1968-1878: American Association of
Petroleurn Geologists, Memoir 30, p. 185-224.

Wolfe, M.J., 1968, Lithification of a carbonate mud -
Devonian chalk in Northern Ireland:
Sedimentary Geology, v. 2, p. 263-290.

Porosity in Burial Diagenesis

Choquette, PW. and Pray, L.C., 1970, Gealogic
nomenciature and classification of porosity in
sedimentary carbonates: American Association
of Petroleum Geologists, Bulletin, v. 54,
p. 207-250.

Donath, F.E., Carozai, A.V.,, Fruth, L.S., Jr. and Rich,
D.W., 1980, Oomoldic porosity exparimentally
developed in Mississippian oolitic limestones:
Journal of Sedimentary Petrology, v. 50,
p. 1249-1260.

Elliott, T.L., 1982, Carbonate facies, depositional
cycles and the development of secondary
porosity during burial diagenesis: in
Christopher, J.E. and Kaldi, J., eds., 4th
International Williston Basin Symposium:
Saskatchewan Geological Society, Special
Publication &, p. 131151,

Enos, Paul and Sawatsky, L.H., 1981, Pore networks
in Holocene carbonate sediments: Journal of
Sedimentary Petrology, v. 51, p. 961-985.

Feazel, C.T. and Schatzinger, R.A., 1985a,
Prevention of carbonate cemeantation in
petroleum reservoirs: in Schneidermann, M.
and Harris, PM., eds., Carbonate cements:
Society of Economic Paleontologists and
Mineralogists, Special Publication 36, p. 97106,

Halley, R.B. and Harris, PM., 1979, Freshwater
cementation of a 1000-year-old oolite: Journal
of Sadimentary Petrology, v. 49, p. 969-988.

Halley, R.B. and Schmoker, J.M., 1982, High
porosity Cenozoic carbonate rocks of South
Florida: progressive loss of porosity with depth,
American Association of Petroleum Geologists,
Bulletin, v. 67 p. 191-200.



Geoscience Canada Volume 14 Number 1

Harrison, R.S., 1975, Porosity in Pleistocene
grainstones from Barbados: some preliminary
observations: Bulletin of Canadian Petroleum
Geology, v. 23, p. 383-392.

Lockridge, J.P. and Scholle, PA., 1978, Nicbrara
gas in eastern Colorado and northwastern
Kansas: Rocky Mountain Association of
Geologists, 1978 Symposium, p. 35-49.

Lundegard, PP, Land, L.S. and Galloway, WE.,
1984, The problem of secondary porosity: Frio
Formation (Oligocene), Texas Gult Coast:
Geology, v. 7, p. 399-402.

Moore, C.H., 1985, Upper Jurassic subsurface
cements: a case history: in Schneidermann, N,
and Harris, PM., eds., Carbonate cements:
Society of Economic Paleontologists and
Mineralogists, Special Publication 36,
p. 291-308,

Moore, C.H. and Druckman, Y., 1981, Burial
diagenesis and porosity evolution, upper
Jurassic Smackover, Arkansas and Louisiana:
American Association of Petroleum Geologists,
Bulletin, v. 85, p. 597-628.

Pray, L.C. and Choquette, PW., 1966, Genesis of
carbonate reservoir facies {abstr). American
Association of Petroleum Geologists, Bulletin,
v 50, p.632.

Schmoker, J.W., 1985, Empirical relation between
carbonate porosity and thermat maturity - an
approach to regional porosity prediction:
American Association of Patroleum Geclogists,
Bullatin, v. €8, p. 16971703.

Schmoker, J.W. and Halley, R.B., 1982, Carbonata
porosity versus depth - a predictable relation for
south Florida: American Association of
Petroleum Geologists, Bulletin, v, 66,
p. 2561-2570.

Schelle, P.A. and Halley, R.B., 1985, Burial
diagnesis: out of sight, out of mind! in
Schneidermann, N. and Harris, PM., eds.,
Carbonate cements: Sociely of Economic
Paleontologists and Mineralogists, Special
Publication 36, p. 309-334.

Yanguas, J.E. and Dravis, J.J., 1985, Blue
fluorescent dye technique for recognition of
microporosity in sedimentary rocks: Journal of
Sedimentary Petrology, v. 55, p. 600-602.

Mineral Transiormations, and Other
References

Beach, D.K., 1982, Depositional and diagenetic
history of Pliocene-Pleistocene carbonates of
northwestern Great Bahama Bank: evolution of
a carbonate platform: unpublished Ph.D.
Thesis, University of Miami, Miami, FL, v. 1,
447 p.

Boles, J.R. and Franks, G., 1973, Clay diagenesis in
Wilcox sandstone of southaast Texas: implica-
tions of smectite diagenesis on sandstone
cementation: Journal of Sedimentary Petrology,
v. 49, p. 55-70.

Burst, J.F., 1969, Diagenesis ol Gulf Coast clay
sediments and its possible relation to petroleum
migration; American Association of Petroleurn
Geologists, Bulletin, v. 53, p. 73-930.

Enos, Paul and Perkins, R.D., 1977, Quaternary
sedimentation in south Florida: Geological
Society of America, Memoir 147, 198 p.

Gregg, J.M. and Sibley, D.F., 1984, Epigenetic
dolomitization and the origin of xenotopic
dolomite texture: Journal of Sedimentary
Patrology, v. 54, p. 908-931.

Hower, J., Eslinger, E.V., Hower, M.E. and Perry,
E.A., 1976, Mechanism of bunal metamorphism
of argillaceous sediments - 1. Mineralogical and
chemical evidance: Geological Society of
Amnerica, Bulletin, v. 87 p. 725.737

Isaacs, C. M., 1981, Porosity distribution during
diagenesis of the Monteray Formation, Santa
Barbara coastal area, California: in Garrson,
R.E., Douglas, A.G., Pisciotto, K.E., Isaacs,
C.M. and Ingle, J.C., eds., The Monterey
Formation and related siliceous rocks of
California: Society of Economic Paleontologists
and Mineralogists, Pacific Section, Symposium,
p. 257.272.

James. N.P. and Choquette, PW., 1983, Diagenesis
¥56. Limastones - the sea-floor diagenetic
environment, Geoscience Canada, v. 10,
p. 162-179.

James, N.P. and Choquette, PW., 1984, Diagenesis
#9. Limestones - the meteoric diagenetic
environment, Geoscience Canada, v. 11,
p. 161194,

35

Kendall, A.C., 1984, Evaporites, in Walkar, R.G.,
ed., Facies Models: Geological Association of
Canada, Geoscience Canada Reprint Series 1,
p. 259-298.

Lippman, F., 18973, Sedimentary carbonate
minerals: Springer-Verlag, Berlin, 228 p.

Murray, R.C., 1964, Origin and diagenesis of
gypsum and anhydrite: Journal of Sedimentary
Petrology, v. 34, p. 512-523.

Perry, E.A. and Hower, J., 1970, Burial diagenesis in
Gulf Coast pelitic sediments: Clays and Clay
Minerals, v. 18, p. 165177

Radke, R.M. and Mathis, R.L., 1980, On the
formation of saddie dolomite: Journal of
Sedimentary Petrology, v. 50, p. 1149-1168,

Sando, W.J., 1974, Ancient solution phenomena
in the Madison Limestone (Mississippian} of
north-central Wyoming: United States
Geological Survey, Journal of Research, v. 2,
no. 2, p. 133-141.

Sando, W.J., 1985, Revised Mississippian time
scale, western interior region, conterminous
USA: United States Geologicat Survey, Bulletin
1605A, 18 p.

Sloss, L.L., 1984, Comparative anatomy ol cratonic
unconformities, in Schlee, J.S., ed.,
Interregional unconformities and hydrocarbon
accumutations: American Association of
Petroleum Geologists, Memoir 36, p. 1-6.

Steinen, R.P, 197, Phreatic and vadose diagenetic
modification of Pleistocene limestone:
peatrographic observations from subsurface of
Barbades, West Indies: American Association
of Petroleum Geologists, Bulletin, v. 58,
p. 1008-1024.

Steinen, R.P. and Matthews, R.K., 1973, Phreatic
versus vadose diagenesis: stratigraphy and
mineralogy of a cored borehole on Barbados,
West Indies: Journal of Sedimentary Petrology,
v. 43, p. 10121020,

Accepted 26 August 1986.



