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PART 1, INTRODUCTORY PERSPECTIVES, BASIC CARBONATE PRINCIPLES, AND
STRATIGRAPHIC AND DEPOSITIONAL MODELS

INTRODUCTION

The increased need to find new energy resources in deep marine
frontier environments has clearly intensified the importance and inter-
est in deep water carbonate settings and how these settings interrelate
to adjacent shoal water platform margins. Coarse-grained mass-flow
deposits beyond the shelf break in terrigenous clastic environments have
been known for many years to form major petroleum reservoirs (Barbat,
1958), and it is likely that similar deep-water clastic facies will con-
tinue to be future exploration targets (Hedberg, 1970; Curran et al,
1971; Gardett, 1971; Nagel and Parker, 1971; Schlanger and Combs, 1975;
Walker, 1978; Wilde et al, 1978; Howell and Normark, 1982). With the
concept of plate tectonics, seismic stratigraphy, advances in seismic-
reflection technology and cycles of relative sea level change, a more
sophisticated approach to understanding the developments of deeper water
environments has emerged (Cook and Enos, 1977a, b; Doyle and Pilkey,
1979; Stanley and Moore, 1983). Consequently, this understanding has
placed more emphasis on the geological history and petroleum potential
of slope and basin margin settings (for example, Hedberg, 1970; Burk and
Drake, 1974; Weeks, 1974; Bouma et al, 1976; Thompson, 1976; Wang and
McKelvey, 1976; Bloomer, 1977; Schlee et al, 1977; Mattick et al, 1978;
Krueger and North, 1983),

Well-documented examples of petroleum reservoirs in carbonate slope
and basinal settings are fewer in number than their terrigenous clastic
counterparts., However, discoveries of major petroleum accumulations in
upper Paleozoic-lower Cenozoic slope facies have stimulated interest in
deep water carbonates (Cook et al, 1972; Enos, 1977a, in press;
Viniegra-0, 1981; Cook, 1983, in prep. b). It is likely that more deep-
water carbonate reservoirs will be discovered as exploration and re-
search continue in this domain (Cook et al, 1972; Cook, 1979a; Cook and
Enos, 1977b; Enos, 1977a, b, in press; Scholle, 1977; Flores, 1978;
Mullins et al, 1978; Mullins and Neumann, 1979; Santiago, 1980; Cook and
Egbert, 1981a; Viniegra-0, 1981; Cook, 1983; Cook and Mullins, 1983;
Enos and Moore, 1983; Mullins and Cook, in prep.).

The ultimate purpose of this short course is to improve approaches
and ideas related to petroleum and mineral exploration in platform mar-
gin and deeper water carbonate environments, To this end emphasis is
placed on understanding depositional environments, their contained
facies, and diagenetic patterns, Better geologic interpretation of
these three elements in carbonate sedimentology and facies analysis are
usually critical in petroleum exploration, These elements are also re-
ceiving wider importance in base metal exploration as many mineral de-
posits in carbonates are controlled by primary depositional patterns and
not simply due to tectonics and/or proximity to igneous intrusions
(callahan, 1977).



One of the necdssary steps in carbonate exploration lies in pre-
dicting the location of porous and permeable zones likely to be commer-
cial reservoirs. Because depositional facies and facies patterns often
control depositional porosity trends and strongly influence post
depositional diagenetic patterns in carbonates it follows that the cor-
rect recognition of environments and knowledge of depositional trends
and sequences in these environments can provide important advantages in
designing exploration and production strategies.

To achieve these goals focus in this volume will be on 1) The na-
ture, origin and interrelationships of facies transitions through plat-
form margins, slope, apron, fan, and basin-plain environments, 2) bio-
facies characteristics and their influences on carbonate facies charac-
teristics in the modern and ancient, 3) depositional and diagenetic
facies and facies associations and their relation to carbonate ramp,
rimmed shelf, debris sheet, apron, and fan models, and 4) potential
source rocks, reservoirs, and traps in both platform margin and deep-
water carbonate sequences.

BASIC CARBONATE PRINCIPLES

A basic tenant that is implicit throughout this volume is that the
better we understand the origin of rocks the more likely we will be to
understand their depositional and diagenetic patterns, and accordingly
be better equiped to make well founded stratigraphic predictions,

The following principles or precepts of carbonate sedimentology and
stratigraphy can be thought of as guidelines by which a carbonate geolo-
gist attempts to decipher the data base at hand and to generate ideas,
models, and exploration approaches. This data base may consist of only
a handful of drill cuttings or it may include a diverse array of elec-
tric logs, seismic data, cores, and even beautifully exposed mountains
of carbonate rocks. The intangible data base is, of course, the experi-
ence, perspective, and imagination of the person interpreting these
data.

These principles have evolved from studies of modern carbonate en-
vironments as well as ancient carbonate sequences throughout the geolog-
ic column. Included in Wilson (1975) and Wilson et al (1983) is a great
deal of wisdom encapsulated within a relatively few pages. The discus-
sion below draws on these two references as well as the author's own ex-
perience and observations in different parts of the world.

Depositional Environments

Much of what we know about carbonate depositional environments
originated from studies of modern sediments particularly during the
1950's and 1960's, in Florida, the Bahamas (Figs. 1-1, 1-2), Belize, the
Persian Gulf, and the Pacific Atolls (ex: Newell et al, 1953; Newell
and Rigby, 1957; Purdy, 1963; Ginsburg and Shinn, 1964; Schlanger, 1964;
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Purser, 1973). The bapplication of these modern studies to help in the
interpretation of ancient depositional environments and their contained
facies patterns was forcefully presented by Newell et al (1953) in their
classic study of the Permian Reef Complex of west Texas. Subsequently a
number of studies on ancient carbonate sequences have amplified modern
observations, have better established the parameters most likely to be
preserved in the ancient record, have demonstrated the geologically long
ranging characteristics of many environments, and have made significant
inroads in establishing the nature and origin of deep water carbonate
environments (ex: Pray and Murray, 1965; Friedman, 1969; Laporte, 1967,
1974; Wilson, 1975; Cook and Enos, 1977b; Reading, 1978; Cook, 1979;
Doyle and Pilkey, 1979; Toomey, 1981; James and Mountjoy, 1983; Cook and
Mullins, 1983; Enos and Moore, 1983; Scholle et al, 1983a, b).

There are five basic depositional environments in carbonate

systems: 1) an inner shelf or shelf lagoon which is associated with
tidal flats; 2) a middle shelf; 3) an outer shelf; 4) a slope; and 5) a
basin (Figs. 1-3 - 1-10. Each of these five settings can be divided

into one or more subenvironments (i.e. see the beautifully illustrated
carbonate environments in Scholle et al, 1983a). It is well to keep in
mind that the scale of most environments can vary dramatically depending
on whether the carbonates formed on a broad continental margin 100's of
kilometers wide or on isolated platforms whose widths may only have been
a few 10's of kilometers or less (Fig. 1-11).

Most carbonate sediment that forms in a shelf environment is the
product of shallow, warm, clear marine waters at low latitudes, The
outer shelf environment which often is referred to as the shelf-edge,
reef margin, bank margin, skeletal margin, etc., is commonly a high
energy, well-circulated zone on the shelf, Middle shelf settings are
subject to sea water mostly of normal salinity, water depths from a few
meters or less to one or two hundred meters, well oxygenated water, and
water conditions commonly below wave base, The inner shelf is charac-
terized by restricted marine to hypersaline marine conditions. Inner
shelf environments include the shallow subtidal "shelf lagoon” setting
of many authors as well as carbonates that formed on tidal flats under
supratidal, intertidal, and shallow subtidal conditions. Slope and
basin environments are normally below effective wave and storm base.
Bottom waters in these deeper water environments can range from well-
circulated and highly oxygenated to stagnant and anaerobic.

A fundamental difference between carbonate and terrigenous clastic
provinces is that carbonate generation is essentially autochthonous.
That is, whereas terrigenous clastic shelf sands may have originated
1000's of kilometers from their current site, carbonates usually formed
close to where they are found. As stated by Laporte (1974) "intra-
basinal factors control facies development". Less formally stated this
can be called the principle of "What you see is what you get", i.e, the
lithofacies and biofacies in a particular modern carbonate environment
are being generated in that environment and, with only a few exceptions,
these sediments will remain relatively close to their site of origin to
become ancient carbonates. A notable exception to this principle is the
fact that carbonate mass flows, such as debris flows or turbidity cur-



rent flows, can be génerated in outer shelf settings and these flows can
transport large volumes of shoal-water carbonates into a deep-water bas-
inal environment, In fact, the rigid application of the "What you see
is what you get" principle has been responsible for misinterpreting deep
water allochthonous carbonates as in situ shoal water carbonates (Cook,
et al, 1972).

Carbonate Components

All carbonate rocks are composed of only four major components:
these are 1) fossils or fossil fragments, 2) ocids and/or other coated
grains, 3) carbonate mud as micrite, as pelloids, and as intraclasts,
and 4) carbonate cement, These four components are made up of only four
basic carbonate minerals - 1) aragonite, 2) calcite, 3) magnesian cal-
cite, and 4) dolomite.

The composition of skeletal debris is highly variable depending on
the taxonomic group (Fig. 1-12). Ooids are initially magnesian calcite
or aragonite. Carbonate mud as in Florida Bay is made up of fine-
grained aragonite needles whereas deep-water carbonate micrite can con-
sist wholly of calcite coccoliths (Cook and Egbert, 1983), The fourth
component, carbonate cement can consist of aragonite, magnesian calcite,
and/or calcite,

Textural Considerations

A corollary to the principle of "What you see is what you get" is
that because most carbonate grains accumulate where they are produced,
the textures of many carbonate sediments are highly dependant upon the
nature of the contributing organic or inorganic producers rather than on
external processes as in terrigenous clastic systems. Thus, a carbonate
sediment can originate with carbonate particles of a wide variety of
shapes and sizes. If these constituents undergo relatively little net
transport, as is commonly the case, special care must be taken in inter-
preting this texture, An example that well exemplifies this point is
that in some middle shelf low energy settings large pebble sized, artic-
ulated crinoid columns can be admixed with abundant lime mud., The mes-
sage here is that the presence or absence of interpreted original lime
mud is considered a better guide to water energy than grain size or
shape.

With the above and other concepts in mind Dunham (1962) designed a
simple yet eloquent classification of carbonate rocks. His classifica-
tion is simple to use, descriptive, yet his descriptive modifiers have
powerful genetic overtones (Fig. 1-13). In this classification the
focus is on the presence or absence of interpreted original lime mud,
and whether or not the sediment is grain-supported or matrix-supported.
Because carbonate mud can be generated in situ in both quiet water and
high energy environments the presence of mud in a carbonate rock tells
us something about the energy level or currents of removal at that site,
Likewise rather than simply stating that a carbonate rock contains a
certain percentage of grains the concept of a dgrain-support fabric
implies emphatically that the rock is full of its particular assortment
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of grains. Also because the shapes of carbonate grains can vary from
spherical oolites to platy algal fragments an oolite grainstone contains
a higher percentage of grains than does a Halimeda algal grainstone -
the common genetic denominators, however, are that both rocks are grain-
supported and contain as many grains as the shape of the constituents
will geometrically allow,

Facies, Facies Genesis and Distribution

As discussed above both organic and inorganic carbonate particles
are produced essentially in situ, in a variety of shapes and sizes, and
many facies types accumulate and remain where produced with relatively
little net transport. During storms obviously some transport takes
place in carbonate sand shoals and in outer shelf settings., Maximum
transport occurs in deeper water environments where mass transport pro-
cesses are common,

Facies genesis is a function of many variables. Some of the vari-
ables that appear to exert the strongest control, however, include tec-
tonic setting, water energy, light conditions, circulation, fluctuations
in relative sea level, sediment dynamics at the outer shelf-slope mar-
gin, age of the carbonate province, and diagenesis. In spite of numer-
ous variables, the basic types of facies that are formed in basin,
slope, and shelf environments are surprisingly regular and their lateral
distribution is reasonably predictable (Fig. 1-14). As Wilson (1975)
points out concerning these nine facies belts "it is significant that
this pattern is so persistent; it offers essentially a single model for
prediction of geographic distribution of rock types. It thus becomes a
tool in practical field mapping, in designation of rock units for cor-
relation purposes, for depositional interpretations, and in the search
for petroleum and for metallic ores such as lead, zinc, and silver,
whose distribution may be facies controlled”.

Not all the shallow water facies belts shown in figure 1-14 are
necessarily developed in any one carbonate system. On the other hand
since 1975 the deeper-water slope environments as well as platform mar-
gins have received increased study and a variety of new facies can now
be documented for these settings (Cook and Mullins, 1983; Halley et al,
1983)., Facies belts in platform margin and deep water settings can vary
in width, being narrower and well defined where the shelf and slope is
steep and rapid seaward progradation is evident, Conversely on low
gradient stable shelves and slopes the facies belts can be quite wide
and rather diffuse,

Rates of Sedimentation

An important point that must be included in any examination and
interpretation of carbonate sequences is a paradox that carbonate
geologists have noticed for years. Wilson (1975, p. 15, 16, 18) stated
it well by noting that carbonate sedimentation can be extremely rapid
with growth rates of Holocene shallow-water carbonates and reefs being
at least one order of magnitude higher than net accumulation rates of
ancient carbonate sequences (Table 1-1). Wilson (1975, p. 16) goes on to
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say that "when conditions remain favorable, carbonate production can
keep up with almost any amount of tectonic subsidence or eustatic sea
level rise". Thus, even though carbonate deposition is rapid it is
easily inhibited and therefore through geologic time it must have been
sporadic. An excellent paper by Schlager (1981) presents new data that
supports the earlier ideas of Wilson (1975) as well as offering sugges-
tions as to why drowned platforms are common in the geologic record,
even though "there should be no drowning of platforms at all" (Schlager,
1981, p. 198).

The paradox of drowned reefs and carbonate platforms can be put in
perspective by examining the data in figures 1-15, 1-16, and Table 1-
2, In essence what these data show are: (1) modern carbonates have
average potential growth and/or sedimentation rates .of about 1,000
Bubnoffs (i.e. 1 Bubnoff equals 1 micron (um)/year, or 1 mm/thousand
years, or 1 m/million years), (2) relative sea level rise due to sub-
sidence of new oceanic crust is 250 Bubnoffs, (3) long-term. basin subsi-
dence rates are about 10~100 Bubnoffs, (4) sea level rise due to sea-
floor spreading is <10 Bubnoffs, (5) early Holocene glacio-eustacy sea
level fluccuations were 500-8,000 Bubnoffs, (6) ancient carbonate se-
quences accumulated vertically at rates of about 30 to 150 Bubnoffs and
rarely at 300-500 Bubnoffs, (7) ancient carbonate sequences that exhibit
seaward progradation must have had potential growth and/or sedimentation
rates far in excess of their vertical accumulation rates. For example
horizontal seaward progradation of some Upper Devonian carbonate com-
plexes in Alberta, Canada is estimated to have been about 750-1,000
Bubnoffs (750-1,000 m/my) which is significantly greater than its'
estimated overall vertical accumulation rate of about 50-80 Bubnoffs
(50-80 m/my) (Cook, unpublished data).

The above seven points strongly suggest that the growth potential
of many drowned carbonate platforms was in excess of their net accumula-
tion rates. Relative sea level rises (10-250 Bubnoffs) caused by long
term geologic processes do not appear to be great enough to drown
healthy carbonate platforms that exhibit the capability of seaward pro-
gradation on the order of 1,000 Bubnoffs,

Schlager (1981) suggests that "causes of platform downing include
(1) reduction of benthic growth due to environmental stress, such as (a)
global salinity drops due to fresh-water injections or excessive evapor-
ite deposition or (b) regional deterioration during drift to higher
latitudes; or (2) rapid pulses of relative sea level, such as regional
downfaulting or global rises due to desiccation of small ocean basins,
submarine volcanic outpourings, or glacio-eustacy”.

Stratigraphic Sequences
The above sedimentologic principles have been discussed mainly in a
two-dimensional context, The third-dimension, that of time, is what

leads to the development of stratigraphic sequences. Carbonate platform
margins can evolve through time and space in several ways (Fig. 1-17).
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The depositional style or combination of styles that a platform
margin exhibits is a function of numerous variables some of which
include relative sea level changes, sedimentation rates, type of facies
at the platform margin, ag2, and tectonic activity. Stratigraphic
sequences are discussed in detail in this chapter under "Stratigraphic
Models".

Diagenetic Considerations

Diagenesis is commonly considered to include all processes and
events that a sediment undergoes after deposition, but before meta-
morphism, This definition is rather confining especially in situations
where biotic constituents such as coral heads can undergo significant
amounts of bioerosion. 1In these cases bioerosion could be considered a
diagenetic process, Also, in deeper water carbonate environments it is
important to understand the modifications that can occur to biogenic
particles before they reach the sediment-water interface. This is use-
ful in order to gain a clearer perspective of what sediment features are
inherited versus those changes that are of a depositional origin (Cook
and Egbert, 1983).

Carbonate sediments and rocks have a high susceptibility to change,
that is, they have a high diagenetic potential, 1In its simplest form,
the diagenetic potential of a carbonate sediment or rock is a measure of
its geochemical-textural-constituent maturity. Schlanger and Douglas
(1974) introduced this concept for deep-sea carbonates but it is an
equally useful concept for shallower water carbonates.

Diagenetic processes include, but are not limited to, gravitational
compaction, geochemical compaction, mineral stability transformations
such as the transformation of aragonite and magnesian calcite to cal-
cite, solution (dissolution), pressure-solution, cementation, organic
rotting, bioerosion, crystal rearrangement (neomorphism), dolomitiza-
tion, and fracturing.

In petroleum and minerals exploration and production, major empha-
sis is placed on better understanding diagenetic environments and the
geologic processes in these environments that lead to porosity modifica-
tions. Major processes that lead to a decrease in porosity include
cementation and compaction (both gravitational and geochemical).
Processes that can enhance porosity consist of dissolution, dolomitiza-
tion, and fracturing. As shown in figure 1-18 the dominant trend from
modern carbonate sediments to ancient carbonates is toward an overall
reduction in porosity. Thus, the mark of a potential carbonate
reservoir is one in which the pore-reducing processes were either non-
existant or arrested at some stage, and/or porosity enchancing factors
came into existance or were dominant.

The reader is encouraged to read the excellent paper by Choquette
and Pray (1970) on porosity in sedimentary carbonates, They compare the
porosity in carbonate versus terrigenous clastic rocks, make a clear
distinction between fabric-selective porosity and non-fabric selective
porosity and discuss major surface and burial zones in which porosity is
created or modified (Figs, 1-19 - 1-21),
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Figures 1-22 - 1-34 are included in this chapter to illustrate the
basic diagenetic environments as presently conceived for carbonate
systems, the processes that are active in these environments, petro-
graphic criteria for recognizing the different cement types that form in
various diagenetic realms, and the relationship between burial depth and
possible porosity enhancing and reducing processes.

STRATIGRAPHIC MODELS

As used in this chapter stratigraphic models are an attempt to
explain the vertical facies changes (i.e. the stratigraphic sequences)
that occur at the platform margin-to-slope transition. Two recent
publications (Playford, 1980; James and Mountjoy, 1983) illustrate the
basic ways in which platforms can evolve through time in response to
varying rates of relative sea level change, basin subsidence, sedimenta-
tion rates, and tectonic activity. Relative sea level rise or fall is
herein used to refer to the net effect of sea level movement and
subsidence.

Playford (1980) depicts six situations (Figs. 1-35 - 1-37):

1. Upright - carbonate growth and/or sedimentation essentially
keeps pace with relative sea-level rise,

2, Advancing - carbonate platform margin advances (progrades)
seaward out over deeper water facies.,

3. Retreating - carbonate platform margin retreats (retrogrades)
back over shallower-water facies,

4. Back-stepping - platform margin retreats sharply, in steps, to
a position in the platform interior over shallower-water
facies.

5. Drowned/Pinnacle - special situations where platforms are
completely drowned and local isolated pinnacle reefs form
(steep-sided spires of reef in which the ratio of breadth to
height is less than 2:1).

6. Combination - four types of platform margins occur in figure
1-37. A retreating margin in the Givetian, an upright

margin in the early Frasnian followed by a drowning and/or
back-stepping in the late Frasnian, and finally an advancing
platform margin in the Famennian.

James and Mountjoy (1983) present similar models (Figs, 1-38 - 1-
40)

.

1. Stationary - same as Playford's (1980) Upright.

2. offlap - same as Playfords's (1980) Advancing.

3. Onlap - same as Playford's (1980) Retreating. They include
their stepped onlap mode as a type of Onlap (Fig. 1-39).

4, Drowned - drowning or inundation is similar to Playford's
(1980) Drowned examples,

5. Emergent - subaerial exposure of shallow water parts of
platform, erosion,
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6. Combinatién - they cite Playford (1980) as an example of
combination margins (Fig. 1-37).

It is useful at this point to briefly summarize some of the terms
in the carbonate literature that are used interchangeably when referring
to the different types of platform margin stratigraphic models:

1. Upright and stationary stratigraphic sequences develop during
a relative rise of sea level. Both terms refer to platform
margins that remained essentially in the same paleogeographic
position through time.

2, Advancing, offlapping, prograding, and regressive refer to
seaward movement of platform margin facies over deeper water
facies. These sequences can develop during both relative sea
level rises and falls., The genetic term "regressive" is not
recommended for use as it implies that a seaward prograding
sequence (i.e. a shoaling upward sequence) only develops dur-
ing a relative lowering of sea level,

3. Retreating, onlapping, retrograding, and transgressive all
refer to platform sequences that record deepening upward
facies changes such as platform margin facies being overlain
conformably by slope facies. Retrogradational sequences
develop during a relative rise in sea level.

Thus, relative changes in sea level can produce different results
in platform margin sequences depending on the magnitude and rate of sea
level changes, the paleobathymetric position of the shelf edge facies
and rates of sedimentation on the shelf edge and inferior parts of the
shelf, For example, a relative fall in sea level can cause subaerial
solution in tidal flat environments whereas in deeper water shelf edge
and basin margin settings the facies may prograde seaward attempting to
seek former bathymetric conditions. Alternatively, during a relative
rise in sea level the shelf edge can also prograde seaward if sedimenta-
tion is faster than sea level rise or retrograde landward if the rela-
tive rise in sea level is faster than sedimentation.

Figures 1-35A and 1-38B represent situations where the sedimenta-
tion rate is balanced by a relative rate of sea level rise and/or basin
subsidence such that the shelf edge simply evolves vertically. Back-
stepping (Figs. 1-35B, 1-39) can occur when there is a rapid rise in
relative sea level and/orfaulting such that a former shelf edge and
shelf interior is drowned and a new shelf edge is only able to develop
at a later time some distance in a landward direction, Retreating shelf
margins (Figs. 1-35C, 1-39) may take place during a relative sea level
rise where shelf edge sedimentation cannot quite keep pace with increas-
ing water depths but the sea level rise is not rapid enough to drown the
shoal water facies. Advancing shelf edges (Figs. 1-35D, 1-38B) occur
during a relative rise or fall of sea level depending on rate of sea
level change and rate of depositional processes at the shelf edge.

Figures 1-37 and 1-41 illustrate that two platform margins of the
same age can respond differently to a relative rise in sea level.



During the Frasnihn (Upper Devonian) the Miette and Ancient Wall
isolated buildups in Alberta, Canada evolved in two ways. Initial
accumulation was dominated by a retreating phase., Either relative sea
level rates slowed and/or sedimentation rates increased as the upper
half of these buildups rapidly prograded seaward (Cook, 1972; Coock et
al, 1972). 1In contrast to these Canadian buildups, during the Frasnian,
platform margins in the Canning Basin of western Australia developed in
both an upright and back-stepping manner, Local tectonism in the
Canning Basin (Playford, 1980), imprinted on what is considered to be a
eustatic rise in sea level during the Frasnian, may account for the
differences in these two platform margins.

Geologic age can clearly affect the manner in which a platform mar-
gin evolves insofar as the major biotic constituents changed and/or be-
came more numerous through time (Figs., 1-42 -~ 1-44) (Heckel, 1974;
James, 1983), Tectonic setting can affect the nature of a platform mar-
gin in several fundamental ways. A sudden rapid downfaulting may cause
a significant rise in sea level that exceeds the sedimentation rate of
the platform margin, In extreme cases the platform may be drowned or
forced to back step (ex: Playford, 1980; Winterer and Bosellini, 1981;
Bosellini, in press). Drifting continental plates may move into colder
latitudes thereby causing a gradual yet irreversible deterioration of
the carbonate generating constituents. Then when a modest sea level
rise occurs the diminished growth potential of the platform is unable to
keep pace and drowning occurs.

For any significant amount of vertical accumulation there must be
regional subsidence of the platform and basin. An excellent example of
long term subsidence coupled with eustatic sea level flucculations
through time is seen in the Paleozoic continental margin carbonates in
the Basin and Range Province of the western United States (Fig. 1-45).
Here Cambrian through Devonian sedimentation produced over 5,000 meters
of platform margin and deep water carbonates that collectively exhibit
all the stratigraphic models discussed above (Cook and Taylor, 1975,
1977; Cook, 1979; Cook and Mullins, 1983; Cook and Taylor, 1983).

DEPOSITIONAL MODELS

Over the last twenty years detailed models for both modern and
ancient carbonate systems have been developed. Coupled with these
models there has been an improved understanding of the interrelation-
ships, between plate tectonics, paleontological studies, carbonate
sedimentology, relative changes in sea level, and the evolution of
carbonate shelf edge, slope, and base-of-slope settings. All of these
and other factors have led to significantly improved interpretation of
carbonate systems as well as enhancing the ability to make subsurface
stratigraphic predictions.

One of the primary reasons for studying modern carbonate envir-
onments and facies is to more fully and accurately interpret ancient
rocks, Many modern environments provide us the direct observation and
measurement of sedimentary processes. This is true in shallow water



environments where hirect observation is possible. In deeper water
slope and basin environments submersibles are being used with more
frequency as well as using ancient deep water sequences to assist in
understanding deep water modern settings (Cook, 1979; Cook and Mullins,
1983).

Depositional models can be an aid in understanding and correctly
interpreting lateral and vertical facies transitions and for assigning
facies and facies associations to a certain depositional environment.
Although there are only a relatively small number of basic depositional
environments in carbonate systems there are sub-environments within each
setting and numerous variables that have the potential to lend consider-
able variation to the sediments themselves. Some of the larger scale
variables include the nature of the paleobathymetric profile of the
depositional interface, the type of platform margin in terms of whether
it is dominantly a reef or sand shoal and the effects on marine circula-
tion behind the platform margin, tectonic setting, evolutionary patterns
of organisms, climatic variations, sea level fluctuations, and influx of
terrigenous clastics. Smaller scale influences include a myriad of
inorganic and organic depositional and post depositional processes.

In using depositional and stratigraphic models for making
environmental and facies interpretations one must remember that models
are basically summary statements and as such one should expect to see
details at the scale of an outcrop that reflect local variability. 1In
spite of the many factors that can affect facies and facies patterns it
is these very factors that commonly exert predictable controls on the
location, geometry, and overall characteristics of depositional
facies., Thus, the major facies sequences that characterize different
depositional environments, from boulder-bearing deep water fan and apron
deposits to supratidal muds (Figs, 1-4 - 1-10; 1-14), rarely were devel-
oped at random within a carbonate system--there is a reason for the
distribution patterns of depositional facies,

Models can be an aid in guiding us to know what to look for, to
give a modicum of predictability, and to allow the flexibility of modi-
fying and updating models, A distinct danger is that of becoming too
attached to a model--at this point one can lose objectivity and force
new data to fit a particular model rather than modifying the model or
seeking a new model to help explain the data.

There are a number of carbonate platform margin and deep water
depositional models based upon examination of ancient sequences., All,
for the most part, recognize or imply the concept of rimmed platform
margins or non-rimmed platform margins (i.e, ramps). Table 1-3 defines
some terms commonly used by carbonate geologists. Table 1-4 compares
the four classifications of platform margin models discussed below. The
models in table 1-4 have been developed mainly from ancient carbonates.
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Platform Margin Models

Wilson (1975) by examining a large number of ancient settings
recognized nine basic facies belts (Fig. 1-14) which can be found along
three carbonate margin profiles (Fig. 1-46):

1. Type I. Downslope Mud Accumulations
2. Type I1I. Knoll Reef Ramps
3. Type 1I1I. Framework Reef Rims

These three profiles are based on level of incoming wave energy.
As pointed out in Chapter 3 of this volume his Type III, being the
steepest and reef-dominated, resembles most modern reef-rimmed mar-
gins. However, good modern analogues for Types I and II do not appear
to be clearly available. Conversely, the modern non-rimmed margins of
west Florida or Campeche Bank do not seem to comfortably fit in either
type although a case could be made for Type II.

Wilson (1975, p. 361-363) cites several ancient examples of his
three types of carbonate margins.

James and Mountjoy (1983) as well as McIlreath and James (1978)
present a morphologic, process-based series of models (Figs. 1-47 - 1-
51). The series of models by James and Mountjoy (1983) updates the
earlier version of similar models by McIlreath and James (1978) by
including a ramp model and including both shallow and deep basins
adjacent to by-pass margins. These models are:

1. Ramp (non-rimmed shelf)
2. Depositional Margin (rimmed shelf)
a. reef dominated
b. sand shoal dominated
3. By-Pass Margin (rimmed shelf)
a. reef dominated both deep and
b. sand shoal dominated shallow basin varieties

The by-pass, reef-dominated model is similar to the modern reef-
dominated rimmed model (windward, closed margins of the Bahama Banks).
Also, the by-pass, shallow-water lime sand shoal model resembles the
modern, sand shoal dominated rimmed margin (leeward, open margin of
Bahama Banks). Finally, the ramp model of James and Mountjoy (1983) has
some of the same features as the modern West Florida Margin,

A criticism of the models of Mcllreath and James (1978) is their
restriction of carbonate aprons and submarine fans to the by-pass margin

models., As will be discussed in Part 2 of this volume carbonate aprons
are also common in ancient depositional margin sequences. Also, docu-
mented examples of carbonate submarine fan facies are too rare to know
whether or not they are restricted to any one platform margin type (Cook
and Egbert, 198ta, b; Cook, 1982; Cook and Mullins, 1983). Thus, the
assumption that carbonate fans are restricted to by-pass margins as
shown in figures 1-49 and 1-50 is premature. The models of James and




Mountjoy (1983) appa}ently corrected this by eliminating the use of the
terms "aprons" and "fans" in the revised version of depositional margin
and by-pass margin models,

Reads' (1982) classification of platform margins (Figs. 1-52 - 1-
55) is the most complete scheme yet to be published. It is similar to
those mentioned above but he adds several additional variations for
which there are ancient examples (ex: distally steepened ramp model).
His scheme is:

1. Ramps (non-rimmed shelves)
a. homoclinal
b. distally steepened
2. Rimmed Shelves (shelf-edge reefs and/or sand shoals)
a. depositional or accretionary
b. by-pass margin escarpment type
c. by-pass margin gullied slope
d. erosional margin
3. Isolated Platforms (Bahama Type)
4. Drowned Platforms

Read (1982) gives ancient and modern examples of his models. He
cites the Silurian-Devonian of the western United States as being an ex-
ample of a homoclinal ramp. However, as discussed in Part 2 of this
volume these Silurian-Devonian carbonate platform margins are not homo-
clinal ramps but are accretionary rimmed shelves with sand shoal and
coral-rich shelf-edge facies (Cook and Taylor, 1983). Hine (pers.
comm.) suggests that the ramp model of James and Mountjoy (1983) has
some of the same features as the modern West Florida Margin, Alterna-
tively, because parts of the west Florida slope exhibit major submarine
slides and slumps perhaps the distally steepened ramp model of Read
(1982) may better apply.

Although figure 1-11 is not a depositional model it makes an impor-
tant distinction between the scale of platforms on continental margins
and those formed within the continental interior. For example, the
Basin and Range Province of the western United States is an excellent
example of an area where carbonates formed on a broad Paleozoic passive
continental margin whereas the Permian Basin of west Texas and the
Devonian Basin of BAlberta, Canada probably represent intracratonic
carbonate basins,

Deep Water Models

The above platform margin models are best suited to explain and
understand platform margin morphology and sediment types which are in
close proximity to either side of the shelf edge. However, the deeper
water slope, base-of-slope, and basinal parts of those models are too
overgeneralized, misleading in some places, and lack some of the major
predictive elements that reflect actual facies transitions in deep water
carbonate sequences. Thus, there is a need for models that provide a
similar sophistication and predictive quality for deep water carbonate
environments that the submarine fan models do for terrigenous clastic
systems (Cook, in prep. b; Mullins and Cook, in prep.).

1-13



A dominant attribute of carbonate slope and basin-margin settings
is the major role that submarine mass-transport processes have in deter-
mining the overall character and stratigraphic sequences in these deeper
water environments., Accordingly, depositional models for these environ-
ments need to focus on redeposited carbonates. There are basically four
end-member models that have been developed from ancient sequences by
Cook et al (1972), Cook and Egbert (1981a), Cook (1982), Mullins (1983),
Cook and Mullins (1983), Cook (in prep. b), and Mullins and Cook (in
prep.). These deep-water carbonate models are illustrated in figures 1-
56 - 1-61 and include:

1. Debris Sheet

2, Carbonate Apron (Debris Apron)
a. slope apron
b. base-of-slope apron

3. Carbonate Submarine Fan

Debris sheets and aprons can occur adjacent to both depositional
and by-pass rimmed shelves. Carbonate submarine fans may require
special circumstances. As mentioned above it is not known at this time
whether true carbonate fan facies can develop adjacent to both ramps and
rimmed shelves,

The two carbonate apron models appear to be applicable to more
basin-margin sequences than either the debris sheet or carbonate sub-
marine fan models., Debris sheets are relatively rare but where they are
well exposed such as in the Devonian of western Canada (Cook et al,
1972; Cook and Mullins, 1983) they are quite spectacular, A major
debris sheet is well documented in modern carbonate sequences from Exuma
Sound, Bahamas (Crevello, 1978; Crevello and Schlager, 1980), Carbonate
aprons form the vast majority of the redeposited debris in a variety of
ancient platform margins in many parts of the world (Cook and Mullins,
1983; Cook and Taylor, 1983) as well as much of the debris in the
Bahamas (Schlager and Chermak, 1979; Mullins, 1983; Mullins and Cook, in

prep.).

Two end-member types of carbonate aprons can be recognized in an-
cient sequences., The first is provisionally termed a Slope Apron (Fig.
1-57) because the apron begins at the platform margin and continues down
the slope into the basin, Slope apron facies, for example, occur adja-
cent to some Upper Devonian carbonate complexes in Alberta, Canada (Cook
et al, 1972). These carbonate complexes are especially interesting as
they contain both episodic megabreccia debris sheets (Fig. 1-56) as well
as slope apron facies. The other carbonate apron is termed the Base-of-
Slope Apron as most of the platform margin derived sediment gravity

flows are deposited at or near the base-~of-slope with thinner-bedded
debris and turbidity flows continuing seaward into the basin (Fig. 1-
58). In situ lime muds on the slope exhibit variable degrees of sub-
marine slumping and sliding, Base-of-slope carbonate aprons have also
been recognized in the Bahamas (Mullins, 1983).



At this time there appears to be only two well documented carbonate
submarine fans--one from Cambrian-Ordovician carbonates in the western
United States (Cook and Egbert, 1981a, b; Cook and Mullins, 1983; Cook,
in prep. b) and another in Jurassic rocks of Spain (Ruiz-Ortiz, 1983).
There are no documented carbonate submarine fan facies in modern carbon-
ate environments.

All of the above platform margin and deep water models include
slope gradient and the presence of a rimmed (reefs and/or sand shoals on
the margin) or non-rimmed margin (ramp) as key variables. However, the
response of these depositional profiles and their products to organic
evolution through time, long-term tectonic effects, relative sea-level
fluctuations, and diagenetic processes is still a large area for model
refinement and basic understanding.
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Table 1-1. Comparison of modern rates of CaCO, sedimentation with depositional rates of
some thick hmestone sections (fyrom Wilson, 1975)

Reference Locality Maximum Time Rate Depositional
thickness  years meters per  environment
meters 1000 years

Enos (1974) Florida reef 25 7000 3+ Reef and debris

tract

Turmel- Rodriguez bank 5 Lessthan 1+ Open sea bank

Swanson (1972) 5000

Stockman et al. Florida bay- 3 3000 | Lagoon

(1967) Crane key

Shinn et al. Andros Island 1.5 2200 0.7 Tidal flats

(1965)

Bathurst (1971), 3 3800 08

and Cloud

(1962)

llling et al. Sabkha Faishak 4 4000 1 Sabkha

(1965)

Kinsman (1969) Trucial coast 2 4000-5000 0.5 Sabkha-intertidal

Brady (1971)  N.E. Yucatan 5 5000 1 Lagoonal average

from bank
thickness

Holocene

Average rate of 10 Lagoons. tidal

shallow water flat, sebkhas, reefs

CaCO,

production*

Goodell- Superior well. 4600 120 10¢  0.035 Bank sediment

Garman (1969) Andros Island

Suniland field 4000 120x10°  0.03 Bank-shallow
Florida shelf
Cooganetal.  Goldenlane 1500 20x 10 008 Bank sediment
(1972) bank (Albian-
Cenomanian)
Wilson,J. L. Persian Gulf 6000 200 x 10¢ 003 Shallow marine
Mesozoic- and tidal flat
Cenozoic-
maximum
Ham W.E. Arbuckle Group 3000 100 x 10°® <0.03 Tidal flat-
(Lower lagoonal
Ordovician
portion)

Maximum rate 0.04 Variety of shallow

of CaCO, sediments like

production those of Holocene

from ancient
rocks

* These figures are maximum thickness of unconsolidated mud or reel growth over Late
Pleistocene subaerially exposed and hardened sediment. They represent accumulation since
the last sea level rise. (Post-Wisconsin glacial maximum).
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PROGRADING PLATFORMS IN THE GEOLOGIC RECORD

TABLE 1-2.  ""AND THEIR RATES OF ACCUMULATION (from Schlager, 1981)
T Time Platform Rare Source
(mmiyr)
Devonian Canning Basin 30 Playford and Lowrie (1966)
(Givetian/Frasmian)
Devonian-Mississippian Rocky Mountains 50-80 Rose (1976)
(Kinderhookian-Meramecian)
Mussissippian Rocky Mountains 100-150 Rose (1976)
(Meramecian-Chesterian)
Pennsylvanian Sverdrup Basin 30-40 Davies (1977)
Permian (Nansen Fm.)
Permian Delaware Basin 75 Harms (1974)
‘Guadalupian) (Capitan Fm.)
Triac¢ Northern Limestone 100 On (1967)
Late Anisian-Ladiman) Alps
(Early Carnian) Dolomites 300-500 Schlager and others,
(Picco di Vallandro) unpub. data
Laite Jurassic Southern Alps 30-45  Winterer and
(Friuh Platform) Bosellin: (1981)
Cretaceotn Tampico Embayment 60-90  Enos (1977, p. 279-286)
(Late Al i Cenomanian)

Note: Calculated trom stratigraphic age bracket reported for the formation, applying absolute time
spans indicated 1in the Phancrozoic time scale, 1964, Cohee (1978); accumulation rates are not
corrected for compaction.
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Distribution of Facies on an idealized Bahamian Platform

) o
OUTER SARMIER SARRIER  OUTER
PLATFORM [ RiM | SHELF LAGOON [RiM| PLATFORM
SALINITY
NORMAL INCREASINSB =~ @===|NCREASBINS NORMAL

CURRENT VELOCITY
DECREABING ==nd @ ==cDECREASINS

MAXIMUM TURBULENCE MAXIMUM TURBULENCE

ooLITKC ooLImiC
FACIES PELLET MUD FACIES FACIES
@een low woter lovel -

B o L
MUD FACIES MUD FACIES

(NOT DRAWN TO SCALE)

— cocane= Coralline Algae
-——— Halimeda
S S—— Peneroplidae
s c—— Other Foraminifera
——emee- Corals
Molluscs

Total Skeletal

%
Faccal Pellets IOO:
Mud Aggregates 3
50—~
Grapestone -
O
Oolite < .5%

Cryptocrystalline
Grains

Weight Percentage
<1/8 mm

VARIATIONS IN MEAN CONSTI TUENT PARTICLE
COMPOSITION AND GRAIN SIZE OF BAHAMIAN
FACIES ON AN IDEALIZED BAHAMIAN PLATFORM.
Figure 1-2. (After Purdy, 1963).
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SLOPE

BASIN i~ SHELF A

OUTER
OHELF

INNER
k—>le——— MIDDLE SHELF ———J«— ¢\,c - —| CONTINENTAL

e . =

FACIES -

MUDMOUNDS i
80 M1 LAGoONAL WM A
NEARSHORE
P PATCH GRAINSTONE MUDSTONES SHORELINE
MASS-TRANSPORT REEFS BHOALS N Lows OFFSHORE BARS
DEPOSITS /| A PATCH REEFS
sL 4 \h
. Pa
DARK LAMINATED

LIME MUDS AND
BHALES

S8MELF-EDGE REEF OR
GRAINSTONE COMPLEX

5
/2 .gb = 7 8«9
4 6

Profile of a rimmed carbonate shelf or drop-off model. Numbers at
bottom of figure refer to Standard Facies Belts of Wilson (1975).

Figure 1-3. (modified from Wilson and Jordan, 1983)
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Biock diagram schematically
showing major facies on the Andros
Island onlap (transgressive) tida! fiat
model.

Figure 1-4. (from Shinn, 1983)

/ thydri'ei

Block diagram schematically
showing major facies on the Persian
Gult Trucial Coast offiap (regressive)
tidal flat model

Figure 1-5. (from Shinn, 1983)
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CARBONATE SHELF-MARGIN PROFILE

TOPSEY @w=| FORESET | sorvomser
18ATHYL
COASTAL OR NTEMOA MARGIN SLOPE 2ABYSSAL
PARALIC IEUXINC
OUNES BEACHES SKELETAL & NON-SKELETAL SANDS | ngess sxELevaL MAY  WNCLUDE
TOAL FLATSETC AND/OR MUDS MAYBE W THE AND/OR 8O- DETRTIUS FROM TALUS WZED WiTh
FOAM OF SHELTS MOUNDS OA SRELETAL SAND MARGIN REEFS OMEN MARINE SASIN
Samxs SANKSRELTS OA AND 3ANODS 0EPOSITS

SRS POSBISLE
WLANDS OR

BLAND COMPLERES St

CARBONATE RAMP PRCFILE

COASTAL OR PARALIC ZONE OF EFFECTIVE WAVE ZONE OF DEEPER WATER LOW
AND CURRENT ENERGY ENERGY AND SLOW DEPOSITION
OUNES BEACMES SHOWS SOME EFFECT OF GENERALLY FINE SEDWENT THAT
TIDAL FLATSETC LONGSHORE CURRENTS SHOWS NO EFFECT OF LONGSHORE
(COANBE SLOMENT ROUNDINS CURRENTS- MAY BE FURTHER
©F Smamt CRossscoome ey OWVIDED BY PALEONTOLOGY
Su
.
- > 4 o e L $
o L
| — > e T p s o et - ~N -
-~ —
-
-
-~
X » o " 4 . — » » 4 P a—— - & — > & b — - —
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- Y -  s— > e cr— — — e < - -
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—- Y - - — > e e X - T ~ X ? o e -
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X e X T X > - - s e emem— <Y S S — ———— SN Gu— e — -
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Bank-margin sands play an important part in geologic models, whether
deposition occurred over a shelf-margin or a ramp profile.

Figure 1-8. (from Halley et.al., 1983)




10'st0 100"
METERS

Generalized representation of allochtonous debris deposits showing
textures, shapes and relation to bank and basin facies.

Figure 1-9. (from Cook et.al., 1972)
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Mode! of interpreted shelf-
lain transition in the Late

ambrian and Early Ordovician of

p

slope-basin

c

jor can-

evada Mode! shows siope is incised

Yy humerous gullies but no ma

N

b
yons; carbonate submarine fan

at base of slope and basin
sediment is a mixture of sh

develops

plamn, fan

oal-water

generated debris, contour currents flow

shelf carbonates ang deeper water siide
northerly along upper slope.

(from Cook and Egbert, 198la, and Cook and Mullins, 1983)

-10.

Figure 1
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CONTINENTAL MARGINS
EPICONTINENTAL PLATFORMS

@— 1000's - 100's kM e

CRATONIC BASINS
CARBONATE PLATFORMS BUILDUPS

+— 10's -100's km> 10's km

100's m deep

Diagram illustrating the difference in scale between continental margins or epicontinental platforms and

1solated carbonate platforms in open ocean basins versus carbonate platforms and buildups developed in intracratonic
basins.

Figure 1-11. (from James and Mountjoy, 1983)
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SKELETAL COMPOSITIONS

TAXON

ARAG.

CALCITE
Mo
P % 10152038

30 3%

J

1

BOTH
ARAGONITE
AND CALCITE

'CALCAREOUS ALGAE:

RED

GREEN

COCCOLITHS

FORAMINIFERA.

BENTHONIC

PLANKTONIC

SPONGES:

COELENTERATES:

STROMATOPORIDS (A)

x

MILLEPOROIDS

RUGOSE (A)

Xeoo

TABULATE (A)

SCLERACTINIAN

ALCYONARIAN

OO |x

BRYOZOANS:

BRACHIOPODS:

MOLLUSKS:

CHITONS

PELECYPODS

GASTROPODS

PTEROPODS

CEPHALOPODS (MOST)

3 §>C > |2

BELEMNOIDS & APTYCHI (A)

ANNELIDS (SERPULIDS):

1L KX | T 3
I I

ARTHROPQODS:

DECAPODS

OSTRACODES

BARNACLES

—X
*—xX
X

TRILOBITES (A)

X

ECHINODERMS'

—X

X Common

O Rare

(A) Not based on modern forms

Figure 1-12. Skeletal compositions of major taxa (from Scholle, 1978).
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Depositional Texture recognizable

Depositional texture

Original components not bound together

during depositions

Contains mud
(particles of clay and fine silt size)

Lacks mud

Mud-supported Grain-
supported
Less than More than
10°, grains | 10% grains
Mudstone | Wackstone | Packstone

and is grain-
supported

Grainstone

Original components
were bound together
during deposition... as
shown by intergrown
skeletal matter, lami-
nation contrary to
gravity, or sediment-
floored cavities that
are roofed over by
organic or question-
ably organic matter
and are too large to
be interstices.

Boundstone

not recognizable

Crystalline carbonate

(Subdivide according
to classifications
designed to bear on
physical texture or
diagenesis.)

Classification of Carbonate rocks according to depositional texture

Figure 1-13.

(from Dunham,

1962)
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accumulation rate in umfyr — . .
0 0! 10° 10 10

o> 1 !
o - M cene sea énel
m >y
S o d reef corals
» ’ n —
> reefs <5m l
> 1gefs 10-20m '
oolites
an tidalites i
/ X b—p .-===. !
1
R 4 \
prograding average growth Holocene growth
platforms potential of platf. rates

Average growth potential of carbonate platforms es-
timated from growth rates and accumulation rates during
Holocene transgression (open bars) and from accumulation rates of
prograding platforms in the geologic record (tnangles). Average
growth potential is probably in the 1,000-um/yr range.

Figure 1-15. (from Schlager, 1981)

s
10’ 10* 10’ 10t 0
| ] desiccotion of basins '
faster @ cooling crust® . — ,
AR
sea-floor spreading - glacio-eustacy @ !
Holocene |
long-term 5ubnden.c¢. @--_ !
e ~+— 4
Recent reef corals @
¥ Alps |
© s @ — reefs <Smdeep ®
Apennine platforms reefs 10-20m ]
L ]
k-Te @ l =
Bahamas J-Holoc. oolites ®
® I tidalites
©’ 10* 10° 10 10°

rates in um/fyr (Bubnoff units) —

The paradox of platform drowning is illustrated by a comparison of rates of
the relevant processes. Rates of relative rise of sea level produced by various processes in
vpper part of graph, rates of growth and sediment accumulation in lower part. Holocene
tates = open bars; distant geologic past = black bars. Holocene accumulation matches or
exceeds glacio-custatic Holocene rise of sea level, all Holocene rates are one to several

orders of magnitude faster than those of the geologic record.

Figure 1-16. (from Schlager)
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A. vemicHt B. sacx-stirrinG
C. arrararing D. aovancine

Morphologic evolution of carbonate outer-shelf margins.

Figure 1-17. (modified from Playford, 1980)

1-41



Ancient
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Carbonate
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Figure 1-18. (after Pray and Chogquette, 1966)
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Comparison of Porosity in Sandstone

and Carbonate Rocks
Aspect Sendsrone Carbonate
A of pri- C ty 23- C ly 40-70%
mary porosity 40%
in sediments
A of C ly C ly none or only small
ultimate poros- half or more of fraction of initial porosity, $-
ity in rocks initial porosity, 15% common in reservoir
15-30% com- facies
mon
Type(s) of pri- Almost exclu- Interparticle commonly pre-

mary porosity

Type(s) of ulti-
mate porosity

Sizes of pores

Shape of pores

Uniformity of
size, shape, and
distribution

Influence of
diagenesis

InfA of

sively intet-
particle
Almost enclu-
sively primary
interparticie

Di and

but particle
and other types are important

Widely varied because of post-
depositional modifications

throat sizes
closely related
to sedimentary
particle size
and sorting

Strong depen-
dence on par-
ticle shape—a
“negative” of
particles

Commonly

fairly uniform
within  homo-
geneous body

Minor; usually
minor reduc-
tion of primary
porosity by
compaction
and cementation

fracturing

Visual evalua-
tion of porosity
and perme-
ability

Adequacy of
core analysis
(or reservoir
evaluation

Permeability-
porosity inter-
relations

Figure 1-19.

G fly not
of major im-
poriance in
reservoir prop-
erties

Semiquantita-
tive visual esti-
mates com-
monly rela-
tively easy

Core plugs of
{-in. diameter
ly ade-

Di and throat sizes com-
monly show little relation to
sedimentary pariicle size or
sorting

Greatly varied, ranges from
strongly dependemt ‘“‘positive”
or “negative” of particles (o
form completely independent
of shapes of depositional or
diagenetic components

Variable, ranging from fairly
uniform (0 extremely hetero-
geneous, even within  body
made up of single rock type

Major: can create, obliterate,
or completely modify porosity;
cementation and solution im-
porant

Of major importance in reser-
voir properties if present

Variable. semiquantitative vis-
val estimates range (rom easy
to virtually impossible, instru-
ment measurements of pQros-
ity, permeability and capillary
pressure commonly needed

Core plugs commonly inade-
Quate, even whole cores (~3-in.
N

\

quate for "“ma-
trix™ poroaity

Relatively con-
sistent, com-
monly depen-
dent pn particle
size and sorting
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) may be inadequate
for large pores

Greatly varied. commonly in-
dependent of particle size and
sorting

(from Choquette and

Pray,

1970)



BASIC POROSITY TYPES

[ rasmic  seLecTiVE | [ NOT FABRIC SELECTIVE |
INTERPARTICLE 1
W FRACTURE R
INTRAPARTICLE w
INTERCRYSTAL o F CHANNEL® cH
MOLDIC 1) i_- .
e VU6
¥ o
FENESTRAL FE
i
SHELTER $H ,
GROWTH- “cans » s
FRAMEWORK 13 5:::»;':':; 0: n::.m“ or 1arger pores of

[ FABRIC SELECTIVE OR NOT |
BURROW
Bv

MODIFYING TERMS
GENETIC MODIFIERS

1T 7 _{sonns
N 80

’ ‘ SHRINKAGE
SK

SIZE® MODIFIERS

[ prROCESS | | DIRECTION OR STAGE | CLASSES mm'
256 —
SOLUTION s ENLARGED 1 | MEGAPORE  mg ¥ 9Ly, |
CEMENTATION ¢ REDUCED ' :::' ":: “—
INTERNAL SEDIMENT i FILLED t MESOPORE  ms /2 —
smetl s ) /.._1
[ TIME OF FORMATION | MICROPORE  m¢

PRIMARY [ 4 Use size prafises with bouc porosity types
N mesovug mvuG
pre - Sepositions! L] amoll mesomoid Pl
depositionol Pe microntarporticle mchP
SECONDARY ® For roquier - ShOped pores wmalier thon cevern si2e
oogenst Se *Mecswres reter o sverege pore Giemetor of o
. singie pore or the range in size of & pore osaemblage
e10genetic S For 1ubuler pores use overeqge cross-section For
telogenetic St ploty pores use wdth ond noto shope

Genetrc modifrers ore combingd s follows”
[process] + [DIRECTION] + [TiME

EXAMPLES"  wolution - enlorged
cement - reduced primory
sediment - filled sogenetic

11}
cP
#Se

ABUNDANCE MODIFIERS

percent porosity (IS%)
o

retio of porosity types t2)
o

tetio ond percent (1 2) (15%)

Figure 1-20.
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TIME- POROSITY TERMS

STAGE | PRE-DEPOSITION DEPOSITION POST-DEPOSITION
t———PRIMARY POROSITY SECONDARY POROSITY —
POROSITY POST-DEPOSITIONAL POROSITY
TERM PRE-DEPOSITIONAL DEPOSITIONAL
POROSITY POROSITY
EOGENETIC MESOGENETIC | TELOGENETK
POROSITY POROSITY POROSITY
“TypiCAL"
RELATIVE
TIME SPAN ¢ § |
l———NET DEPOSITIONAL REALM - NET EROSIONAL REALM—!
! )
d subtidal to suprotidal 1 "
Imeon high tige ! -~
v By ¢ iewz%ervfenc
BN FOGENETIQ  — 1T T 1 5" i [~ 20N 4
(T 20NE—~ T - ) .,
l ‘r a H 1 ‘ f: / ' ‘.
bt T M-E-S-0 TG E-N-E_T ! C 270 WE L \)/<
I; - A ! §
: * AN [_praosams §CAERATIC AND #OT T0 S6ALL.
; ! / i /
s / / \
!/ 'l ,." H :'! '.\
nnmn»'3 ond) @ % ¥ =
#0lurion | DR
B L o,
TEL OGENETKC zo’og" ot ol y \J}' ';&'f
T ] ~ B SN
?\, b ’r::octuzmz%uz \
. . b &/\/\»:#\/A A
A = s WESOCENETIC Z0NE "\
EOGENETIC 20NE I ' - AJC
e
FORMER SUUBAERIAL
TELOGENETIC ZONE

Time-porosity terms and zones of creation and modification of porosity in sedimentary carbonates.
Upper diagram: Interrelation of major time-porosity terms. Primary porosity either originates at time of
deposition (depositional porosity) or was present in particles before their final deposition (predepositional
porosity). Secondary or postdepositional porosity originates after final deposition and is subdivided into eogeneric,
mesogenetic, or telogenetic porosity depending on stage or burial zone in which it develops (see lower diagram).

Bar diagram depicts our concept of *

‘typical” relative durations of stages.

wer diagram: Schematic representation of major surface and burial zones in which porosity is created or
modified. Two major surface realms are those of net deposition and net erosion. Upper cross section and enlarged
diagrams A, B, and C depict three major postdepositional zones. Eogenetic zone extends from surface of newly
deposited carbonate to depths where processes genetically related to surface become ineffective. Telogenetic
zone extends from erosion surface to depths at which major surface-related erosional processes become ineffective.
Below a subaerial erosion surface, practical lower limit of telogenesis is at or near water table. Mesogenetic zone
lies below major influences of processes operating at surface. The three terms also apply to time, processes, or

features developed in respective zones.

Figure 1-21.
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(from Choquette and Pray, 1970)



|
o WL\ | DIAGENETIC ENVIRONMENTS
METEQRIC !
VADOSE o1
SHALLOV- PROXIHAL AN
A
METEORIC “RHREATIC™ { ik
EP—DISTAL ~~~__ O ~» AN MARINE
\\\‘mw«w\\\mm\w% 4 o
MIXED-WATER ZONE ‘\ 4 S
s-_\._' ______ - \\\
BURIAL SUBSURFACE BURIAL  MARINE 5 "2
PHREATIC / PHREATIC /

Figure 1-22. Diagenetic environments showing predicted porosity changes
(from Wilson et.al., 1983).
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N PORES ™ PORES SALT WATER v PORES ™ PORES

Cross section showing the distribution and relationships of
major diagenetic environments in the shallow subsurface in an ideal per-
meable carbonate sand island. No scale is given but the vertical distance

would typically represent tens of meters while the horizontal distance
would be a few kilometers.

Figure 1-23. (from Longman, 1981)
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MARINE PHREATIC ENVIRONMENT

ACTIVE 2008 STAGNANT ZONE
seoCEISeS seoCEeS
1 WATER PORCED TMROUCM SEDMENTS 1 UTTLE OR NO WATER CIRCLAATION
OY WAVES TIDES OR CURRENTS TMROUGH SEDIMENT
2 AU PORES AULED WITH SEA WATER 2 BACTERAL (7) CONTROL ON CEMENTATION
3 NO LEACMING IN SHALLOW MARINE 3 WATER SATURATED WITH CacO3
ENVIRONMENTS
PRODUCTS PRODUCTS
1 RANDOM ARACOMITE NEEDUES 1 UTTLE CEMENTATION EXCEPT ¥
2 ISOPACHOUS FBROUS ARACOMITE SKELETAL MICROPORE S
3 SOTRYOIDAL ARAGOMITE 2 MO LEACHING
& MCRITIC MC-CALCITE S MO ALTERATION OF GRAINS
S ISOPACHOUS FBROUS MC-CALCITE & EXTENSIVE MICRITIZATION
€ MG CALCITE PSEUDO-PELLETS
SEA WATER 7 POLYGONAL BOUNDARIES BETWEEN

ISOPACHOUS CEMENTS
POLYCONAL

BOUNDARY 8 INTERBEDOED CEMENTS AMD SEDWIENTS
9 BORINCS IN CEMENTS
RADIAL FIBROUS 1 Y
ARACONITE 0 MOST CEMENTATION W REEFS OR SURF 20NES

Characteristics of the marine phreatic diagenetic environment.

VADOSE ZONE
SEA LEVEL
..... MAEIMREAPEY POSSIBLE REEF
WATER CROWTH
MOVEMENT

= ZONE OF ACTIVE WATER B = STAGNANT MARINE o1 - MICRITIZATION AND
CIRCULATION AND PHREATIC ZONE WITH INTRAGCRANULAR
SIGNIFICANT PRECIPITA- LITTLE OR NO CEMENTA. CEMENTATION.

TION OF MARINE CEMENTS TION.

Schematic cross section of a large carbonate bank showing the marine
phreatic zone divided into areas with active water circulation (and thus cemen-
tation) and little water circulation (stagnant zones with little cementation).
Modelled after the Great Bahamas Bank with vertical scale in hundreds of meters
and horizontal scale in kilometers.

Figure 1-24. (from Longman, 1981)
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MARINE PHREATIC ENVIRONMENT

Sea water
in all

pores

SEA waTER

LR ADIAL FBROUS ARAGONITE

CEMENTS:

1. ISOPACHOUS ARAGONITE NEEDLES
or

2. MICRITIC Mg CALCITE

3. COMMONLY INTERSEDOED WITH
INTERNAL SEOHWENT

4. SOMETHALS BOTRYOIDAL

5. SOMETMES BORED

OTNER CHARACTERISTICS

1. MO LIACHING

2. SLOW CEMENTATION EXCEPT WHERE
TIDES PUMP WATER THAOUGH GRAINS

3. POLYGONAL BOUNDARKES

4. MANY MINOR DISCONFORMITES

Figure 1-25.
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; FRESHWATER

ZONE OF SOLUTION
PROCESS
SOLUTION 8Y UNDERSATURATED
METEORIC WATER
PRODUCTS
| OEVELOPMENT OF MOLDIC
AND /OR VUGGY POROSITY

ACTIVE ZONE
PROCESSES
ACTIVE WATER CIRCULATION
2 SOME LEACHING OF ARAGONITE
LEACHING MAY BE ACCOMPANI(D
BY CALCITE REPLACEMENT
3 RAPID CEMENTATION

2 POSSHISLE NEOMORPHISM OF PAODUCTS
UNSTASLE GRAINS ! ABUNDANT EQUANT CALCITE
STAGNANT ZONE CEMENT
PROCESSES 1ISOPACHOUS BLADED CALCITE
} UTILE O NO WATER MOVEMENT CEMENT

2 WATER SATURATED wiTH CeCO, INTERLOCKING CEYSTALS

PROOULCTS
UTILE CEMENTATION
STADIIZATION Of MG-CALQITE
AND ARAGONITE
LITTLE O NO LEACKHING
PRESERVATION OF POROSITY
NEOMORPHISM OF ARAGONITE
GRAINS wiTi SOMmE
PRESERVATION OF TEXTURES

CRYSTALS COARSEN TOWARD
CENTER OF PORES

COMPLETE REPLACEMENT OF
ARAGONITE 8Y EQUANT CalCITE
SYNTAXIAL OVERGROWINS ON
ECHINODERMS

7 RELATIVELY LOW POROSITY

~ -
[ 4 w > -

whw

CALCITE CEMENT
0r0ie BOvmQAses 881 TamEA. -
®0N MiGuiet ‘mem 1mGwN

Characteristics of the fresh water phreatic environment.

METEORIC VADOSE

METEROIC WATER TABLE

VADOSE ZONE

Dy
. by L]
PPN A XA TILA MY LA ALY .
DI I AAATY Y SR M LSS L ST PR PP £
DA AT P CAA Y LA L LT TP R PR b

" MODERATE CIRCULATION Higraric |

ZONE

MIXING AND
MARINE

STACNANT FRESHWATER PHREATIC 2ONE
PHREATIC ZONEBS . .

v

= ZONE OF SOLUTION  [™] = STAGNANT ZONE-GRAIN [-] = ZONE OF ACTIVE WATER
NEAR WATER TABLE. NEOMORPHISM TO CIRCULATION. RAPID
CALCITE BUT LITTLE NEOMORPHISM AND
CEMENTATION. CEMENTATION BY

EQUANT CALCITE.

Schematic cross section of an 1{dealized fresh water phreatic
zone showing possible distribution of zone of solution, zone of active water
circulation and cementation, and zone of stagnant water.

Figure 1-26. (from Longman, 1981)

1-50




FRESHWATER PHREATIC ENVIRONMENT

GRAIN —

FRESHWATER

BLADED ISOPACHOUS CALCITE

CEmENTS TEND 70 BE
L ISOPACHOUS BLADED
2 FOUANT CAUTE
3. INTERLOCKING CRYSTALS
4. COARSER TOWARD CENTIR OF PORE

OTHER CHARACTERISTICS:

1. SOME LEACMING OF ARACGONITE.
LEACHING MAY BE ACCOMPANIED
BY CALCITE REPLACEMENT.

1. LOW pOROSTY

3. RAPID CEMENTATION

4. SYNTAXIAL OVERGROWTHS
ON ECHINODERMS

EQUANT CALCITE CEMENT

Figure 1-27. (from Longman, 1980)
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ZONE CHARACTERISTICS
<)
Q
S 4. ZONE OF SOLUTION OF CALCITE FORMATION OF VUGGY AND MOLDIC
S © AND ARAGONITE POROSITY.
= e e, e e -
F|Z
g & 2. ZONE OF SOLUTION OF ARAGONITE FORMATION OF MOLDIC POROSITY
210
-
€ b e e - —— e, ——— —— — —— -—
€z
=1L RAPID NEOMORPHISM OF ARAGONITE
A 3. AND'CALOTE PRECIPITATION GRAINS TO EQUANT CALCITE
Sl CEMENTATION BY EQUANT CALCITE
O brmrrr e e e = -
zZ
] 4 ZONE OF NO SOLUTION PRECIPITA- RAPID CEMENTATION BY EQUANT
ﬁV TION OF CALCITE CALCITE
5 . P
z LITTLE OR NO CEMENTATION
5 STAGNANT ZONE. SATURATED SLOW NEOMORPHISM OF ARAGONITE
. WiTH CaCoO, GRAINS WiTH PRESERVATION OF
SOME STRUCTURES

Idealized zonation in the freshwater phreatic environment
based on the assumption that saturation of water with respect to CaCO3
increases as the water moves downward.

Figure 1-28. (from Longman, 1981)
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PRESH WATER VADOSE ENVIRONMENT

% AN TONE OF SOLUTION Z0ME OF PRSCIPITATION
ssocamses saocamees
1 SOLUTION BY UNDERSATURATED 1 MENISCUS OR PENDANT DISTRUTION
METEORK WATER OF WATER
2 PRODUCTION OF CO; IV SOL 20ME 2 €0, L08S
ADING SOLUTION
seoDUCTS PRODUCTS
1 EXTENSIVE SOLUTION 1 MINOR CEMENTATION
2 PREFERENTIAL REMOVAL OF 2 MENSCUS CEMENTS
ARACONITE ¥ PRESENT S PEMDANT CEMENTS
3 FORMATION OF VUCS IN LIMESTONE & BOUANT CALOTTE
S PRESERVATION OF MOST
#OROSITY

MENISCUS WATER RLM

Characteristics of the vadose diagenetic environment.

N
b !

Y] .

SEA LEVEL ¥ WATER TABLE Pipee. > -0y
FRESH WATER PHREATIC ZONE
MARINE
PHREATIC
ZONE

FORMATION OF CALICHE CRUSTS.
INTENSE SOLUTION NEAR SOIL ZONE.

= ZONE OF PRECIPITATION. =
FORMATION OF MENISCUS
AND PENDANT CALCITE
CEMENTS.

71 = MINOR SOLUTION.

Idealized cross section of fresh water vadose zone showing probable
distribution of areas of solution and precipitation.

Figure 1-29. (from Longman, 1981)
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FRESH WATER VADOSE ENVIRONMENT

MENISCUS WATER FiLM

CEMENTS TEND TO BE

1. MENISCUS

2. PENDULOUS

3. FQUANT CaLCITE
4. RHOMBIC CALCNE

OTMER CMARACTERISTICS:

L LEACHMING OFf ARAGONITE
2. SLIGHT CEMENTATION
3. COMMON POROSITY

Figure 1-30. (from Longman, 1980)
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Diagenetic realms and carbonate crystal morphology. Chemically, three main realms are present:
(1) Na* and Mg* both high, as in marine cements (beachrock, subtidal cement, reef cement, etc). (2)
Na* high and Mg** low, as in the subsurface zone, where Mg** has been removed through trapping by
clays and dolomite. This is often a mixinf zone between connate waters of supernormal salinity and fresh
meteoric water. (3) Na* and Mg* both low, in the meteoric zone. A major point of this diagram is the
formation of equant sparry calcite mosaic in the subsurface zone, by “de-magnesiumization” of buried sea
water, or by mingling with meteoric waters. Sparry calcite thus does mof necessarily imply any subaerial
exposure.

Figure 1-31. (from Folk, 1974)
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Mg-Cakit e

C o | ¢ i t e
d

06 @ ofe=

«—Mg* High— -~
Slhow sideward growth

SEA WATER MIXED FRESH WATER

_ Crystal habit of CaCO, as controlled by Mg/Ca ratio. Where Mg is abundant it selectively
poisons sideward growth so that fibrous crystals or elongatt rhombs develop (these may represent bundles
of coalescing fibers, as shown by the vertical flutings on the sides). Subsurface waters, often a mixture
of sea water with fresh water, have a low Mg content and complex polyhedra form. In fresh waters
either the elemental rhomb forms, or (if growth is very rapid and the Mg/Ca ratio very low), calcite
may form mica-like books.

- ...__..r19001‘°“'______._;-
rapid sideward growth

Figure 1-32. (from Folk, 1974)

~—Ion Strength, Environment, and Carbonate Morphology

Chemistry Environment Crystal babit
Mg High Na High Hypersaline to Steep rhombs of Mg-Calcite with
Normal Marine, vertically-oriented flutings; .
Beachrock, Sabkha, Fibers of Mg-Calcite and Aragonite;
Submerged Reefs, etc. growth rapid in c-direction; very
slow laterally because of selective
Mg-poisoning. Crystals limited in
width to a few microns.
(Mg Low) Na High Mainly connate Complex polyhedra and anhedra of
subsurface waters calcite; lack of Mg allows unham-
pered growth and equant habit.
(Mg Low) Na Meteoric phreatic, Complex polyhedra and anhedra of
moderate to deep subsurface calcite; lack of Mg and slow
to low mingling between meteoric crystallization allows equant
and connate water crystals, often coarse.
(Mg Low) (Na Low) Meteoric vadose; Simple unit rhombohedra of calcite
caliche; streams and lakes
(Mg Low) (Na Low) Streams, Lakes, Calcite micrite. Also, calcite

Caliche

sheets or hexagonal crystals with
basal pinacoids; sheet-structure
on edges visible due to very rapid
lateral growth in the absence of
Mg-poisoning.

Figure 1-33.

(from Folk, 1974)
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POROSITY FORMING PROCESSES

Depth (M) Depth (ft)
0~ 0
3 Fracturing : 10
6 X | La2o
Dolomitization !
154 ; : -850
Meteoric Water B | i
30 Vuggy & Moldic " : | -100
Porosity
€0 : i Ol M‘ol’ltbﬂ l - 200
| Stylodtes |
150 1 . . ' 800
H '
300 1 : ' | -1000
| Shale | | !
600- :oew.tonng N i : - 2000
1500- ' P - 6000
Decarboxylation
3000 . 4 1 - 10,000

Wugtration by K. Nixon

Relationship between depth and
the major factors that increase

porosity.

Highly subjective.

POROSITY DESTRUCTIVE PROCESSES

Depth (M) Depth (ft)
O [}
8- Marine and Fresh |10
Water Early
n -20
e Cementation
18-1Sediment 80
Fillin
30 ° Late 100
Cementation Pressure
60— : Solution 200
1
160+ i ' - 500
i
300- I 1000
|
€00+ E I 2000
' |
16007 Compaction 8000
3000 GG stration by K Nixon 10,000

Diagram suggesting relationsh
that decrease porosity.

importance.

Figure 1-34. (from Longman, 1981)
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Morphologic evolution of carbonate outer-shelf margins

Figure 1~35. (modified from Playford, 1980)

OVER MA’RGIN OF DROWN‘D FINAL PHASE OF DIOWNED
LATF

Aom A

OVER INTERIOR OF DROWNED

Sections illustrating development of pinnacle
reefs in Canning basin.

Figure 1-36. (from Playford, 1980)
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Diagrammatic cross section illustrating development of reef complexes through time and relations of
stratigraphic units.

Figure 1-37. (from Playford, 1980)
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.
A { PORSI CanmOmATE maTRORM waRGH

A. Sketch illustrating the main elements of a
fossil carbonate platform margin In this example the Sketch illustrating the response of the shelf-
shelf-slope break is in a stationary mode. remaining more slope break to rapidly rising sealevel In this onlap mode.
or less in the same position as the platform grew. B, Dia- two situations are possible: if reefs occupy the break then
gram of a carbonatc platform in which the rate of accre- the onlap occurs in a series of steps: if sand shoals arc

tion has exceeded the relative rate of sealevel rise and the at the shelf-slope break. then a classic gradual onlap oc-
shelf-slope is in the offlup mode. prograding over older curs.

slope deposits.

Figure 1-38. Figure 1-39.

A PLATFORM INUNDATION

-
reefs & sand shoais
on shelt

geep weter NO Peciic
open sheif carbonates facies st bresk

PLATFORM EXPOSURE

narrow sheft
on slope
. Tdeposits

————

‘sterved basin
carbonstes

A. Sketch illustrating the style of deposition
at the shelf-slope break during complete inundation of a
carbonate platform B. Diagram showing the effects of
subacrial exposure of a carbonate platform.

Figure 1-40.

(from James and Mountjoy, 1983)
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A. Generalized stratigraphic cross-section showing the stratigraphic ond focies
relotionships ot the Miette carbonate complex.

B. Generalized depositiona!l phases of the Miette carbonate complex.

Figure 1-41. (from Cook et.al., 1972)
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o 100 CRET. > § RUDISTS corals stromatoporoids | K
3 o CORMS St [
— ;:;-;, stromatoporoids
2 2 TssIc 3 O e
i —Sponges T Biphyles skelelal oTgae

-c JPERMIAN _t:_nlcls;¢£::s l:ne!%ﬁlmw_o%—&%? R

< — PHYLLOID tubular foraminifers |—
w

W 300 PENN. ALGAE tubiphytes P
> ] bryoz6a M
;l.L MISS. - fenstrate bryozoa

DEVONIA B 2
Qo 400 = STROMATOPOROIDS corals o
O “ISILURIAN & S
9 1ORD. 1 STROMATOPGROIDS pryozon o
8 500 SPONGES skeletal algae
o CAMBRIAN MOUNDS skeletal algae €
4 ARCHAEOCYATHIDS |
+SKELETAL ALGAE
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Idealized stratigraphic column representing the Phanerozoic and illustrating times when there appear 10
be no reefs or bioherms (gaps). times when there were only reef mounds, and times when there were both reefs and
reef mounds and the organisms that built them,

Figure 1-42. (from James, 1983)
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Preliminary local carbonate submarine-fan model showing that fan
sediment is derived from both shoal-water shelf areas and by the remolding of
deeper water slides and slumps into mass-flows, large slides and channelized
conglomerates that occur in outer fan sites, calcarenites in non-channelized
sheets in mid-fan sites, and thin-bedded silt to fine sand-sized carbonate
turbidites in fan fringe and basin plain. Slope and fan facies about 500 m

thick, basin plain facies about 1000 m thick. Model based on studies in
Cambrian and Ordovician strata in Nevada

Figure 1-59. (from Cook and Egbert, 1981b,c and Cook and Mullins, 1983)
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Preliminary local carbonate submarine fan model. §chanatiqa1ly
shows vertical and lateral facies sequences that occur in prograding continen-

tal margin section. Model based on studies in Cambrian and Ordovician strata
in Nevada

Figure 1-60. (from Cook and .gbe.t, 198la and Cook and Mullins, 1983)
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PART 2. ANCIENT CARBONATE PLATFORM MARGINS, SLOPES AND BASINS

INTRODUCTION

As was pointed out in Part 1, the need to locate new energy
resources coupled with discoveries of petroleum in carbonate slope and
base-of-slope settings (albeit wusually by accident rather than by
design) has intensified research and exploration efforts in these
frontier deep water carbonate environments,

Ancient carbonate platform margins have historically been a major
petroleum exploration target and accordingly there is a wealth of liter-
ature that pertains to ancient reef and bank margins. It is well beyond
the intent or scope of this chapter to discuss the myriad of facies
types at platform margins but several recent publications that are
recommended reading include Laporte (1974), Wilson (1975), Enos (1977a),
Toomey (1981), Halley et al (1983), and James (1983). Three well-
written papers that present thoughtful overviews of platform margins are
Kendall and Schlager (1981), Read (1982), and James and Mountjoy (1983).

What has not been extensively studied, however, are carbonate slope
and base-of-slope settings, how deeper water facies interrelate to their
temporal equivalents on the platform margin, the various facies associa-
tions that comprise basin margin sequences, and the potential value of
deeper water carbonate facies in petroleum and minerals exploration
(Cook et al, 1972; Cook and Enos, 1977a; McIlreath and James, 1978;
Cook, 1982; Cook and Mullins, 1983; Mullins and Cook, in prep.).

This chapter focuses on slope and basin settings but it also
stresses that the type of shoal water platform margin can play a key
role in determining the facies sequences which develope in the adjacent
deep water environments. One cannot fully understand the vagaries of
submarine slides and slimps, carbonate debris sheets, carbonate aprons,
or carbonate submarine fans without some knowledge of their time-
stratigraphic shoal-water counterparts. This point is well documented
for modern carbonate platform margin/slope couplets. Conversely, as
will be discussed in this chapter redeposited shoal-water derived
carbonates that now reside in deep basin environments can provide
important clues as to the nature, origin, and proximity of platform
margins.

Chapter 5 is divided into three main parts - Sedimentary Facies,
and Processes, Facies Patterns and Depositional Models, and Implications
for Petroleum and Minerals Exploration.

SEDIMENTARY FACIES AND PROCESSES

This section includes a general descriptive overview and summary of
the major facies that occur in platform margin, slope, and basin envir-
onments and some aspects of the processes that form these facies.



Platform Margins

The platform margin-to-slope break in ancient carbonate complexes,
whether the margin of a small isolated platform (ex: Cook et al, 1972),
or the margin of a 500 Km wide continental shelf (ex: Cook and Taylor,
1977; Cook and Taylor, 1983), was a crucial part of their anatomy. As
James and Mountjoy (1983) state, "the zone was crucial because, unlike
shelves of terrigenous clastic sediments, the facies developed at the
carbonate shelf-slope break controls the way in which the platform
evolves, It was here that the most diverse community of organisms grew,
the most rapid accretion took place, the most intensive diagenesis prob-
ably occurred and the most rewarding hydrocarbon and mineral deposits
may have accumulated". They go on to say that "this facies is elusive
because it is relatively narrow and so chances of it outcropping or
being intersected by drilling are low. Also because of the marked 1lith-
ological differences between shelf carbonates and basin shales, it tends
to be strongly deformed during orogenesis. As a result, the nature of
the shelf-slope break is commonly interpreted rather than observed, and
synthesized on the basis of information from surrounding facies”.

Platform margins can be either rimmed or non-rimmed. Modern
platforms are rimmed by a complex array of reefs and/or carbonate sand
shoals., These facies normally developed under fairly high energy

conditions. The same is true for rimmed ancient carbonate platform
margins on which either organic facies or inorganic carbonate sand shoal
facies dominated. The specific character of the organic margin facies
will be strongly influenced by the major skeletal elements that were
dominant at a particular time in geologic history (Fig. 2-1). In
contrast certain inorganic facies that occur at ancient platform margins
look much the same whether they are of Cambrian or Holocene age (ex:
oolite grainstones).

Non-rimmed carbonate margins (i.e. homoclinal ramps of Read, 1982)
contain no clear shelf-slope break unless the deeper water part of the
ramp is distally steepened. The outer margin of a homoclinal or dis-
tally steepened ramp is an environment of low energy and is usually
characterized by mud-supported facies rather than by high energy grain-
supported textures.

The present day location of ancient carbonate platform margins is
quite diverse owing to the migration of crustal plates through geologic
time as well as whether the platform margins were on continental shelves
or within continents (Fig., 2-2), James and Mountjoy (1983), using the
three types of platform margin models of Wilson (1975) (Fig. 2-3), gen-
eralize the temporal variation in platform margin facies types from the
Precambrian through the Cenozic (Table 2-1). However, Wilson (1975) did
not include the homoclinal ramp or distally steepened ramp in his three
platform margin models, Thus as James and Mountjoy (1983) point out,
even though Table 2-1 may account for many cases in the geologic record
it does not accomodate non-rimmed (ramp) platform margin sequences
(ex: Cambrian-Ordovician of the western United States, Cook and Taylor,
1977, and Jurassic of the U.S. Gulf Coast, Ahr, 1973).

<



As can be seen in figure 2-1 there were periods of time when car-
bonate platform margins had the potential to be dominated by reefs while
at other times the platform margin facies was dominated by skeletal
sands and/or skeletal mud mounds ("reef"™ mounds). An important point to
also bring out is that even though a platform margin may have the poten-
tial to develop a massive true boundstone reefal facies, the initial
facies on a platform margin substrate may consist simply of thinly
bedded skeletal debris. There is commonly a vertical facies sequence
that starts with small, rooted pelmatozoans that may simply trap mud and
form packstones and grainstones, Within a reef core it is possible to
develop four separate facies which represent different stages of devel-
opment of the reef (Fig. 5-4) (James, 1983; James and Mountjoy, 1983).
Thus, not only through geologic time were there periods in which plat-
form margin rims were dominated by reef facies versus carbonate sand
shoals (Fig. 5-1) but even a reef margin can exhibit a vertical zonation
from an early stabilization stage of skeletal debris (packstones and
grainstones) to a domination stage of a laminate encrusting skeletal
metazoa (boundstones to framestones).

Pelagic, Hemipelagic, and Peri-Platform Sediments

Pelagic is used in a descriptive to mean open-marine deposits in
deep seas on oceanic crust and shallow epicontinental seas (Scholle, et
al, 1983b). The term pelagic is also assigned to organisms (planktic-
nektic and benthic) that 1live in open-marine environments., Pelaqgic
sediments contain a minimum of terrigenous sediment as well as shoal-
water carbonate platform sediment, Hemipelagic is commonly used for
those sediments that contain a mixture of pelagic constituents and
terrigenous fine-grained clastics. Peri-platform sediments (Schlager
and James, 1978) is a relatively new term especially coined for carbon-
ate slope and basin margin sediments. Peri-platform oozes are a mixture
of pelagic skeletal remains and fine-grained lime muds derived from
shoal water platform margins.,

Thus there are three main sources for the fine-grained, laminated,
lime mudstones and wackestones that are so characteristic of ancient
carbonate slope and basin sequences:

1. Shallow water lime muds
2. Pelagic constituents from open-marine environments
3. Terrigenous clastics

The first and third sources can clearly supply material to deeper
water settings throughout geologic time. However, carbonate slope and
basin settings adjacent to continental margins or within the interior of
continents normally have more terrigenous clastics that slope and basin
sequences adjacent to open ocean isolated carbonate platforms.

There is a wide diversity of major biogenic components of modern
and ancient pelagic limestones (ex: see Scholle et al, 1983, Table
1). During the Paleozoic some of the organic pelagic components of
slope and basin carbonates include sponge spicules, tentaculitids,
benthic forams, graptolites, radiolarians, conodonts, belemnites,
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nautiloids and ammoni'tes. Although the list of components is extensive
the bulk volume of these components to the pelagic realm was relatively
low. Thus, Paleozoic slope and basin sequences are often referred to as
"starved-basin facies". Widespread radiolarian chert and graptolitic
limestones is a consequence of the lack of major sources of pelagic car-
bonates during the Paleozoic. A typical Paleozoic in situ slope or
basin margin limestone is not a pelagic limestone but is normally a
peri-platform carbonate. It consists dominately of shoal-water, plat-
form derived lime muds with minor amounts of pelagic microfossils and
terrigenous clastics,

It was not until about 100 to 150 m.y. ago that carbonate pelagic
organisms began to flourish at such a scale that they became a dominant
component in pelagic environments. Since the Jurassic there has been
virtually a continuous rain of calcareous planktic forams and coccolith-
ophoroids into deep water such that collectively these two microfossil
groups are the major components in pelagic carbonates (Cook and Egbert,
1983). Thus, whereas Paleozoic pelagic carbonates and cherts accumu-
lated at rates normally less than 10 m/my some Cretaceous chalks have
sedimentation rates of about 60 m/my (Cook and Egbert, 1983; Scholle et
al, 1983b).

The characteristics of ancient deep-water carbonates are discussed
in detail by Wilson (1969) and Cook and Enos (1977b) and Scholle and
others (1983). Throughout the geologic column, undisturbed slope and
basin sediment has numerous common features. Typical rock types are
dark gray to black 1lime mudstones, calcisiltites, and wackestones,
Variable amounts of insoluble residue are usually present as organic
carbon, pyrite, silt size quartz grains and clay minerals. Beds exhibit
contacts that range from planar and nearly parallel and continuous for
tens of meters to more wavy and discontinuous (Fig. 5-5). Slope
sediment is further characterized by its thin bedding to millimeter-
thick laminae. Preservation of laminae under quiet water conditions
will depend mainly on whether the sediments formed in aerobic or
anaerobic waters and the influence these conditions exerted on burrowing
organisms (Fig. 5-6; Byers, 1977). 1In silled basins only the upper part
of the water column is well oxygenated whereas at water depths below a
few hundred meters the water is anoxic. In open ocean conditions there
is commonly a three-layer water system with the surface and deep waters
being well oxygenated and water at intermediate depths on the slope
having very low oxygen contents (oxygen minimum zone). Thus that part
of the slope which is intersected by the oxygen minimum zone will have
fewer burrowers and better preserved laminations than slope sediment
which formed in well-oxygenated waters.

Submarine Mass Transport

Mass transport is used here for the en masse downslope movement of
material containing various amounts of water, for which gravity is the
driving force (Dott, 1963; Cook et al.,, 1972). A selected 1list of
papers that treat various aspects of mass transport includes: Bagnold
(1954, 1956, 1966), Bouma (1962), Dott (1963), Dill (1966), Morgenstern
(1967), sStauffer (1967), Middleton (1970), Fisher (1971), Cook et al.
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(1972), Hampton (1972, 1975), Mountjoy et al. (1972), Middleton and
Hampton (1973, 1976), Walker and Mutti (1973), Carter (1975), Walker
(1975), Wilson (1975), Lowe (1976a, b), Cook and Enos (1977a, b), Enos
(1977¢), 3hanmugan and Benedict (1978), Stanley et al. (1978), Varnes
(1978), Cook (197%a, b, c), Krause and Oldershaw (1979), Lowe (1979a,
b), Mullins and van Buren (1979), Nardin and others (1979), Bosellini et
al (1981), Cook and Mullins (1983), Enos and Moore (1983), Ruiz-Ortiz
(1983), and Mullins and Cook (in prep.). Table 2-2 and Figures 2-7 and
2-8 summarize the characteristics of the main types of mass transport
and the classification schemes that are currently most widely accepted.

Mass transport can be divided into three types--rockfalls, slides,
and sediment gravity flows (Table 2-1). Slides and sediment gravity
flows can be further subdivided on the basis of their internal mechan-
ical behavior and dominant sediment support mechanism (Table 2-2, Fig.
5-8).

Rockfalls, also referred to as talus accumulations, are only abun-
dant in the marine environment at the base of steep slopes, canyon
walls, or fault scarps. Deposits of this type accumulate by the rolling
or freefall of individual clasts.

Slides can be divided into translational (glide) and rotational
{slump) types (Varnes, 1978). The shear plane of a translational slide
is predominantly along planar or gently undulatory surfaces parallel to
the underlying beds. Slumps (rotational slides) exhibit concave-upward
shear planes and usually a backward rotation of the slumped body.
Slides can exhibit variable amounts of internal deformation. Some
slides show purely elastic behavior, the original bedding is virtually
undisturbed except at the basal shear plane. Other slides behave in
both an elastic and plastic manner, and semiconsolidated sediment is
deformed into overfolds. Some slides become so internally deformed that
they have been remolded into debris flows (Cook and Taylor, 1977; Cook,
1979a, b, c).

Much of the literature on the mass transport of ancient submarine
sediment does not distinguish between deformed strata that have moved
along discrete shear planes (slides) and deformed strata with no obvious
basal shear plane. Also, literature on submarine slides often does not
differentiate between translational slides (glides) and rotational
slides (slumps) (Table 2-2). Some authors commonly use the term "slump"
for any type of feature that exhibits soft-sediment deformation but no
clear basal features. Thus, some "slumps” in the literature may be
translational slides rather than rotational slides (slumps) or some
"slumps" may simply be deformed strata with no sharp upper and lower
boundaries.

Sediment gravity flows are defined by Middleton and Hampton (1976,
p. 197) as being "flows consisting of sediment moving downslope under
the action of gravity . . . synonymous with mass flows . . . ." They
distinguish four main types of such flows based on the forces that
support the grains above the sediment-water interface during downslope
transport due to gravity (Fig. 2-8): "(1) turbidity currents, in which
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the sediment is supported mainly by the upward component of fluid turbu-
lence, (2) grain flows, in which the sediment is supported by direct
grain-to-grain interactions (collisions or close approaches), (3)
fluidized sediment flows, ia which the sediment is supported by the
upward flow of fluid escaping from between the grains as the grains are
settled out by gravity, and (4) debris flows, in which the larger grains
are supported by a "matrix," that is, by a mixture of interstitial fluid
and fine sediment, which has a finite yield strength” (Middleton and
Hampton, 1976, p. 198).

Lowe (1976a) correctly draws the distinction between fluidized
sediment flow and liquefied sediment flow. 1In fluidized flows there is
an upward movement of fluid between the grains which themselves are not
moving downward., For example, the mobility of ignimbrites or ash-flow
tuffs is best explained by fluidization of the constituent particles in
which gases emitted by the particles develop a pressure equal to, or
greater than, the hydrostatic pressure due to the weight of the partic-
les themselves, and the mass starts to expand, and behaves like a fluid
(Cook, 1968), 1In liquefied flows the upward movement of water between
grains is caused by the downward movement of grains which displaces the
water upward. As Lowe (1976a) points out, except in volcanic vents and
ignimbrites, where escaping gases fluidize the vitroclastic particles,
fluidization as a sedimentary process under subaqueous environments
probably does not occur. Biogenic gas from decaying organic matter or
even gaseous hydrocarbons are unlikely to fluidize significant volumes
of sediments, although they can significantly reduce shear strength and
precipitate mass movements. Fluid escape structures in sediment
gravity-flow deposits are probably the result of liquefication and not
fluidization. Table 1 separates sediment gravity-flows into five types
drawing on the above distinctions as recognizied by Lowe (1976b) and
Nardin et al (1979).

In a grain flow, sediment is supported above the sediment-water
interface by grain-to-grain interaction (that is, dispersive pressures;
Bagnold, 1956; Cook et al, 1972); Middleton and Hampton, 1976). Because
of these dispersive pressures, larger grains are pushed to a zone of
least shear stress near the top of the flow (Bagnold, 1954, 1956). Con-
sequently when the grains are deposited, inverse grading theoretically
develops, which is presently the main criterion for recognizing grain-
flow deposits,

Middleton (1970) proposed that inverse grading is the result of a
kinetic sieve mechanism whereby small grains fall downward between large
grains durng flow displacing the large grains upward. A kinetic sieve
process may operate in sediments that have a low matrix (i.e. like a box
of popcorn) or even a low-density matrix. However, it is unlikely this
process can account for inversely graded carbonate conglomerates that
had a high density muddy matrix. Other criteria for grain flow include
massive tops, grain orientation parallel to the flow direction, larger
floating clasts near the top of the deposit, and injection structures at
its base (Middleton and Hampton, 1976; Mullins and Van Buren, 1979).
With the exception of inverse grading this author questions the validity
of the above criteria as being solely indicative of grain flows,



Massive tops of beds, parallel clast orientation, and large clasts
floating near the top of beds are common fatures in highly viscous,
thick debris flow deposits (Cook, 1979; Cook and Mullins, 1983).

Lowe (1976b, p. 188) defines a "true" grain flow as the "gravity
flow of cohesionless solids maintained in a dispersed state against the
force of gravity by an intergranular dispersive pressure arising from
grain interactions within the shearing sediments." Another very geolog-
ically significant part of his definition is the 1limitation that the
"fluid interstitual to the dispersed grains is the same as the ambient
fluid through which the flow is moving." ©Under these conditions, true
grain flows require a steep slope of 18° to 30+° to sustain movement
(Bagnold, 1954; Lowe, 1976b; Middleton and Hampton, 1976). Lowe (1976b)
further concludes that true grain flows of cohesionless sand-sized
grains would produce deposits less than 5 cm thick.

Bagnold (1954) used spherical droplets composed of a lead stearate
and paraffin mixture in his grain-flow experiments. To discuss the
degree to which experimental data can be used to interpret field ex-
amples of possible grain-flow deposits is beyond the scope of this
paper. The reader is referred to Middleton (1970), Middleton and
Hampton (1976), and Lowe (1976b) for aspects of this problem,

As pointed out by Middleton (1970) and Lowe (1976h p. 193-194)
"several processes may aid grain dispersive pressure in maintaining a
dispersion against the force of gravity: (1) the fluid interstitial to
the grains may be denser than the ambient fluid; (2) shear may be trans-
mitted downward to the flow from currents moving over its surface; (3)
the interstitial fluid may become turbulent, and (4) escaping pore
fluids may partially liquefy or fluidize the dispersed particles." A
grain flow aided by any of the above processes is termed a "modified
grain flow" by Lowe (1976b). Thus, a grain flow containing clay-sized
material mixed with the interstitial fluid would be termed a modified
grain flow. This type of density-modified grain flow could be mobile
over slopes on the order of 9°-14° (Lowe, 1976b), considerably less than
for true grain flows that require gradients of 18° to 30+°.

The dominant internal mechanical behavior is plastic in the case of
debris flows (the mixture of sediment and water has a finite

strength). Liquefied flows, fluidizied flows, and turbidity flows are
considered to behave mainly as a fluid (the sediment-water mixture has
not internal strength). Grain flows may behave either as a plastic or
highly viscous fluid. The reader is referred to Dott (1963), Cook et
al. (1972), Hampton (1972, 1975), Walker (1975), Middleton and Hampton
{1976), Lowe (1976a, b), Enos (1977c), and Nardin et al. (1979) for a
more detailed discussion of sediment gravity-flow processes.

The classification shown in Table 2-2 and Figures 2-7 and 2-8
represents end-member concepts. Several processes can operate simultan-
eously during transport (Cook et al.,, 1972; Middleton and Hampton, 1976;
Lowe, 1979b) and some of the photographs in this chapter clearly show
that a single depositional unit can exhibit fabrics and sedimentary
structures characteristic of more than one process. During mass
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transport of sediment, one process ﬁay dominate at anyone point in time
or space, even though several processes may operate before the sediment
is deposited,

It should be kept in mind that the rock record is a picture of the
final transportational, depositional, and compactional event(s). Com-
paction may modify clast fabric and increase the clast to matrix ratio
and possibly influence one's interpretation of the transportational and
depositional mechanism(s).

The terminology described above has been developed mainly from
studies of ancient sediment and experimental studies, There are some
differences between mass transport as observed in rocks and those
observed on modern slopes where ephemeral or intermediate types of
movement are recorded acoustically.

The subject of mass transport processes and classification schemes
is an area of active research and is rapidly changing. As a result,
some concepts discussed in this paper and included in Table 2-2 and
Figures 2-7 and 2-8 will undoubtedly be modified as more data are
collected and interpreted and should be applied prudently.

Rock Falls.--One example of rock fall material is illustrated in Figure
2-9 (also see McIlreath, 1977, and McIlreath and James, 1978). 1In the
absence of good stratigraphic relationships to an obvious steep scarp,
suggested characteristics to distinguish rock fall deposits from other
types of sedimentary conglomerates and breccias are discussed by Cook et
al (1972, p. 465) and Enos and Moore (1983),

Slides, Slumps, and Intraformational Truncation Surfaces.--Features
described as slides and slumps range in thickness from a few centimeters
to tens of meters or more (Fig. 5-10). Maximum three-dimensional geom-
etries of ancient submarine slides are usually not accurately known due
to limited exposures.

The degree of internal deformation in slides ranges from only
slight to moderate to the complete disruption of bedding. Complete
disruption of bedding occurs when the shear strength of the sediment is
exceeded and the mass begins to deform plastically and move as a highly
viscous debris flow (Cook and Taylor, 1977; Cook, 1979a, b, c). Not
only are all gradations of intensity of internal deformation probably
present in ancient slides but a single slide can exhibit various degrees
of deformation. Well-exposed examples of the sequencial stages of
slides remolding into debris flows are found in Upper Cambrian and Lower
Ordovician continental slope carbonates in the western United States
(Cook 1979a, b, c; Cook and Mullins, 1983).

Some modern slides may have more internal deformation than is
reported. Their "undeformed nature” may in some cases represent the
problem of the limited resolution of conventional seismic-reflection
systems (Cook and Taylor, 1977; Cook, 1979%a, b).



Features that -show intraformational truncation surfaces in
carbonate slope sediment are illustrated in Figures 5-11 - 5-13, All
three cases could represent slide scars or alternatively they could have
originated by some type of abrasion process. Yurewicz (1977, p. 215)
prefers an abrasional origin for the surface in Figure 5-11, Figure 5-
12, from the Permian in the Guadelupe Mountains of west Texas, exhibits
a slight but distinct deformation of beds immediately at and above the
truncation surface. This suggests that the beds immediately above the
truncation surface have undergone soft-sediment deformation and these
beds are part of the basal shear zone of a slide. Wilson (1969) recog-
nized similar "cut and fill" or slump structures in lime mudstones in
Europe, Montana, and the Guadelupe Mountains of west Texas, Davies
(1977, p. 242-244) presents a lucid argument for the truncation surfaces
in Figure 5-13 having formed by a gravity~-slide mechanism rather than by
some type of current scouring or other erosional process.,

Sediment Gravity Flow Deposits.--Extensive piston coring of carbonate
slopes in the northern Bahamas has documented the existence of sediments
deposited by mass flows., However, turbidity currents and debris flows
appear to be the dominate transport mechanisms for the downslope
movement of coarse detritus on modern carbonate slopes.,

In the ancient record carbonate mass-flow deposits in slope and
basinal settings are common throughout the geologic column on a world-
wide basis (for example, Pray and Stehli, 1962; Thomson and Thomasson,
1969; Wilson, 1969, 1975; Cook et al., 1972; Mountjoy et al, 1972;
Conaghan et al., 1976; Cook and Enos, 1977b; Keith and Friedman, 1977;
Cook, 1979%a; Krause and Oldershaw, 1979; Pfeil and Read, 1980; Cook and
Egbert, 1981a; Crawford, 1981; McGovney, 1981). Indeed, to find carbon-
ate base-of-slope sequences with no hint of allochthonous sediment is
most unusual. Of the five end-member types of sediment gravity-flow
deposits, debris flows and turbidity-current flows are the best docu-
mented and appear to be the dominant processes for transporting large
volumes of sediment-fluid mixtures downslope.

Debris-flow Deposits.--Coarse-textured debris-flow deposits occurring in
both sheet and channel forms afford a striking contrast to the laminated
dark lime mudstones of the enclosing pelagic and hemipelagic slope and
basin facies (Fig., 2-14)., This contrast is all the more evident because
the debris-flow deposits have a resistant character and are usually
lighter colored than the enclosing host facies, What:constitutes field
evidence for debris flow (Table 2-2) is generally well accepted (Cook et
al., 1972, p. 478-479; Hampton, 1975; Walker, 1975; Middleton and
Hampton, 1976; Enos and Moore, 1983), Figure 2-15 summarizes the main
characteristics of Devonian debris-flow deposits in Canada that are
composed of both shallow-water and deeper water clasts (Cook et al.,
1972), Many of these features are common to carbonate debris flows
throughout the geologic column that originated at platform margins,
Debris flows that originated in deeper water by the remolding of
submarine slides can consist totally of dark colored lime mudstone
clasts (Cook, 1979a, c, b).




Debris flows can' originate in areas of both low depositional relief
("depositional margins") as well as high depositional relief ("by-pass
margins”)., Field data at the well-exposed Devonian carbonate buildups
of Alberta, Canada demonstrate that impressive debris flows with clasts
up to 25 x 50 m can be initiated in areas of low depositional relief and
that, once initiated, the flows can transport very coarse-textured
material 10 or more kilometers across slope angles of a degree or less
(Cook et al., 1972). Figure 2-16 illustrates these Devonian debris-flow
sheet deposits initiated from "depositional margins."

Grain-Flow Deposits.--In this author's experience, carbonate deposits
that can be reasonably inferred to be the result of true grain flows are
rare in the ancient record. Perhaps this is to be expected due to the
very high slopes required to sustain true grain flow and the conclusion
that true grain flows probably cannot form thick sedimentation units
(Lowe, 1976a, p. 198). Steep slopes will be areally restricted to
special geological circumstances and this, combined with locating beds a
few centimeters thick, limits the occurrence and geological importance
of true grain flows,

A probable grain-flow deposit modified by the presence of a lime
mud matrix is shown in Figure 2-17, This example is from the Upper
Devonian Ancient Wall carbonate complex (Cook et al., 1972). Slopes on
the bank margin were no more than 5 to 10° over a horizontal distance of
650 m (Mountjoy, 1967, p. 398). These gradients decrease rapidly basin-
ward to 1 or 2°, Figure 2-17 is a 1-m-thick deposit with reverse grad-
ing of clasts ranging up to 5 cm in maximum diameter, This bed occurs
about 4 km from the margin of the Ancient Wall carbonate buildup (Cook
et al., 1972). It may have been initiated on slopes of 5 to 10° but,
after a transport distance of less than 1 km, it moved across very low
gradients, probably less than 2°, 1Its maximum transport distance is not
known.

Turbidity~current Deposits,--Carbonate turbidites are very common on
slope, base of slope, and more distal basinal settings. As in terr-
igenous clastic turbidites, carbonate turbidites are quite diverse in
their sedimentary structures, textures, grain types, bed geometry, and
origin.

Cobble-bearing carbonate turbidites are usually restricted to slope
and near slope settings where depositional gradients are the highest
(Fig. 2-18)., There are exceptions to this as seen in Figure 2-19 where
a 15 cm thick, cobble-bearing turbidite containing shoal-water clasts
was transported at least 75 km from a platform margin (also see Crevello
and Schlager, 1980). Sand to pebble~sized carbonate turbidites can be
found on slopes as well as in basinal settings (Fig. 2-20).

Some sand-sized turbidites appear to be genetically related to
debris-flow deposits and to represent the uppermost more dilute
turbulent part of the debris flow (Cook et al., 1972, p. 479-480; Krause
and Oldershaw, 1979). This two-mechanism origin of debris flow-
turbidi:y current flow couplets is supported by experimental data on
clastic debris flows (Hampton, 1972).



Generation of Carbonate Sediment Gravity Flows

Carbonate sediment gravity flow deposits can be generated at shoal-
water platform margins in which case the redeposited debris consists
mainly of light colored grain-supported clasts (ex. Cook et al, 1972).
Alternatively, submarine slides generated within deep water semilithi-
fied carbonate slope deposits can remold into sediment gravity flows
(Cook, 1979). In these cases the redeposited debris is largely dark
gray to black mud-supported clasts,

Because most carbonate sediment gravity flows suggest an origin
near a platform margin setting this section of Part 2 will focus on
their origin, Cook et al (1972) have discussed the problems of prime
importance in the genesis of platform margin derived sediment gravity
flows, These problems include: (1) detachment of reef or bank margin
material; (2) initiation of mass movements; (3) submarine transport
mechanism(s); and (4) depositional mechanism(s). Only the first two
problems of detachment and initiation will be addressed 1in this
chapter, The subjects of transport and deposition have already been
touched on earlier in this chapter and are discussed in detail in Cook
et al (1972) and numerous papers by other workers since 1972. 1In the
following discussion the genetic features of detachment and initiation
are treated separately in their geologic and 1logical order of
occurence, These topics are difficult to discuss separately, as often
aspects of one have a significant bearing on another, so that some
overlap is unavoidable,

Detachment of Platform-Margin Material .,~-Irregular-shaped and variable-

sized clasts, derived predominantly from platform margins, are commonly
spar-cemented lime grainstones and boundstones indicating that pervasive
cementation occurred prior to breakage and movement, Breaking of a 20-
to 25-m (or greater) stratigraphic thickness of cemented rock must have
occurred at some reef and bank margins (ex: Cook et al, 1972; Mountjoy
et al, 1972; Johns et al, 1981; Cook and Mullins, 1983; Enos and Moore,
1983). Several fracture mechanisms can be suggested: (1) earthquake
shocks; (2) the action of stormwaves or tsunamis on a buildup margin;
(3) gravity acting on an unstable, overloaded or oversteepened buildup
margin which could be fractured in place; (4) during movement of a slide
or slump mass; or (5) subaerial erosion during a long~-term relative sea
level 1lowering creating a karsted and structurally weakened buildup
margin,

Initiation of Mass Movements.--Regardless of the general type of trans-

portation mechanism(s) or the exact nature of the internal flow motion
of the clasts and their matrix, some mechanism(s) is first necessary to
initiate mass flows or movement, Any factors which reduce either the
shear resistance between particles, or between blocks and the substrate,
or the concentration of solids will help initiate movement (Cook et al,
1972, Fig,.,10). Several mechanisms that probably would initiate mass
flows or movement appear to be: 1) faulting along fault scarps, 2)
platform margin gravitational instabilities caused by depositional or
diagenetic factors, 3) storm-wave activity, 4) earthquake shocks, 5)
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tsunamis, and 6) increased pore pressure during rapid sedimentation
and/or during an earthquake,

Platform margin instability may occur when a reef and/or carbonate
sand shoal progrades seaward over slope sediments., Earthquake shocks or
tsunamis may detach a large part of a margin., Storm and large waves
would be capable of dislodging small boulders or the occasional large
block but might not be capable of initiating a mass flow. Earthquakes
are currently accepted as an important agent for the initiation of sub-
marine mass movements (Morgenstern, 1967). They could also initiate
slumps from the margins of some reefs as has been observed and inter-
preted for some Pacific reefs, Tsunamis would impart tremendous amounts
of kinetic energy to buildups, particularly during the back surge
stage. Surges caused by tsunamis could trigger debris flows, slumps or
rock falls if cliffs were present.

Carbonate Contourites

Well-documented examples of carbonate contourite deposits are
sparse. In the absence of good paleocurrent data, clear facies associa-
tions, and regional trends in the slope, suspected contourites can often
be ascribed to other origins.

Figure 5-53 is believed to represent thin-bedded carbonate contour-
ites (Cook and Taylor, 1977; Cook and Egbert, 1981b). These calcaren-
ites occur on the upper part of a north-trending Paleozoic continental
slope interbedded with pelagic and hemipelagic lime mudstone beds. The
grains comprising these calcarenites are shoal-water-derived algae
particles,

Paleocurrent data from these current rippled calcarenites indicate
a northerly current direction parallel to the paleoslope (that is,
approximately perpendicular to the paleocurrent data on the carbonate
mass-transport deposits). As pointed out by Cook and Taylor (1977) and
Cook and Egbert (1981b), the rippled calcarenites do not appear to be
the product of muddy turbidity currents., A different origin is indi-
cated by: (a) the near perfect hydraulic sorting, (b) common lack of a
mud matrix, (c) sharp lower and upper contacts, (d) laterally continuous
evenly spaced current ripples, and (e) transport direction parallel to
the slope. These sediments most likely are the result of winnowing of
previously resedimented material by strong bottom~hugging contour
currents (i.e, 15-30 cm/sec). Similar limestone beds deposited on a
Cretaceous continental slope have been ascribed a contourite origin
{(Bein and Weiler, 1976).

Deep-Water Coral "Reefs"

In contrast to the modern, which has numerous examples of deep-
water ahermatypic coral buildups, analogous deposits in the rock record
are rare, In fact, only a handful of examples have appeared in the
literature (for example, Squires, 1964; Coates and Kauffman, 1973;
Stanley, 1979; Pfeil and Read, 198C)., Whether this disparity represents
an actual paucity of ancient bicherm or simply their misinterpretation



remains to be seen. However, considering the commonality of modern
examples, it is likely that more ancient examples of deep-water bioherms
will soon be discovered (Mullins et al., 1981),

In those examples known from the rock record (ranging in age from
Triassic to Pliocene), the deep-water bioherms appear as lenticular
thickets with a framework usually constructed by a single species of
coral (Squires, 1964; Coates and Kauffman, 1973). Large volumes of
coral debris are also typical of such buildups, which appear to have
developed in current swept environments, The Miocene/Pliocene coral
thickets of New Zealand are up to 3.4 m thick, 36.6 m long, and about 75
m in diameter (Squires, 1964). 1In addition to the corals themselves, a
host of other calcareous invertebrates are commonly associated with
these deposits (Stanley, 1979). Figure 5-21 is an example of an ancient
biological buildup on a Paleozoic carbonate slope (also see Coates and
Kauffman, 1973).

Diagnesis

The degree of early marine cementation of slope material can range
from the patchy development of pseudoclasts (Hopkins, 1977), to a dense
network of nodules (Snavely, 1981), to a more uniform cementation as
suggested by the remolding of submarine slides into clasts (Cook, 1979a,
b, c).

Nodular limestones that formed on an Eocene carbonate slope in
Egypt have been recently reported by Snavely (1981), These early dia-
genetic nodules (Figs. 2-22 and 2-23) bear a striking resemblance in
size and shape to nodules forming on modern slopes (Mullins et al.,
1980b). Nodular limestone and pseudobreccias on slopes are probably
more common than is currently recognized (Hopkins, 1977). Clearly early
marine cementation is probably a fairly pervasive event on some slopes
as indicated by the common occurrence of semiconsolidated pelagic and
hemipelagic lime mudstones that are involved in submarine sliding (Figq.
2-10; Cook and Mullins, 1983), These slides moved the uppermost 1 to 10
m of sediment, and thus their semiconsolidated nature is unlikely simply
the result of compaction.

The role that early marine cementation may play in the development
of clasts and the initiation of conglomeratic mass-flows in the Devonian
of Canada was discussed by Cook et al. (1972, p. 470) and Hopkins
(1977). More recently Snavely (1981) has shown that nodular limestones
and hardgrounds, that formed on Eocene carbonate slopes were, in places,
displaced downslope as debris flows.

Allochthonous carbonate debris in sediment gravity flow deposits
can be composed of aragonite, magnesium calcite, and calcite, or any
mixture of the three, Thus, significant potential exists for post
depositional diagenesis. For example, much of the porosity in the
Permian deep water carbonate reservoirs of west Texas as well as the
giant petroleum fields in the Cretaceous of Mexico is of a moldic origin
(Cook, 1983; Hobson et al, in press). Deep down-dip circulation of
fresh water from the exposed Cretaceous Golden Lane platform margin has
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been proposed as the leaching agent for the deep water allochthonous
carbonate reservoirs in Mexico (Enos and Moore, 1983).

FACIES PATTERNS AND DEPOSITIONAL MODELS

Ancient carbonate facies patterns in platform margin, slope, and
basin sequences can be quite varied. As Mullins points out in Chapter 4
of this volume the multitude of facies patterns are controlled by
several interacting processes. In the ancient, the added dimension of
time adds to this complexity.

The approach in this section of Part 2 is to discuss and illustrate
the nature of the platform margin-to-slope break and its relation to
facies patterns developed on different types of slopes and adjacent
basins., Selected ancient examples will be discussed in the framework of
the platform margin and deep water carbonate models presented in Part
1. For some examples the platform margin-slope-basin triplet can be
directly observed, or inferred using Walthers' Law of Correlation of
Facies, such that the nature of the stratigraphic sequence is reasonably
clear (i,e, figs. 1-35 - 1-40). 1In other cases only part of the triplet
is preserved and the complete stratigraphic profile must be pieced
together on the basis of data and interpretations from surrounding
facies,

Non Rimmed - Homoclinal Ramp Model

As discussed by Read (1982) shelves with profiles of the ramp model
(Table 2-3, Fig. 1-52) have gently sloping (1 to a few meters/km) sub-
strates that progress into offshore, deeper-water environments without a
marked break in slope(Fig., 2-24). On ramps, wavebase impinges close to
the strandline, resulting in the localization of high-energy, potential
reservoir facies that trend parallel and proximal to the strandline,
These high-energy facies may consist of peloid/ooid grainstones or bio-
clastic grainstones. Shoreward of these shoals lagoonal 1lime muds,
wackestones, and tidal-flat sediments occur. Seaward of the shoals
deeper ramp argillaceous 1lime wackestone/mudstone occur that contain
normal open marine biotas., These facies pass gradually into deeper-
water pelagic muds and/or periplatform muds. Only minor evidence of
mass-transport processes occur in the deeper-water facies. With perhaps
the exception of inner shelf high-energy shoals, broad gradational and
irregular facies belts seem to characterize ramps.

The Persian Gulf is an example of a modern ramp (Wilson and Jordan,
1983, Fig. 32), whereas the Jurassic Smackover of the U.S. Gulf Coast is
considered to be an excellent example of an ancient continental margin
ramp (Ahr, 1973; Read, 1982) (Figs. 2-25 and 2-26). In the Basin and
Range Province the Ordovician Hansen Creek Formation may represent homo-
clinal ramp facies (Dunham, 1977) (Figs. 2-27 and 2-28).



Non Rimmed - Digtally Steepened Ramp and Submarine Fan Models

These ramps have many of the same facies of homoclinal ramps. The
main difference, however, is that at some location on the seaward part
of the ramp a major break in slope occurs (Fig., 2-29). This break in
slope, however, is in relatively deep water and thus shoal water carbon-
ates do not form at the shelf edge. The shelf/slope break is character-
ized by submarine slides and slumps, and a wide variety of sediment
gravity flow deposits that are organized into apron and fan facies.

Examples of distally steepened ramp-slope-carbonate submarine fans
facies occur in the upper Cambrian-lower Ordovician sequences in the
Basin and Range Province (Cook and Taylor, 1977; Taylor and Cook, 1976;
Cook, 1979; Mullins and Cook, 1983; Cook and Taylor, 1983; Cook, in
prep. b). The Yucatan area may be a modern example (Read, 1982).

The upper Cambrian-lower Ordovician example is a shoaling upward
sequence from basin-plain to carbonate submarine fan to slope to deep
water platform margin sediments (Cook and Egbert, 1981a, b; Cook and
Mullins, 1983), This sequence represents a seaward progradation
(offlap) of the continental margin and is interpreted to have formed in
shelf edge, slope, base-of-slope and basin plain settings (Figs. 2-30 -
2-35), The depositional facies consist of a basin-plain sequence of
laminated hemipelagic lime mudstones, argillaceous 1limestones, thin-
bedded cherts and turbidites (Figs, 2-36 - 2~38) (Swarbrick Formation
and Dunderberg Shale). This is gradationally overlain by a wide variety
of carbonate turbidite and debris-flow deposits whose facies collective-
ly form a submarine fan (uppermost Dunderberg Shale and lower Hales
Limestone (Figs. 2-39 - 2-48) (Cook and Egbert, 1981a, b). The submar-
ine fan facies, in turn, grade upward into submarine slide, slump, and
contourite deposits that formed on the continental slope (Figs, 2~49 -~
2-53) (upper Hales Limestone), High on the slope is an intraslope
(perched) basin that contains about 50 meters of carbonate turbidites
and debris flow deposits (Figs. 2-54 and 2-55). This relatively small
intraslope basin is in turn overlain by more fine-grained slope deposits
and small upper slope erosional gullies that funneled platform margin
debris down the slope (Fig. 2-56). The uppermost part of the sequence
(uppermost Hales Limestone and lowermost Goodwin Limestone) appears to
have been deposited on or near the outer shelf margin (Fig. 2-57),

Rimmed Depositional Margin and Slope Apron Models

Rimmed shelves (Table 2-3; Figs. 2-58; 1-47 - 1-51; 1-53) are
shelves whose outer margin is in shallow agitated water depths and is
characterized by a relatively steep (few degrees to 60° or more)
increase in declevity marking the boundary between the outer shelf and
slope. Rimmed shelves often have well-developed high-energy linear
facies belts, trending parallel to the shelf edge.

Silurian-Devonian, Basin and Range Province, Nevada.--The first example
to illustrate a rimmed depositional margin shelf with slope apron facies
is in the Upper Silurian-Lower Devonian Roberts Mountains Fornation and
overlying Lone Mountain Dolomite, Nevada (Figs, 2-32; 2-59 - 2-63). The
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overall vertical cycle is a shoaling upward sequence from basinal and
slope facies (Roberts Mountains Formation) to shelf edge bank ("reef")
and tidal flat facies (Roberts Mountains Formation and Lone Mountain
Dolomite),

Winterer and Murphy (1960) originally interpreted the dark gray
Roberts Mountains Formation to be a basinal facies and the overlying
light gray Lone Mountain Dolomite to be a true ecologic reef. Matti et
al (1975) and Matti and McKee (1977) modified the earlier interpretation
of Winterer and Murphy (1960) by abandoning the reef hypothesis and pro-
posing that the uppermost Roberts Mountains Formation was a skeletal
bank margin facies that interfingered with the Lone Mountain Dolomite.
Nicols and Silberling (1977) refute several interpretive elements of
Winterer and Murphy (1960), Matti et al (1975), and Matti and McKee
(1977). Nicols and Silberling (1977) agree with earlier interpretations
in that the shelf-edge carbonates represent skeletal sands (bank) rather
than skeletal boundstone facies (reef). However, Nicols and Silberling
(1977) propose that an unconformity exists between the dark-colored
Roberts Mountains Formation and the 1light-colored Lone Mountain
Dolomite., They state (p. 224) "the abrupt change from outer-platform or
off-platform crinoidal grainstone of the upper Roberts Mountains
Formation to inner-platform desiccated primary dolomite of the Willow
Creek (Lone Mountain Dolomite), and the pronounced seaward overstepping
of the latter over the former suggests that deposition of the two was
interrupted by an episode of exposure and erosional beveling of the
Roberts Mountain carbonate ramp or platform.

An alternative interpretation that is similar to that of Matti et
al (1975) and Matti and McKee (1977) in the broad sense but differs in
detail is offered here, First, it is important to bear in mind that the
mappable boundary between the two formations is a change from dark gray
limestone to light gray dolomite. However, this color change does not
always parallel bedding planes or depositional facies. Cook (1966)
earlier pointed out that the color boundary between these two formations
is of a diagenetic origin and not a primary depositional feature. In
the Hot Creek Range of central Nevada the color boundary between the
Roberts Mountains Formation and Lone Mountain Dolomite is wavy and
crosses bedding planes (Cook, 1966). Thus, where the beds are dark gray
they are assigned to the "Roberts Mountains Formation” and where the
beds are 1light gray they are referred to as the "Lone Mountain
Dolomite". There is no compelling evidence that supports the "missing
facies" theory of Nicols and Silberling (1977). The mappable contact
between the Roberts Mountains Formation is interpreted to be a diagen-
etic feature and the two formations are in depositional contact. When
one ignores the color differences between the formations and looks at
the depositional facies themselves there appears to be a gradual transi-
tion in facies from coral-rich shelf edge bank sediments upward into
bedded and cross-bedded lime grainstones and conglomerates to tidal
channel facies, to fenestral fabrics and oolite shoals. The dolomitiz-
ing fluids did not uniformly follow any one facies boundary but crossed
facies boundaries, The resulting contact is considered to be a complex
collage of interfingering limestones and dolomites (Fig. 2-61).




The above discubsion refers to the area where the Lone Mountain
Dolomite was prograding seaward over the Roberts Mountains Formation
(i.e. the left-hand side of Fig. 2-62). In the same canyon but strati-
graphically 1lower this Silurian-Devonian bank margin was upbuilding
(Fig. 2-62). 1In the upbuilding area the beds in the Roberts Mountains
Formation interfinger along strike into Lone Mountain sediments (Fig. 2-
62) with no apparent "missing facies™ evidence for an unconformity as
proposed by Nicols and Silberling (1977).

The upbuilding phases of the Roberts Mountains-Lone Mountain during
the latest Silurian corresponds approximately with a rise in sea level
(vail et al, 1977). Vail et al's (1977) sea level curve shows a pro-
nounced relative sea level drop near the Silurian-Devonian boundary. It
is interesting to note that at about this time the Lone Mountain bank
margin changed from an upbuilding phase to a rapid westerly seaward pro-
gradation out over the Roberts Mountains Formation. If the age of the
rocks at this stop do correspond to a relative drop in sea level it doc-
uments an important principle that seaward progradation of shelf edge
facies can occur whether the relative change in sea level is rising or
falling. Much depends on relative rate of sea level change and sedi-
mentation rates at the shelf edge,

Chief features observable in this platform margin - slope apron segquence

Roberts Mountains Formation:

1. Laminated in situ lime mudstones and wackestones (slope/basin)
(Fig, 2-64).

2. Carbonate turbidites (slope) (Fig. 2-65).

3. Cross-bedded crinoid-ooid packstones and grainstones (subtidal
marine tidal bars and/or tidal deltas on gentle slopes just
seaward of the bank margin (Figs. 2-66 and 2-67).

4, Skeletal-rich bank margin 1limestones (subtidal, moderately
high energy shelf edge) (Figs. 2-69 and 2-69).

5. Cross-bedded limestone conglomerates and grainstones (shallow,
subtidal high energy to supratidal) (Figs. 2~70).

6. Nature of contact between Roberts Mountains and Lone Mountain,

Lone Mountain Dolomite:
1. Dolomite breccia facies (tidal flat channels) (Fig. 2-71.
2. Dolomitized coral facies (possible storm deposits washed onto
tidal flats from bank margin).
3. Oolite grainstones (oolite tidal bars and/or belts in tidal
flat and shallow subtidal settings) (Figs. 2-72 and 2-73).

Devonian, Yukon Territory, Canada.--A second example is from the
Mackenzie Platform Richardson Trough area within a large area centered
around Margaret Lake (134°30'W Long. 65°20'N Lat.) (Figs. 2-74 and 2-
75). The western side of the Mackenzie Platform, during the Lower and
Middle Devonian was a rimed shelf depositional margin, A dominant
biotic element on the platform margin was hemispherical stromatoporoids
set within a grain-supported bioclastic matrix of pelmatozoans and other
components (Fig. 2-76). The platform margin to slope facies transition
takes place over a wide (about 15 km) low gradient interval. This
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platform margin-slope-basin transition is characterized by crinoidal
turbidites (Fig. 2-77), 1lime wackestones, and deeper water slope
bioherms (Fig. 2-78). The presence of biocherms seaward of the
stromatoporid platforn margin resembles Wilson's (1975) TYPE I Downslope
Mud Accumulation Model (Fig. 1-46). Gradually this 1low gradient
transition facies gives way to a well developed carbonate slope apron
(Fig. 2-79). The redeposited carbonates in this slope apron include
pebble and cobble-sized debris flow deposits (Fig., 2-80), normally
graded turbidites with cobble-sized clasts (Fig. 2-81), and calcarenite
turbidites that exhibit a variety of bouma divisions (Fig. 2-82).

At a distance of about 50 km from the platform margin are a series
of about 25 light colored knobs (Fig. 2-93) that range from 15 m thick
and 50 m long to 75 m thick and 150 m long. These knobs occur within
the deep water graptolitic-rich Prongs Creek Formation. The knobs are
restricted to a 100-200 m thick stratigraphic interval within this
slope-to-basin sequence. Lenz (1972, p. 328) interpreted these knobs as
"small reef developements”" that grew on the flanks of the Bonnet Plume
High (Lenz, ibid). Macqueen (1974, p. 325) also studied these knobs and
stated that "evidence is minimal that they are either ecologic or
stratigraphic reefs.....". Macqueen (ibid) goes on to say, "The masses
appear to be banks or biostromes - in situe accumulations of pelletoid
and other non-skeletal grains and loose calcareous skeletal material -
which originally may have been continuous”. Macqueen states (p. 326)
that the problem of their origin 1is unresolved as it is difficult to
envision erosion sculpturing the upper surfaces to achieve the present
day outcrop pattern (Fig. 2-83).

I disagree with both of the above interpretations. During the
summer of 1968 I studied these anomalous giant knobs. First, they are
anomalous because they are completely enclosed in deep water graptolitic
argillaceous lime muds, carbonate turbidites and debris flows, Most of
the knobs exhibit intense weathering such that internal textural fea-
tures are difficult to resolve. However, one large knob in particular
(Fig, 2-84A) exhibits an unusually well-exposed basal contact with the
underlying graptolitic shales (Figs, 2-84B and 2-84-C). This knob has a
concave-up base and an almost flat top - not the normal shape for a

bioherm or reef, Where the basal part of the knob exhibits a knife-edge
contact with the graptolitic shales, the contact is erosional and com-
pacted (Fig. 2-84B). At this same contact the knob is clearly seen to
be comprised of light-colored and dark-colored cobble-sized clasts set
within a pervasive lime mudstone matrix (Fig. 2-84C). The light-colored
clasts are pelloid grainstones and other shoal-water types of clasts
including stromatoporoid and coral-bearing rocks. The dark-colored
clasts are lime mudstones. This author interprets these knobs as repre-
senting debris flow deposits that are filling large gullies or channels
encised in the slope and/or basinal facies. Gullies or channels of this
type are common on carbonate slopes in the Bahamas (Cook and Mullins,
1983). These also resemble some of the so-called "patch reefs" in the
Permian Basin of west Texas which are allochthonous platform-margin
derived carbonates that fill large submarine gullies (Pray and Stehli,
1962). A similar allochtonous origin for these Yukon Territory "knobs"
is consistent with their being enclosed within a normal quiet water,
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dark lime slope and basin facies, the concave-up base and flat top of
some of the knobs, a basal erosional contact with the underlying
graptolitic shales, and the fact that at least one knob is clearly
comprised of a variety of shoal wvater and basin clasts in juxtaposition.

These deeper water slope and basin facies also contain rather spec-
tacular megabreccia debris sheets that are areally widespread, have
travelled several 10's of kms and contain platform-margin limestone
blocks up to 7 m x 7 m across (Fig. 2-85).

Upper Devonian, Alberta, Canada.--Devonian carbonate buildups of two
ages (Swan Hills and Leduc-Fairholme) are distributed in several dis-
tinct trends in the subsurface and within the Rocky Mountain outcrops of
western Alberta (Figs, 2-86 and 2-87). Allochthonous carbonate mega-
breccias, conglomerates, and calcarenites occur at the margins of all
three of the outcropping carbonate complexes, Ancient Wall, Miette and
Southesk-Cairn (Fig. 2-86), whose margins are well exposed (Cook et al,
1972). The most spectacular megabreccias are two debris sheets forming
mappable units up to 20 m thick on the southeast margin of the Ancient
Wall complex. The megabreccias and thinner beds of finer debris are
both interbedded with dark, basin-facies lime mudstones, The three
carbonate complexes of the outcrop area have many similarities in form,
facies, and stratigraphy to the subsurface Leduc complexes of equivalent
age, and to the somewhat older Middle and Upper Devonian Swan Hills
complexes (Fig. 2-86), although the stratigraphic nomenclature is
different in these regions (Fig. 2-88).

Both the surface and subsurface carbonate buildups are mostly
stratified carbonate banks from a few km to as much as 96 km long, and
between 150 and 500 m thick . The outcropping complexes are laterally
igsolated from one another by up to 80 km of basin-facies mudrocks. On
the buildups carbonate deposition apparently was able to keep pace with
a gradual and/or intermittently rising sea-level,

Ancient Wall carbonate complex is a rimmed isolated platform with a
slope apron that virtually extends all the way to the platform margin
facies (Figs, 2-89 and 2-90). The platform margin facies forms a narrow
zone usually 200-500 meters wide at the outer margin of the Ancient Wall
and Miette complexes, Well defined parallel (horizontal) bedding char-
acterizes most of it. This platform margin or skeletal margin facies
contains abundant large massive and bulbous stromatoporoids and corals
set within a predominant matrix of light-colored wackestones and bound-
stones, Most of the stromatoporoids functioned primarily in the role of
a massive baffle, and loose skeletal armor on the sea floor (Cook et al,
1972).

The allochthonous carbonate debris at Ancient Wall (Figs. 2-89 and
2-90) is best characterized by the debris slope apron and debris sheet
models (Figs. 2-63 and 2-91). Figures 2-92 and 2-93 are different views
of the same debris sheet labeled "Megabreccia Sheet 1" in figure 2-89.
These megabreccia sherts have clasts up to 25 x 50 m which are large
enough to protrude above the debris bed and can be easily confused with
bioherms. The "matrix" for these boulder-sized clasts consists of

-5
9



pebble- to cobble-sized clasts and lime mud (Fig. 2-94). Figures 2-95
is a view of the debris sheets shown on the left-hand side of figure 2-
89, Debris flow sheets at Ancient Wall were transported by debris flows
a minimum distance of 10 to 15 km into the basin. Although debris flows
are the most likely process capable of transporting boulder-sized mater-
ial across low angle slopes for great distances (Cook et al, 1972) some
of the debris was probably transported by grain flows (i.e. Cook and
Mullins, 1983, Fig. 68).

Sheets of platform margin derived carbonate sand containing small
carbonate pebble-size fragments form distinct thin beds 0.3 to 3 m thick
interbedded with muddier basin strata. In figure 2-92 all of the light-
colored thin-bedded sheets are allochthonous carbonate turbidites that
collectively make up the slope apron facies. Although the megabreccia
debris sheets are clearly the most prominant and spectacular deposits
the slope apron facies are the most abundant allochthonous rock type at
all of the buildup margins studied by Cook et al (1972).

Rimmed Bypass Margin and Base-of-Slope Apron Models

Carbonate sediment gravity flows that originate adjacent to low
gradient depositional margins form slope aprons as at the Ancient Wall
buildup in Alberta, Canada. However, if the gradient at the platform
margin is high shelf-edge generated mass flows are likely to flow down
the slope and deposit much of their debris at or near the base of the
slope (Fig. 2-96).

Base-of-slope aprons occur in several Devonian platform margin
sequences in the Basin and Range Province of Nevada. The first example
of a base-of-slope apron occurs within a Middle Devonian to Upper
Devonian shoaling upward sequence in central Nevada (Fig. 2-97). This
shoaling upward section reflects a seawrd progradation of the platform
margin Devils Gate Limestone over the slope and basinal Denay Limestone,
(Fig. 2-32). The base of Denay Limestone is characterized by organic
rich, dark petroliferous lime mudstones and thin-bedded turbidites. At
or near what is interpreted to be the base-of-slope is a thickening-
upward sequence of carbonate turbidites and debris flow deposits (Figs.,
2-98 and 2-99) that are rich in crinoid grains and occasional massive
coral heads and hemispherical stromatoporoids derived from the platform
margin (Cook and Taylor, 1983). Stratigraphically above the base-of-
slope apron are thin-bedded, laminated lime mudstone that comprise the
slope facies. These slope carbonates exhibit soft-sediment slumping and
a few channelized, laterally restricted turbidites (Figs. 2-100 and 2-
101). The overlying platform margin consists of light-colored lime-
stones and dolomites with stromatoporoids, tabulate and colonial corals,
and calcarenite sands (Figs. 2-102 and 2-103).

Stratigraphically above the Denay-Devils Gate seaward prograding
platform margin, but in northern Nevada, is a well-exposed retrograding
platform margin sequence of Upper Devonian age (Poole et al, 1979)
(Figs. 2-104 and 2-105). At this locality the basal most exposed beds
of the PDevils Gate Limestone (Fig. 2-32 contains abundant massive-
hemispherical and bulbous stromatoporoids and the dendroid
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stromatoporoids Stachyodes and Amphipora--these facies represent the
platform margin facies (Fig., 2-106). Overlying the platform margin
facies are slope, base-of-slope, and basinal sediments (Cook and Taylor,
1983; Figs. 2-104, 2-105, 2-107). The base-of-slope apron facies is
similar to that described above in the Middle Devonian Denay Limestone
in that the bulk of the debris forms several thickening-upward cycles.
These thickening-upward cycles contain pebble-to~-cobble-sized clasts of
stromatoporoid and coral fragments as well as deeper water lime mudstone
material.

In a few, very remote localities of the Yukon Territory, Canada,
are some beautifully exposed platform margin-slope-basin triplet expo-
sures, In the vicinity of 135° W. Longitude and 65° N, Latitude (Figs.
2-74 and 2-75) in a southern finger of the Richardson Trough is a com-
pletely exposed back reef, reef, slope, and basinal sequence in East
Royal Creek that exhibits wupbuilding, erosional, onlapping, and
prograding modes (Figs. 2-108 ~ 2-110). The Royal Creek area was stud-
ied by this author and W. J. Meyer in 1968 as part of a larger Marathon
0il Co. field party.

Figure 2-108 is a stratigraphic cross-section of figure 2-109.
This platform margin is divided into five units (i.e. U1-US5) that began
as a crinoid bank margin (Unit 1) and evolved into a stromatoporoid-
coral-red algae broundstone reef (Units 3 and 5; Fig. 2-111). During
the early colonization stage of the Royal Creek platform margin (Units 1
and 2) the allochthonous debris formed a slope apron (Fig. 2-108, 2-
109). After Unit 3 but before Unit 4 the platform was eroded (Fig. 2-
108, 5-112) resulting in a seaward sloping gradient of about 30° or
more, Basinal 1lime mudstones of Unit 4 onlapped the eroded reefal
boundstones of Unit 3. Soon after the platform margin prograded seaward
forming Unit 2. It was during the deposition of Unit 4 that base-of-
slope debris apron facies were deposited (Figs. 2-113 and 2-114)., Fig-
ure 2-115 is seaward of figures 2-109 and 2-110 a few 10's of kms where
the Lower Devonian basinal section is dominated by 1light~colored, re-
sistant carbonate debris flow and turbidity-current deposits. Within
this more basinward part of the carbonate apron there appears to be two
thickening-upward cycles (Fig. 2-115). Stratigraphic control is not
good enough to know whether this particular locality represents a
base-of ~-slope apron, slope apron, or even part of an outer fan lobe.

This last example is from the subsurface of west Texas in the
Permian Basin. Being in the subsurface it forces one to be imaginative
and draw on all available depositional models and one's perspective in
order to interpret the available data. In 1970 this author studied a
number of Permian reservoirs in the Delaware and Midland Basins of west
Texas and New Mexico and it became readily apparent that some of these
Permian fields were developed in "allochthous debris transported basin-
ward from the Central Basin Platform, Eastern Shelf, and Northwestern
Shelf" (Cook et al, 1972, p. 467).

During the Wolfcampian, sediment gravity flows were common events
at some shelf margins in the Permian basin. These mass flows
transported 1large volumes of shoal-water bank and reef carbonates



downslope into the Midland and Delaware basins (Fig. 2-116), forming a
wide variety of redeposited lithofaces., For example, along a segment of
the Eastern shelf margin at least 40 km (25 mi) long, redeposited
carbonates extend into the Midland basin 25 km (16 mi) or more such as
in the Hutto, Triple-M, and Credo fields (Fig. 2-117).

Redeposited Wolfcampian carbonates are subdivided into three major
lithofacies. (1) Limestone and dolomite conglomerate debris flows and
turbidites with dark interstitial micrite. 1Individual beds are as much
as 8 m (26 ft) thick, normal to massively graded, and some beds are
arranged by thinning-upward sequences (Figs. 2-118 - 2-120; 2-125 and 2-
126). These carbonates form one of the reservoir facies with intercrys-
talline, solution interparticle, fracture, and wvuggy porosity (Figs. 2-
122 and 2-123). (2) Wackestone to packstone calcarenite turbidites con-
sisting largely of biotic grains. This lithofacies forms the most abun-
dant type of redeposited sediment, The calcarenites occur in beds a few
cm to 2.5 m (8 ft) thick that exhibit a variety of Bouma turbidite divi-
sions and in some 1localities are arranged in thickening-upward units
(Figs. 2-121, 2-129, 2-130). Calcarenite turbidite locally form petro-
leum reservoirs with solution interparticle, intrabiotic, biomoldic, and
fracture porosity (Figs, 2-124 and 2-127). (3) Wackestone to packstone
calcisiltite and calcarenite turbidites that occur in less than about 5
cm (2 in.) thick beds. This facies dows not exhibit vertical cycles of
bed thickness nor good reservoir qualities (Figs., 2-128 and 2-131).

Analyses of cores from 12 wells both within and outside the petro-
leum fields suggest that these redeposited carbonates may represent a
combination of debris sheet and submarine fan depositional processes,
The conglomerates in the Upper Hutto could be genetically unrelated to
the Lower Hutto calcarenites and represent episodic debris sheet pulses;
or alternatively, these Upper Hutto conglomerates may be channelized
deposits in inner fan to mid-fan positions near the basin margin and the
Lower Hutto thickening upward sequences be part of a seaward prograding
carbonate submarine fan, Alternatively, these thickening upward beds in
the Lower Hutto as well as those in the Credo (Fig, 2-129) could be
base-of-slope apron facies similar to the thickening upward base-of-
slope apron facies in the Devonian of the Basin and Range Provinces,
Nevada (Figs. 2-98 and 2-105),

Some of the thick-bedded calcarenites possibly represent mid-fan
channelized deposits whereas the more basinward thickening-upward cal-
carenites resemble unchannelized outer-fan calcarenite lobes. Thin-
bedded calcisiltite turbidites appear to occupy basin plain, outer-fan
fringe, and interchannel settings.

I1f these reservoirs are developed within one or more fan facies or

base-of-slope apron facies the size and apatial arrangement of the indi-
vidual fans or aprons still remain to be determined.

Many of the debris flow conglomerates and calcarenite turbidites in
these deep water Permian reservoirs resemble similar allochthonous deep
water carbonate reservoir facies in the giant Cretaceous Poza Rica o0il
field in Mexico (Figs. 2-132 - 2-134).

2-22



IMPLICATIONS FOR PETROLEUM AND MINERALS EXPLORATION

One of the prime objectives of these course notes is to stress the
point that slope, base-of-slope, and basinal sequences can contain a
large quantity and diversity of allochthonous carbonate sediment-gravity
flow deposits. The overall geometry and internal textural variations of
these redeposited facies are strongly controlled by the nature of the
platform margin and its morphologic relationship to the seaward adjacent
slope. This point has been stressed throughout this volume.

Cook et al (1972) pointed out that the recognition and correct
interpretation of basin-margin allochthonous deposits can be important
for several reasons: (1) to signal the presence of banks or reefs in an
area, (2) as proximity indicators for locating buildup or reef margins,
{3) to better determine the nature and morphology of the platform margin
buildups, (4) to provide stratigraphic markers useful for correlation in
the subsurface between carbonate buildups and the enclosing slope and
basin faces, (5) to provide important clues about the time and develop-
ment of diagenesis of carbonate complexes and adjacent basin strata, and
of course (5) as potential petroleum and mineral reservoirs.

Throughout these course notes we have tried to demonstrate that
basin-margin debris can occur in several ways: as (1) megabreccia
debris sheets, (2) slope aprons, (3) base~-of-slope aprons, and (4) as
submarine fans. 1In designing exploration strategies for these types of
frontier deep-water reservoirs one must develop appropriate depositional
models. Some questions come to mind. Do these deposits represent epi-
sodic, widespread, single-pulse debris sheets, or debris aprons domin-
ated by numerous rather random pulses of areally extensive sheet-flow
calcarenites, or more systematically developed submarine fan facies
having both channelized deposits in inner and mid-fan settings as well
as sheet-flow calcarenites deposited as outer-fan lobes? Exploration as
well as production strategies will vary depending on which model or com-
bination of models are used.

Figure 2-135 is a compilation of selected stratigraphic horizons
that produce petroleum, and in a few cases minerals, from carbonate
shelf, platform margin, and basin-margin facies. The depositional
environment of the reservoir facies is plotted by horizontal bars.

There are potentially more reservoir facies in rimmed shelf models
than in ramp models. Going from deep water to shallow water environ-
ments potential reservoir facies include 1) carbonate submarine fans,
aprons, and debris sheets (Cook et al, 1972; Enos, 1977a; Cook, 1983;
Cook and Mullins, 1983; Enos and Moore, 1983; Mullins and Cook, in
prep.); 2) shelf-edge reefs and tidal bars (Wilson and Jordan, 1983); 3)
middle shelf grainstone facies (Powers, 1962; Wilson, 1975; Wilson and
Jordan, 1983); 4) inner shelf offshore bar and beach facies, and tidal
flat facies (Enos, 1983); Inden and Moore, 1983; Shinn, 1983).
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A few well studied petroleum-rich examples of rimmed shelf reser-~
voirs cited by Wilson and Jordan (1983) include the Permian Hueco
Limestone of New Mexico and West Texas, the Cretaceous Edwards Formation
of Texas, and the Jurassic D 2zone in the Persian Gulf area. The
Devonian carbonate province of Alberta, Canada has abundant examples of
giant oil fields, especially in isolated rimmed shelves (ex: Klovan,
1964; Cook et al, 1972; Harris, 1983). Notable billion barrel oil
fields occur in deep-water carbonate aprons in the Cretaceous of Mexico
(Enos, 1977a; Enos and Moore, 1983). Lesser known fields in the Permian
of west Texas occur in carbonate submarine fan, apron and possibly
debris sheet facies (Cook et al, 1972; Cook, 1983; Cook and Mullins,
1983; Cook, in prep. a).

Debris Sheet Model

Debris sheets are the relatively rare, episodic major events that
take place at platform margins. As discussed in several chapters of
these notes debris sheets can be areally very widespread and a single
debris sheet can contain huge volumes of debris., Some of the conglomer-
atic debris flow reservoir in the Permian Basin and the Cretaceous of
Mexico could represent episodic debris sheets (Enos, 1977a; Cook et al,
1972; Cook, 1983; Hobson et al, in press).

Debris sheets can occur at rimmed depositional platform margins as
well as at rimmed bypass platform margins. Thus in the former case the
sheets are not laterally separated from the shelf edge, however, in by-
pass margin sequences the debris sheets will occur seaward of the shelf
edge, at a distance that is proportional to the gradient of the slope.

Porosity trends in debris sheets are not well understood but the
porosity may be quite erratic and difficult to predict. If the redepos-
ited debis contains abundant aragonite and magnesian calcite clasts and
lime mud the potential for post depositional solution is great., Inter-
connected porosity may be better developed in debris sheets that have a
low mud matrix such that the clasts and biotic constituents that are
susceptible to leaching are in contact with one another.

Slope Apron and Base-of-Slope Apron Models

Carbonate aprons develop via line source sedimentation which re-
sults in mass~transport facies that parallel the adjacent shelf edge and
thin in a seaward direction, producing an overall wedge-shaped geometry
{Mullins and Cook, in prep.). Unlike submarine fans, carbonate aprons
are likely to produce linear to arcuate facies belts that parallel the
adjacent shelf edge., The length of the belt will mainly be a function
of the nature and length of the platform margin itself. Large isolated
platforms such as in the Bahamas (Cook and Mullins, 1983) or the Creta-
ceous of Mexico (Enos, 1977a) appear to have very long aprons, Small
isolated banks, such as the Devonian Ancient Wall and Miette of Alberta,
Canada, have carbonate aprons that form relatively small concentric
bands around the bank margins {(Cook et al, 1972). Large intracontinen-
tal shelf margins such as deveioped around the perimeter of the Permian
Basin in west Texas may form continuous aprons 10's to 100's of km n
length (Cook, 1983; Mazzullo, pers, comm., 1983, Mazzullo, in press).
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As illustrated in this chapter slope apron and base-of-slope apron
models appear to account for most of the redeposited facies in deeper
water carbonate environments. Slope aprons are most abundant along
platform margin slopes that have low gradients as exemplified by the
Upper Devonian Ancient Wall carbonate bank in Alberta, Canada (Cook et
al, 1972). At low gradient margins the slope and basin sequences will
have abundant carbonate turbidites that commonly do not exhibit any
systematic vertical cycles. Where the slope gradient at the platform
margin is relatively steep, the shoal~water derived sediment gravity
flow deposits will be more likely to traverse down the slope and accum-
ulate most of their debris at or near the base-of-slope. The Devonian
base-of-slope aprons in the Basin and Range Province are separated from
the platform margin and exhibit thickening-upward cycles. Likewise,
some of the thickening-upward cycles in the Permian reservoir facies of
west Texas described above may, in part, represent base-of-slope aprons.

Both slope and base-of-slope apron facies could form attractive
exploration targets. However, base-of-slope aprons may be better
exploration targets for several reasons. First, because they occur at
or near the base-of-slope their updip extension is sealed by fine-
grained lime muds and shales of the normal in situ pelagic and hemi-
pelagic facies., This contrasts with facies in the apron model that can
extend virtually all the way updip to the shelf edge., An attractive
feature of the slope apron facies, however, may be that because slope
apron facies do extend to shelf edges the apron facies could form porous
conduits for transmitting petroleum to shoal water bank and reef margin
reservoirs. Second, base-of-slope apron facies may form relatively
thick systematic cycles if the examples in the Basin and Range Province
are representative of other bypass margins. Third, as Enos (1977a)
points out there may be a relationship between shel-edge slope, relief,
and volume of debris deposited in base-of-slope environments. Figure 5-
136 plots a few examples of shelf edge slope and relief, As can be seen
in this figure the Cretaceous platform margin studied by Enos (1977a)
has high slope gradients (30°) and high relief (1,000 m). Likewise
redeposited carbonate debris flow and turbidites in the adjacent basin
facies are several hundreds of meters thick (Enos, 1977a).

Carbonate Submarine Fan Model

As discussed in Part 1 carbonate submarine fan facies appear to be
rare in contrast to siliciclastic fan facies (Cook, 1982, 1983). This
may be largely a result of carbonate sediment gravity flow deposits
originating along a 1line source and not having major point source
canyons as in siliciclastic settings (Mullins and Cook, in prep.).
Other factors are propably also important in determining whether well
developed channelized carbonate fan facies develop (Cook, in prep. b).

The carbonate fan model as presented in this chapter must be con-
sidered a local depositional model, 1It's applicability to other areas
remains to be seen, However, based on this fan model it is clear that
depositional patterns of the mass-flow facies are different than for



those in the debris sheet, slope apron, and base-of-slope models.
Inner-fan feeder channels can be expected to be laterally discontinuous
along a platform margin, whereas the mid-fan distributary channels and
the outer fan lobe sheets will be laterally more continuous. If a
direct relationship exists between reservoir quality and specific parts
of a carbonate fan then the stratigraphic predictability of reservoir
facies may be better in carbonate fans than in debris sheets or aprons
due to the development of more orderly facies patterns in fans,

Summary

Carbonate basin margins offer new objectives for petroleum explora-
tion (Cook et al, 1972, p. 467; Enos, 1977a). Enos (1977a) in his study
of the billion barrell deep water Poza Rica field of Mexico suggests
that the following considerations converge to optimize petroleum poten-
tial in deep water carbonate environments: (1) Depositional facies--
relief and gradient of the platform margin slope are primary controls on
the volume of redeposited debris; (2) Predictability-~relief and steep-
ness of the slope entrance definition of the platform margins (3) Favor-
able diagenesis--high relief in a humid environment may favor downdip
migration of fresh water for leaching the debris (Enos and Moore, 1983);
(4) sSource rocks--fine-grained slope and basinal sediment encase the
potential debris reservoirs and also form potential source beds and
stratigraphic seals.

As exploration goes into more deep water frontier areas it is
likely that more Poza Ricas will be found. It will accordingly become
important to understand the geologic conditions that favor the develop-
ment of carbonate fans versus aprons versus debris sheets, and to deter-
mine when and where these conditions prevailed in the geologic past
(Cook, 1982).
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ExamrLEs OF Fossi. CARBONATE SHELF-SLOPE BREAKS

Reef-Building Shelf-Slope
Time Setting Organisms Break
Mesozoic-Cenozoic Open ocean Complete spectrum mn
Late Paleozoic Intracratonic Small-delicate 1
Middle Paleozoic Intracratonic Complete spectrum n
Early Paleozoic Open ocean Small-delicate |
Precambrian Open ocean Stromatolites i

TABLE 2-1. (from James and Mountjoy, 1983)
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PERIODS | BIOHERMS MAJOR SKELETAL ELEMENTS

6 CoRALs T
= — :mdisls
bryozoa
5 RUDISTS corals stromatoporoids

|

100

sponges
4 CORALS stromatoporoids

3 M
UBIPHYTES corals sponges
——Sponges lubiphyles skelelal algae]
caicisponges feneslellid bryozoa corals
PHYLLOID tubular foraminifers
tubiphytes
bryozoa
fensirate bryozoa
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STROMATOPOROIDS corals
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SPONGES skeletal algae
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Idealized stratigraphic column representing the Phanerozoic and illustrating times when there appear to
be no reefs or bioherms (gaps), times when there were only reef mounds, and times when there were both reefs and
reef mounds and the organisms that built them,

Figure 2-1. (from James, 1983)
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EARLY
PALEOZOIC

MID-LATE
PALECZOIC

MESO201C
<

Generalized sketch maps illustrating the po-
sition of major carbonate platform margins dunng (A)
Early Paleozoic (Cambro-Ordovician), (B) Mid-Late Pa-
leozoic (Silunan-Permian) and (C) Mesozoic time.

Figure 2-2. (after James and Mountjoy, 1983)



.
KNOLL REEF PLATFORM

H LOWER PROFILE

ROUGH SEAS

STEEPEST PROFILE- UP TO 45° OR MORE

Three types of carbonate shelf margins: I, downslope lime-mud accumulation; 11,
knoll reef ramp or platform 111, organic reef rim.

Figure 2-3. (from Wilson, 1975)
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(packetone to wackestone)

STAGE TYPE OF SPECIES SHAPE OF
LIMESTONE DIVERSITY |REEF BUILDERS
low to Laminate
DOMINATION bindstone lo framestone moderate encrusting
s, domal
- ;“. framestone (bindstone) massive
N {c % DIVERSIFICATION mudstone to high blomo:nr
b Yt ranching
;‘-“ﬂ‘ 2 wackestone matrix encrusting
>
aéb
e £y batflestone to fiostsione branching
-2 - COLONIZATION (bindetone) with a3 mud low lamellar
»® stone 1o wackestone matrix oencrusting
5 /8 sTaiLizaTion | Sarsions lo moens low i

A sketch illustrating the growth form of reef-building
metazoans and the types of environments in which-they most

commonly occur.

Figure 2-4.

(after James, 1983)

2-41





























































HOMOCLINAL RAMP MODEL

~— BASIN | SHELF

v

INNER

|&——— OUTER SHELF ——>|— SHELF

—3| CONTINENTAL

FACIES

MINOR, ¥ ANY,

MASS-TRANSPORY ARGRLACEOUS
DARK LAMMAYED DEPOSITS MUD SUPPORTED ROCKS l!.E"Aol.ttnL?:‘t
LIME MUDS AND SULDUPS WITH OPEN MARINE BIOTA AND
SHALES SELOW WAVE 8ASE OFFSMORE SARS

& TIDAL FLAT
A s d

‘\/;3 /\\
VAN S

——*———”“—-'—"”’~——f

Profile of homoclinal ramp model (depositional profile format
modified from Wilson and Jordon, 1983, Fig. la)

Figure 2 -24.
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Depositional model, Smackover and lower Buckner basinal, shelf, shoal and sabkha systems,

South Texas

Figure 2 -25. (from Budd and Loucks, 1981)
Environments! Mode! for “Knowles”
INNER RAMP RMEEF COMPLEX OUTER RAMP
Restricted Lagoon Mee! Reet For
{1 0!
) Tuda! Flat Shos! Flat  Frame u..., st

SOSSKER SHALE

mows Dotomite (BT Fessr Ponetel PuST
Argliacoove Lime WKST U110 ene Pon Ooi GRSTY

[E Sisciasiic SR PxSY

[::; Torrigonovs Bond E Oncome WK PXST v Beonchumg Corel
€D Mesens Conol @ St omateper oid
g < Polagc Mice Fosoit

Figure 2-26. (from Finnerman et al, 1982)
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Environmental model of

" Xnowles Limestone™ illustrating
distribution of facies. Figure not
to scale.



OPEIN MARINE SMOAL LAGOON TIDAL FLAY
PACKSTONE GRAINSTONE HMUDSTONE ALGAL BOUNDSTONE

Lateral distribution of temporally equivalent Hanson Creek depositional
environments and rock textures. Vertical scale is in meters to tens of meters,
horizontal scale is in kilometers.

Figure 2-27. (from Dunham, 1977)
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Generalized Ashgillian paleogeography
of Eureka County.

Figure 2-28. (from Dunham, 1977)
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DISTALLY STEEPENED RAMP MODEL

BASIN ks SHELF -

' INNER
l¢——— OUTER BHELF ————le— g\;r —| CONTINENTAL

FACIES

ARGRLACEOUS HEARSHORE
ABUNDANT MUD SUPPORTED ROCKS ””Etm!
MASS-TRANSPORT WITH OPEN MARINE 810TA
u'oun BELOW WAVE BASE suiLburs orrenche <TBAL pLar
aN i

BARK umvu'r!
LIME MUDD AND
SMALES

Profile of distally steepened ramp model (depositional profile
format modified from Wilson and Jordan, 1983).

Figure 2-29.
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[GOODWIN S
SLIDES N R
FEEDER = .
CHANNELS INNER A%
DISTRIBUTARY | N\ W 7/
CHANNELS L’ 2 MID .
LOBE SHEETS ,
~NJOUTER} éﬁfiﬁ:
- iAf;fqﬁﬁé-:'::-
THIN-BEDDED
TURBIDITES i BASIN PLAN

Preliminary local carbonate submarine-fan model showing that fan
sediment is derived from both shoal-water shelf areas and by the remolding of
deeper water slides and slumps into mass-flows, large slides and channelized
conglomerates that occur in outer fan sites, calcarenites in non-channelized
sheets in mid-fan sites, and thin-bedded silt to fine sand-sized carbonate
turbidites in fan fringe and basin plain. Slope and fan facies about 500 m
thick, basin plain facies about 1000 m thick. Model based on studies in
Cambrian and Ordovician strata in Nevada

Figure 2 -33. (from Cook and Egbert, 1981 b,c and Cook and Mullins,
1983)

SLOPE
)

INNER [} JBR ~\
FAN 27 A

MD P> J|

OUTER| % 1Y
FAN ISz
BASIN |\
PLAIN |

Preliminary local! carbonate submarine fan model. §chemati§a11y
shows vertical and lateral facies sequences that occur in prograding continen-

tal margin section. Model based on studies in Cambrian and Ordovician strata
in Nevada

Figure 2-34. (from Cook and Egbert, 198la and Cook and Mullins, 1983
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Ny e ey 1 ' M_odel of ‘imerprexed shelf-
NN 4450/ slope-basin plain transition in the Late
\\‘a“‘:\\.“““:‘t{" Cambrian and Early Ordovician of
Q%\Ql“fﬁf Nevada. Mode! shows slope is incised
\’.f‘ by numerous gullies bul no major can-

yons; carbonate submarine fan develops
at base of slope and basin plain; fan
sediment is a mixture of shoal-water
shelf carbonates and deeper water slide
generated debris; contour currents flow
northerly along upper siope

Figure 2-35. (from Cook and Egbert, 198la and Cook and Mullins, 1983)
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BASIN t+—— SHELF —

INNER

", l—sk——— MIDDLE SHELF ——-|+— SHELF —'l CONTINENTAL|

i— e

LR -

Coos FACIES

N i

Lo MUDMOUNDS *: g

At FOR win = £

o ! LABOONAL NEARSHORE B
PATCH .I:::OITO.NE MUDSTONES SHORELINE !'?_..

MASS-TRANSPORT WEEFS OAL W LOwS AND pen
DEPOSITS OFFSHORE SARS [

PATCH REEFS & TIDAL FLAT

[ 18 A

DARK LAMNATED
LIME MUDS AND
SHALES

SHMELF-EDGE REEF OR
ORAINSTONE COMPLEX

7 Yo B9 =

V e 4 . Ao :

Profile of a rimmed carbonate shelf or drop-off model. Numbers at
bottom of figure refer to Standard Facies Belts of Wilson (1975).

Figure 2 -58. (depositional profile format modified from Wilson and
Jordan, 1983)
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Generalized distribution of Upper Devonian carbonate buildups in
Alberta, Canada.

Figure 2-86.

(from Cook et al, 1972)
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Subsurface diagrammatic cross-section from NW to SE through the western Canadian Sedimentary basin
illustrating the stepped onlap mode during Late Devonian time.

Figure 2 -87. (from James and Mountjoy, 1983)
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Correlation of formations exposed at Ancient Wall, Miette,

CARBONATE BUILDUPS

Southesk-Cairn with those of the subsurface in Alberta, Canada

Figure 2-88.

(from Cook et al, 1972)
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