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THREE ASPECTS OF SANDSTONE DIAGENESIS:
COMPACTION AND CEMENTATION OF QUARTZ ARENITES

AND CHEMICAL CHANGES IN GRAYWACKES

ABSTRACT

This study explores topics in both the physical and chemical dia-
genesis of sandstones. Two sets of quartz arenites from the Alberta
and Saskatchewan basins have been studied to illustrate the effects of
compaction and cementation upon the grain packing and loss of porosity
with depth. Additionally, the changes during diagenesis in the major
element composition in graywackes were investigated by studying a
suite of Recent and ancient turbidite sandstones.

Grain packing and porosity in sandstones of the Cretaceous Lower
Mannville Group change systematically from east to west and with depth
in the Alberta basin. Two transition zones, each defined by several
variables, characterize this change: 1) above 4,500 feet, floating
and point contacts with but minor long contacts are typical, and char-
acteristic values of contact strength, packing density and porosity
are 1.6, 0.70 and 23 percent, respectively, 2) between 4,500 and
7,000 feet, contact strength, packing density and porosity are 2.1,
0.78 and 12 percent, and 3) below 7,000 feet, the dominant contacts
are long, concavo-convex and sutured and typical values of contact
strength, packing density and porosity are 2.3, 0.86 and 8 percent.
These zones also coincide with breaks in the porosity-depth plot for
the sandstones of the Lower Mannville. Similar transition zones de-
fined by contact types occur at comparable depths in Mesozoic sand-
stones of Wyoming (Taylor, 1950). Hence, they should be looked for in
other undeformed sedimentary basins.

Types of grain contacts, packing density and porosity in sand-
stones of the Precambrian Athabasca Formation do not change systematic-
ally with increasing depth in the Saskatchewan basin because the effect
of compaction on the grain packing is obscured by cementation processes.
O0f the various grain contact types, long contacts are the most abundant
in the Athabasca, with concavo-convex contacts being fairly common.
Sutured contacts are present throughout the whole vertical section of
the sandstone sequence. Sandstones of the Athabasca Formation are
mainly cemented by authigenic clays and silica. Cements range from 2
to 15 percent and average about 7 percent. Grain packing and cements
suggest that sandstones of the Athabasca Formation have undergone late
stage diagenesis, and the maximum burial depth was probably between
12,000 and 16,000 feet.

ii
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Geochemistry of major elements of Recent and ancient turbidites
was studied to investigate the relationship between sandstone composi-
tion and tectonic setting and to determine the chemical changes of
graywackes during diagenesis. It was found that Recent deep~sea
turbidite sands can be separated, using chemistry, into passive or
trailing edge and active or leading edge basin types. The passive
basin type is characterized by 78 percent SiO2, a Si02/A1,03 ratio of
8 and a K»0/Naz0 ratio of 1.1, whereas active margin basin sands have
typical values of SiO2 less than 70 percent, a S$i02/A1,03 ratio around
4.5 and a Kp20/Naz0 ratio about 0.6. Further subdivision of the active
margin basins was not possible using chemical variables. Deep-sea
muds of these basin types show no systematic variation in oxides of
Si, Al, Fe, Mg and Ca, but K and Na do show a pattern: the K»0/Nas0
ratio decreases noticeably from passive to active tectonic settings.
Thus, chemical variables such as SiO2 content and ratios of $i0,/A1,503
and K»0/Na0 should generally be reliable indicators of provenance for
ancient turbidite sandstones and shales, but they can only distinguish
active from passive tectonic setting.

Chemical similarity between Recent deep-sea sands, ancient turbi-
dite sandstones and average graywackes (Pettijohn, 1963) suggests that
diagenetic reactiong in+graywacke sandstones occur in a closed system,
e.g., there is no K -Na exchange between the turbidite graywackes and
associated shales.

There is a trend of increasing K0 content with increasing geologic
age in these ancient shales. This K»0 trend, which shows an abrupt in~
crease in K,0 content in the Devonian, can be interpreted as supporting
Weaver's idea (1967) that the KO trend observed in other shales is pri-
mary in origin, unrelated to diagenesis. This argument also suggests
that dissolution of detrital K-feldspar in the turbidite graywackes
does not provide additional potassium for the conversion of smectite to
iliite in the associated shales. Thus, the high Na»0 content of many
graywackes and high K»0 content of the associated shales are not post-
depositional features, as has been suggested.

iii
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THREE ASPECTS OF SANDSTONE DIAGENESIS:
COMPACTION AND CEMENTATION OF QUARTZ ARENITES

AND CHEMICAL CHANGES IN GRAYWACKES
Introduction

Diagenesis concerns the chemical and physical changes, modifications
or transformations undergone by sediments after deposition and up to the
lowest grade of metamorphism. The study of diagenesis has progresed less
than other aspects of sedimentology, although recently it has received
more attention than in the past. It is now recognized that information
about diagenesis combined with textural, structural, mineralogic and
chemical data result in a more accurate interpretation of depositional
environment, provenance and sedimentation processes. For instance, Wilson
and Pittman (1977) stressed that interpretation of depositional environ-
ment and provenance based on texture and composition may be inaccurate
if authigenic clays are neglected. Furthermore, the influence of diagene-
sis may be at least as great as that of depositional processes on reser-
voir properties. TFor example, Fiichtbauer (1967) clearly demonstrated
that several different diagenetic processes such as cementation and com-
paction can be significant in modifying reservoir porosity. Hence, for
petroleum exploration and reservoir development, much work has been done
on the subject of diagenesis.

Generally, compaction and cementation are recognized as the major

diagenetic processes which modify t?e grain packing and porosity of quartz
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arenites. The mineralogy and chemistry of quartz arenites are not sig-
nificantly changed during diagenesis because such mature sands are made
up mostly of quartz grains. lHowever, the immature sandstones, particu-
larly the graywackes, are considered to suffer complex chemical and
mineralogic alterations during diagenesis. It is interesting to com-
pare these diagenetic alterations in graywackes with that in the clean
quartz arenites. Therefore, I have decided to investigate the possible
effects of diagenetic processes on reservoir properties for two types
of sandstones: cratonic sandstones, for the most part quartz arenites,
and turbidite sandstones, usually graywackes.

Cratonic sandstones: Compaction and cementation are two major dia-

genetic processes responsible for the reduction of porosity. For clean
cratonic sandstones these processes are more important than formation of
matrix. Under compaction, grains rotate, slip, deform and eventually
move together closer and reduce pore space. Are there significant rela-
tionships between porosity, grain packing and burial depth? Can the
maximum depth of burial be estimated by using packing density? Which of
the contact types is the best indicator of depth? On the other hand,
precipitation of carbonate, quartz overgrowths and authigenic clays are
other major factors responsible for the loss of porosity. What is the
paragenesis of cementation as a result of burial? What are the impor-
tant geochemical conditions? How does cement destroy porosity? To ans-
wer these questions, the grain packing, cements and porosity in some
buried sandstone sequences were investigated.

Sandstones of the Lower Mannville Group (Cretaceous) of the Alberta

Basin and sandstones of the Athabasca Formation (Precambrian) of the
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Saskatchewan Basin were studied. The Alberta basin, which extends from
eastern thrust belt of the Canadian Rockies into western Saskatchewan,
is ideal to examine sandstones for progressive changes in grain packing
and the relation of grain packing to porosity because both abundant
drilling records and core samples are available. In additionm, the Lower
Mannville extends from the outcrop in Saskatchewan to as deep as 10,000
or more feet in western Alberta. Moreover, there is little structural
deformation. The Athabasca Formation provides an interesting comparison:
fifty samples from a continuous diamond core in the Athabasca sandstone
sequence (4,774 ft. in length) of the Saskatchewan basin were available
for studying grain packing and porosity.

Turbidite sandstones: These sandstones are very abundant in ancient

geosynclinal sequences. In some places they form important hydrocarbon
reservoirs (Hsu, 1977), and in others have large amounts of matrix and/or
calcite cement and consequently little porosity. The study of ancient
turbidite sandstones has revealed several problems related to diagenesis.
For example, Cummins (1962) was the first to claim that almost all of the
matrix of turbidite graywackes is diagenetic in origin. He suggested that
the matrix is the product of the alteration of the labile grains, mainly
unstable rock fragments and feldspars. Recently, Galloway (1974) pre-
sented a sequence of diagenetic development of matrix in graywackes. He
noticed that the geothermal gradient (temperature) plays the most impor-
tant role in the sequential formation of, first, pore-filling calcite
cement, second, authigenic clay coating and finally, pore filling by

chlorite, montmorillonite or zeolites. In addition, Garrels, et al.,
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(1971) and Reimer (1972) have emphasized the importance of ion exchange
between thé graywackes and associated shales during diagenesis. They
suggest that at least for turbidite graywackes, sodium and potassium are
exchanged between the interbedded sands and shales and consequently al-
bite developes in the sands at the expense of K-feldspar, the potassium
going into illite in the shales. This K+—Na+ exchange diagenetic reac-
tion is used to explain why ancient turbidite graywackes are rich in
Na»0, whereas the interbedded shales are not.

However, many workers believe that matrix and high content of Naz0
in many graywackes is detrital. For instance, Crook (1974) proposed a
hypothesis to explain the compositional variations of ancient graywackes
in terms of geotectonic setting. His hypothesis is based on the miner-
alogic comparison between graywackes and modern deep-sea sands and chemi-
cal comparison between graywackes and some crustal materials.

Clearly, there are many aspects of the diagenesis of turbidite sand-
stones. In this study the possibility of K*—Na+ exchange between gray-
wackes and interbedded shales was examined. Also, the geochemistry of
modern deep-sea sands is emphasized here because suitable chemical data
of modern deep-sea sands for comparison with ancient ones are virtually
nonexistent (Crook, 1974, p. 307) and which is the key for Crook's hy-
pothesis.

The suggestion of K+—Na+ exchange between graywackes and interbedded
shales and hypothesis of compositional variations of ancient graywackes
as indication of tectonics of source area can be evaluated by studying

a number of paired sand-shale samples from a variety of tectonic settings
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and ages. Closely spaced sandstone-shale pairs were first used by Glass
and others (1957) to understand better the clay mineral composition of
sandstone, which is strongly influenced by diagenesis. The writer has
secured about 70 pairs of ancient turbidites from North and South America
and Europe and 60 sand-shale pairs of modern deep-sea turbidites from

the Lamont-Doherty Geological Observatory.
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CHAPTER 1
SANDSTONES OF THE LOWER MANNVILLE GROUP (CRETACEOUS)

OF THE ALBERTA BASIN: GRAIN PACKING AND POROSITY
Introduction

This study reports on changes of sandstone grain packing in the
Cretaceous Lower Mannville Group (Fig. 1) as seen in 42 samples obtained
from 17 wells in Alberta and one shallow well in western Saskatchewan
(Fig. 2). The purpose was twofold: first, to see how the grain pack-
ing of sandstone changes, if at all, with increasing depth of burial and,
second, which of several packing parameters best correlates with the
porosity of sandstones of the oil and gas pools of the Lower Mannville
as it is traced from its outcrop in Saskatchewan westward across Alberta
toward the foreland thrust belt of the Rockies. Other workers studied,
petrographically, porosity reduction in Cretaceous sandstones of Alberta,
but have not correlated the results with depth of burial (Lerbekmo, 1961
and Mellon, 1967).

The average porosity of Cretaceous reservoir rocks in Alberta
ranges from 33 percent at 2,000 feet to 5 percent at 10,000 feet. The
heavy oil pools (25° API gravity or less) are concentrated mainly be-
tween 3,000 to 3,500 feet in depth and the light oil pools from 3,500 to
5,000 feet. Gas pools occur at all depths, but with perhaps increasing
frequency below 7,000 feet (Energy Resources Conservation Board, 1974).

A plot of porosity versus depth for Lower Mannville oil and gas
pools shows a clear curvilinear decrease in porosity with depth (Fig. 3)

6
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and, when a trend surface is fitted to the same data and plotted on a

map, a very clear westward decrease is apparent (Fig. 4).

Geologic Setting

In the Alberta plains the Lower Mannville Group consists typically

of three units:

1. A basal residual deposit of varying thickness, the Deville
Formation or "detrital zone'" consisting of red and green waxy
shale with chert fragments and siderite pellets, grading up-
ward into dark brown shale interbedded with poorly sorted

quartzose siltstone and fine-grained sandstone.

2. A sandstone unit, the "Basal Quartz'" of oilfield terminology,
comprises the major part of the Lower Mannville. This unit
is variously known as the Ellerslie Formation in central
Alberta, the McMurray Formation in northeastern Alberta, the
Dina Sandstone in eastern Alberta, and the Moulton, Sunburst
and Cutband Sandstones in the southern plains, and is equiva-
lent to the Gething and Cadomin Formation in the northwest
plains and foothills. These sandstones are the main oil and
gas reservoirs of the Lower Mannville and consist predominantly
of white, fine-grained quartz arenites interlaminated with
siltstone and dark gray silty shale. The sandstones are tex-
turally mature, very fine to coarse grained, and generally

well sorted with rounded to subrounded grains. The lowest
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Figure 4. Trend surface of porosity based on average values of 17 pools
and structure on base of the Fish Scale (Energy Resources
Conservation Board, 1965), a Cretaceous horizon above the
McMurray Formation. Arrows indicate general trends.
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beds are the coarsest and are locally conglomeratic. These
grade upward through massive fine to medium-grained sand~
stones into fine to very fine-grained slightly argillaceous,
finely laminated sandstones which characterize the top of
the unit. The McMurray Formation consists predominantly of
fluvial sandstones with lesser amount of offshore siltstones

and shales (Mellon, 1967 and Nelson and Glaister, 1978).

3. An upper unit, the "ostracode zome" is about 30 feetr thick,
and consists of gray and brown to black fossiliferous shale
with minor siltstonme as well as coquinal limestone and loc-

cally porous and permeable sandstone.

The Deville Formation or "detrital zone" is mainly restricted to
the deeper valleys cut into the pre-Cretaceous surface. The "Basal
Quartz" sandstones constitute the main part of the Lower Mannville gioup
in central and eastern Alberta, where they average 100 to 200 feet in
thickness depending upon the topography of the underlying Paleozoic
erosion surface. The beds are absent over the highest parts of the sur-
face in eastern Alberta, and thicken to 500 feet in the western plains
and foothills. Its equivalents reach thickness of up to 2,000 feet in

northeastern Columbia.

Petrography

Forty-four thin sections of the Lower Mannville samples were

studied. Texturally, most of the samples are moderately to well sorted
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and fine grained (Table 1). Mineralogically, the amount of quartz
ranges from 40 to 99 percent. Minor amounts of K-feldspar and plagio-
clase are present. Chert is dominant among the rock fragments, with
lesser amounts of siltstone, silty shale, detrital carbonates and other
types of rock fragments. Chert generally occurs as framework grains,
rather than cement. Some fine rock fragments such as broken shales are
incorporated with clay to form matrix which competes with cement to

fill the pores. Framework grains set in a featureless clay paste, which
is formed of tightly squeezed clay aggregates, are common in those
samples containing abundant matrix. Thin sections were stained with
alizarin red dye to differentiate calcite and dolomite:. Both calcite
and dolomite occur as pore filling cement and also as detrital carbonate
patches with erratic distribution throughout the samples. A few secon-
dary dolomite grains occur as fine euhedral crystals in interstices.

The cements consist predominately of carbonates with minor amounts of
quartz overgrowths and trace clay coating. Carbonate cements commonly
replace the margins of quartz grains.

The percent grains, cements and matrix were determined by point
counts of 200 counts per thin section (Table 1). A triangular plot of
these three end members indicates that most of the sandstone of the
Lower Mannville Formation are grain-supported arenites (Fig. 5). Simi-
larly, the percent quartz, feldspar and rock fragments were also deter-
mined and plotted (Fig. 6) and suggest that quartz arenites are dominant
among the sandstones of the Lower Mannville with lesser amounts of chert

arenites. Therefore, petrographically, the sandstones of the Lower
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Mannville are almost all arenites and consist of about 60.percent quartz
arenites, 25 percent sublithic arenites, and 15 percent lithic arenites

(Table 1 and Fig. 6).

Status of Porosity-Grain Packing-Petrographic Investigations

Porosity and permeability, and their dependence on the composition,
texture and packing of sandstones is a complex subject that has been
sporadically studied since the 1930's so that there are today perhaps
100 or more relevant, but scattered references. Two very classic papers
that are still well worth reading are those by Krynine (1940 and 1947).
There are also many different approaches to the subject even though the
key variables appear to be depth of burial, nature of the introduced
fluids, mineralogy of the framework grains, grain size and pore water
chemistry as well as the presence or absence of oil, which can inhibit
diagenetic reactions. Also plate tectonics can, even in a basin such as
the Alberta basin, possibly exercise broad controls on framework miner-
alogy, geothermal gradient, burial residence time and folding and/or
faulting (Fig. 7).

Within recent vears the Scanning Electron Microscope has added
greatly to our knowledge of cementation in the pore systems of sand-
stones, because its great depth of field permits one to see details of
silica, carbonate and clay mineral deposition within the individual
pores of a consolidated sandstone. Indeed, a recent issue of the Journal
of the Geological Society (Vol. 135, 1978) that was devoted to sandstone

diagenesis may well set a predominant style of study for many years to
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come--make a porosity-permeability plot of the plug data, carefully re-
late each plug to the different facies or subenvironments of the sand-
stone body, and use a combination of SEM and thin section study to
petrographically explain the subfields of the plot. This method has

the great advantage of linking porosity and permeability to deposi-
tional environments—-mappable units on wire line logs--within a sand-
stone body and thus provides a major framework to which petrographic de-
tails and fluid history can be related.

The writer, however, found another path more suitable to the task
at hand--use thin sections to study the contacts among the framework
grains (Fig. 8) and relate the changing abundance of these types to pre-
sent depth of burial and porosity. This proved to be simple and informa-
tive and was first used by Taylor (1950), who studied Mesozoic sandstones
from two wells in Wyoming. Taylor found systematic variation of contact
types with depth of burial. Gaither (1953) partly supported Taylor's
conclusion, because he also found that less compacted sands are associ-
ated with higher percentage of floating grains. For instance, the St.
Peter Sandstone (Ordovician) with a porosity of 37 percent has more than
46 percent floating grains. However, Gaither also pointed out that the
numbers of contact types are dependent on grain shape; i.e., point con-
tacts are maximal for grains with high sphericity and high roundness,
whereas long contacts are most abundant when grains have low sphericity
and low roundness. Later Fuchtbauer (1967, p. 365) introduced the term
contact strength, a quantitative expression of the relative proportion
of different types of grain contacts. As used by Fuchtbauer, contact

strength is a single-valued parameter that defines grain packing:
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la + 2b + 3c + 4d
at+b+c+d

Contact strength

where
a = number of point contacts,
b = number of long contacts,
¢ = number of concavo-convex contacts,
and
d = number of sutured contacts.

As defined above, contact strength increases as the grain packing becomes
tighter in more compacted sandstones. While studying the Eocene section
of the Maracaibo basin, Venezuela, Phipps (1969) found that long and
concavo-convex contacts are dominant in sandstone buried about 13,000
feet. Prozorovich (1971, Fig. 1) also showed an increase in concavo-
convex contacts with depth in Jurassic and Cretaceous sandstones of the
west Siberian platform. Study of the packing in the Grimsby Sandstone
(Silurian) of Ontario and New York State by Martini (1972) suggested that
the compaction of sandstones can be estimated by the number and types of
grain contacts and measurement of packing density and packing proximity.
He found that grain size and grain orientation (imbrication) are sig-
nificantly correlated with these packing parameters and further suggested
that packing density and packing proximity could be used as paleoenviron-
mental indicators, because they are correlated with variations of other
textural and structural parameters. Later, Moore (1975) related types

of grain contact, total contacts per grain and porosity to depth in

sandstones of the Minnelusa Sandstones of the Powder River basin in
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Wyoming and identified three stages of its compactional history. Con-
tact types have also been studied by Bell (1978a and 1978b).

Besides the forementioned general statements about porosity-
petrography-grain packing, some other previous studies related to this
subject are briefly summarized for reference (Table 2). This summary

is alphabetical.

Methods

The Lower Mannville lends itself to the study of contact types be-
cause most of the sandstones within it are arenites--that is, the study
of contact types is much more meaningful in arenites than in wackes.
There are seven quantitative sandstone packing indices that can be used
to study grain-to-grain relation (Pettijohn et al., 1972, Table 3-4).

Of these indices, the writer used the packing density, a quantitative
expression of the compaction of sands, because it can be determined
simply and quickly during routine thin-section studies of sandstomes.
Packing density is defined as length of grains intercepted, divided by
length of traverse. Packing density for the Lower Mannville samples was
determined by point counts of 200 grains per thin section (Table 1).
Types of contact was estimated by an additional count of 200 grains per
thin section. Plug porosities of the sandstones of the Lower Mannville
were determined by Chemical and Geological Laboratories, LTD., Calgary,
Canada. Values of closely spaced samples are averaged (Table 3). Fin-
ally, the writer computed a matrix of linear correlation coefficients for
the Lower Mannville samples to help understand the interrelationships be-

tween porosity, depth, packing density and other parameters (Table 4).
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TABLE 2

A SUMMARY OF PREVIOUS STUDIES RELATED TO POROSITY AND GRAIN PACKING

Almond and others, 1976

Authigenic clays are responsible for the pore reduction in sand-
stones of the Horsethief Formation (Upper Cretaceous), Montana.

Backman and Hamilton, 1976

A short report of the density, porosity and grain density of the
sediments from the DSDP site 222. Tigure 1 shows the typical linear
depth-porosity relation.

Beard and Weyl, 1973

A comprehensive study of texture, porosity and permeability based
on 48 size-sorting classified artifically mixed unconsolidated Holocene
barrier island sands. Grain size and sorting are closely related to
porosity and permeability.

Chilingarian and Wolf, 1975 and 1976

Volume 1 contains eight chapters. Chapter 1 is a general intro-
duction to sands and sandstones and its physical properties and origin.
Role of compaction in delineating geometry and distribution of fluvial
and deltaic sandstones and of special interests as is Chapter 7. Identi~
fication of sediments-~their depositional environmental and degree of
compaction-—from well logs. Part II combines six chapters: Introduc-
tion (with many flow diagrams), Diagenesis of sandstones and compaction
(375 pages and virtually a book) and Ore genesis influenced by compac-
tion. Summing up, a very comprehensive, well illustrated compendium.

Currie and Nwachukwu, 1974

Present porosity results from fractures of reservoir rocks at
depths of great geothermal temperature and accompanied with tectonism.
Table 1 summarizes fractured reservoir and its characteristics.
Dapples, 1972

A comprehensive review of cementation and lithification. Many micro-
photographs demonstrates different stages in cementation.
Deelman, 1975

An experiment of compaction of dry mineral grains suggests that
sutured grain contact is caused by plastic deformation rather than
pressure solution.
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TABLE 2 (continued)

Fox and others, 1975

Detailed log and petrographic analysis related to porosity in sand-
stones. Quartz overgrowth is main cause for the porosity reduction.
Silica source is migrating solution rather than pressure solution as
suggested.

Fiichtbauer, 1967

Comprehensive study of diagenesis of sandstones based on 734 thin
sections and many porosity measurements in Lower Triassic Redbeds of
Germany. Defines a useful linear combination of contact strength of
framework grains (p. 171).

Heald, 1950
Suggesting authigenic minerals as an important aspect of cementa-
tion.

Heald, 1956

Emphasizes the importance of pressure solution which triggers the
formation of secondary quartz and then destroys porosity. Also noticed
that the most pressure solution occurs in the clay-bearing sandstones.
Defines a useful term of "minus-cement" porosity.

Heald and Larese, 1973

A development of secondary porosity resulting from the solution of
feldspars is stressed. Sanidine-bearing sandstones are the most likely
ones.

Kahn, 1956

A short but good review of packing of sands. Defines two useful
parameters for measuring packing properties: packing proximity and
packing density.

Lowry, 1956

Fracturing and welding--one mode of cementation of secendary silica--
are two major factors which control the loss of porosity of the Paleozoic
quartzose sandstones of Virginia.

Manger, 1963

A rather complete tabulation of porosity and bulk density data of
sedimentary rocks. One hundred seventy-five references are cited from
American, British, German and Swiss literatures. 1In general, porosity
of sandstones decreases with increasing depth of burial.
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TABLE 2 (continued)

Maxwell, 1964

It is probably the first paper which relates porosity, depth,
temperature and age together. Many porosity-depth-temperature curves.
Morrow, 1971

A property of texture which is defined as ''packing heterogeneity"
is related to the irreducible saturation of porous rocks. However, it
is not in widespread use.
Pittman and Lumsden, 1968

Thick chlorite coating on quartz grains prevents pressure solution
and retards quartz overgrowth and then preserves the porosity.
Rittenhouse, 1971

A mathematical treatment of pore reduction by plastic deformation
of ductile grains. A rare but unique study.
Sibley and Blatt, 1976

Luminescence petrography of 185 thin sections of Silurian Tuscarora
orthoquartzite confirms the concept that pressure is the chief mechanism
for silica cement. However, source of silica other than pressure solu-
tion still plays an important role in the silica cementation.

Sprunt and Nur, 1976

An experiment of the compaction of water-saturated St. Peter sand-
stone under nonhydrostatic stress suggests that porosity reduction is
due to pressure solution.

Stephenson, 1977

How can the individual effect of many factors on the porosity reduc-
tion be determined? Here is a demonstration of how to set the limit of
temperature effect on the porosity variation.

-Swardt and Towel, 1974

A rather rare investigation in the relationship between diagenesis
and folding in the sandstones and shales of a large basin, most of the
sediments being in the greenschist facies.

Weller, 1959

A preliminary investigation of the compaction of sedimentary rocks--
shale, sandstone, limestone and coal. Many equations and porosity-depth
curves.
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TABLE 2 (continued)

Weyl, 1959

A theoretical approach to the solution alteration of mineral grains
at points of contact. Diffusion is the key idea, but other factors must
be considered together.
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TABLE 4

Linear Correlation Coefficient Matrix of Thirty-five Samples from the
Lower Mannville Sandstone with Less than 8.5 Percent Cement

X X X X X X X

1 2 3 4 5 6 7
Xl 1.000 -0.725% -0.677% -0.279 -0.291 -0.121 0.077
X2 1.000 0.684%* 0.392*% -0.153 0.019 -0.360%
X3 1.000 0.043 -0.248 -0.087 -0.281
X4 1.000 -0.263 -0.051 0.354%
X5 1.000 0.216 0.099
X6 1.000 0.087
X7 1.000
*#Statistically significant correlation coefficient for d.f. = 33 and
confidence level of 95%, critical |r| = 0.335 (Crow et al., 1960,
Table 7).
Note 1: Xl = porosity, X2 = depth, X3 = packing density, X4 = percent
cement
X5 = percent matrix, X6 = mean grain size, and
X7 = sorting.

Note 2: This matrix is based on 35 samples each of which has less than
8.5 percent cement. These 35 samples, as judged by a plot on
cumulative probability paper, fits a single normal population.
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Results and Interpretations

A matrix of linear correlation coefficients of the above described
variables from the sandstones of the Lower Mannville (Table 4) shows
that porosity, depth and packing density have the strongest correlation.
However, plots of grain contacts against depth are more informative
(Fig. 9).

Floating contacts, suggesting loose compaction or very early dia-
genetic cementation, are restricted entirely to depths above 4,500 feet
in the Lower Mannville. Point contacts, also indicating loose compac-
tion, are less abundant as the depth increases, although there are still
a few found in very deep samples around 10,000 feet, presumably because
of carbonate cement which prevents the further compaction of grains.

Long contacts are fairly common above 4,000 feet, but greatly increase
with depth and reach their maximum at 10,000 feet. They appear to be an
intermediate response to burial pressure between point and concavo-convex
contacts. In contrast, concavo-convex contacts, an indication of dense
packing and pressure solution, are rare above 4,500 feet, but become more
abundant with increasing depth. Sutured contacts of quartz grains, indi-
cative of stronger pressure solution, are most common below 4,500 feet--
a depth which Fichtbauer (1967, p. 355) also noted as being the lower
limit for mechanical rearrangements of grains. Contact strength, which
combines the above variables, shows a definite increasing trend with in-
creasing depth as does the packing density, especially down to about 7,000

feet.
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There is a progressive loss of porosity with depth (Fig. 9): the
porosity-depth relation has a significant linear correlation coefficient
of -0.725, and the porosity-packing density correlation also has a sig-
nificant linear correlation coefficient of -0.677. Clearly, the types
of contacts change systematically with increasing depth of burial and,
additionally, contact strength and packing density correlate well with
the changing porosity of the sandstones of the Lower Mannville, whereas
cement and matrix do not. Thus, the vertical variation of types of con-
tact, contact strength and packing density strongly suggest that pressure
due to depth of burial is the major factor responsible for the loss of
porosity in the sandstones of the Lower Mannville.

In order to compare the grain packing of the sandstones of the
Lower Mannville with that of Wyoming sandstones, the number and types of
contact in Mesozoic sandstones in Wyoming (Taylor, 1950, Fig. 2) are
plotted in a similar manner to those of the Lower Mannville (Fig. 10).
The changes of contact types with depth in these two basins are strik-~
ingly similar--even though the observations were made by different oper-
ators separated by 25 years of time. Point contacts are dominant in the
Wyoming sandstones above 3,000 feet, decreasing with increasing depth
and are not present below about 7,000 feet. Long contacts, as in the
Alberta basin, increase with depth, and at 8,000 feet they form about 65
percent. The concavo-convex contacts generally increase with depth.
Sutured contacts are restricted to depth below 6,800 feet below which
they increase; in the Alberta basin they are present over a much greater

depth range, but are most abundant below 4,500 feet. Finally, contact
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strength increases strongly with depth, but at a faster rate than the
contact strength in the Alberta basin. Thus, the vertical distribution
of types of contacts in the sandstones of the Lower Mannville is very
similar to that found in the Wyoming sandstones.

Another point deserved special mention--there are two transition
zones in both the Lower Mannville and Wyoming sandstones. The first
one oceurs in the Lower Mannville at about 4,500 feet where porosity
decreases abruptly from a high of 34 to 11 percent, packing density in-
creases from 0.70 to 0.75, contact strength increases from 1.3 to 2.0
and long contacts become dominant and floating contacts are absent. The
second transition zone is at about 7,000 feet but is not clearly defined
as the first transition zone, although all four variables clearly show
it. There is also a transition zone in the Wyoming sandstomes at about
4,500 feet, where point contacts decrease sharply from 60 to 20 percent
long contacts are most abundant and concavo-convex contacts increase from
10 to 20 percent. The second transition zone is also at about 7,000 feet,
where point contacts are absent and the sutured contacts first appear and
subsequently increase with increasing depth.

The aforementioned transition zones defined by types of contact can
be used to investigate--and perhaps better explain--the shape of the
porosity-depth curve for the Lower Mamnville. Six equations were fitted
to the porosity-depth data of Figure 3: one general linear equationm,
three short linear equations defined by the two transition zones, and a
third degree polynominal and a negative exponential (Fig. 11). The

polynominal and exponential curves were constrained to pass through an
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See Table 5 for regression constants and their

statistical significance.
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TABLE 5

Regression Parameters and Tegts of Lower Mannville Porosity
Depth Data

Part A: Regression Parameters

Interval Percent Variability of Standard Error
Porosity Explained by of Estimate,
and Type Depth, 100:B and r, the s /x
0f Curve Correlation Coefficient v Slope (bn)
' 100r® r
1. 0-4, 500 ft. 39.80 (-0.63) 3.33 b1 = 4.61
2. 4,500-7,000 ft. 14.28 (-0.38) 2.91 b2 = 1.62
3. 7,000-10,000 ft. 16.24 (=0.40) 2.31 b3 = 1,04
4. 0-10,000 ft. 49.28 (~0.70) 5.42 b4 = 2,42
5. Third Degree!
Polynomial,
0-10,000 ft. 89.45 (~0.94) 2,67 ——
6. Negative! ’
Exponential,
0-10,000 ft. 87.34 (-0.93) 2.74 -2
Part B: Tests of Significance for Slopes, bl, b2 and b3
Null Hypotheses Value of Test Statistic?® Significance at 0,05 Level
feale. Eeritical
bl = b2 3.46 (L.645 d.f. = 200) Reject
bl = b3 3.64 (1.645 d.f. = 173) Reject
b2 = b3 1.50 (1.684 d.f. = 57) Accept

‘100 dunmy samples added at 0 feet, assuming an initial porosity of 46 percent
2Porosity = 43.41e~0-185 depth
b. .b
31:’51- 2
(bl -b

(Crow et al., 1960, p. 161)
)
2
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assumed initial 45 percent porosity at zero depth for modern sands
(Pryor, 1973, Table 1).

Measure of goodness of fit were computed for these six equations
(Table 5) following the standard procedures of Crow et al. (1960,

p. 157-161) and Davis (1975, p. 192-221). The multiple correlation co-
efficient, lOOrz, is an estimate of the percent of the variability of the
dependent variable, porosity, explained by depth; and the standard error
of estimate is related to the amount of variability unexplained by the
predictor variable, depth.

The graphs of Figure 10 and the summary of key statistics effec-
tively show that there is a relation in the sandstones of the Lower
Mannville between contact types and the linear slope of the porosity-
depth curve. Porosity decreases rapidly at first (4.61 percent per 1000
feet) and least of all below the lower tranmsition zone (1.04 percent per
1000 feet). This is confirmed statistically by the fact that the slopes
of the upper porosity-depth curve, bl’ differs significantly from that
of the lower two, b2 and b3 (Table 5B). This suggests that much less
burial pressure is needed to reduce the open, initial pore system of a
sandstone than in the later stage of porosity reduction that occurs with
deeper burial--a conclusion that is intuitively very clear from inspec-
tion of drawings representing typical contact types (Fig. 12). However,
it should be noted that there is much variation within each of the zones
defined by contact types so that the values of 100r? are low for all
three of their corresponding linear regression equations.

Overall, a third degree polynominal is a far better fit than a

general linear curve (100r? equals 89.45 vs. 49.28), especially when it
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is constrained to pass through an assumed initial porosity of 46 per-
cent at zero depth, contrary to the generalization of Selley (1978,

p. 119) that linear depth-porosity curves are the rule. The third de-
gree polynomial is the best empirical predictor of porosity, but the
petrologic results suggest that three linear segments is a more geo-

logically reasonable relationship.

Conclusions

The systematical variations of contact types, packing density and
porosity with depth strongly suggest that the sandstones of the Lower
Mannville Group are affected dominantly by physical compaction during

burial diagenesis.
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CHAPTER II
SANDSTONES OF THE ATHABASCA FORMATION (PRECAMBRIAN) OF THE

SASKATCHEWAN BASIN: GCRAIN PACKING AND DEPTH
Introduction

The systematic variations of types of contact, packing density and
porosity with depth in sandstones of the Lower Mannville lead us to the
following: should one expect the grain packing-porosity relationship of
sandstones from other undeformed sedimentary basins to be similar to that
of the Lower Mannville, and can contact types and packing density be used
to estimate the depth of burial? 1In an attempt to answer these questions,
the writer studied the sandstones of the Precambrian Athabasca Formation
first to see how grain packing changes with increasing depth, and sec-
ondly, to estimate its burial depth.

Fifty samples from a continuous diamond core in the Athabasca sand-
stone sequence (4,776 ft. in length) were studied. This core is located
at Rumple Lake which is about 50 miles north of Cree Lake and 39 miles

west of Pasfield Lake, Saskatchewan (Fig. 13).

Geologic Setting

The Precambrian Athabasca Formation was deposited in an oval-shaped
basin covering about 40,000 square miles in northwestern Saskatchewan
(Fig. 13). Seismic evidence indicates that the present axis of the
Athabasca basin trends northeasterly and the depth to the underlying

basement complex is more than 5,000 feet (Fraser, et al. 1970, Fig. 3).
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Fahrig (1961) gave a fairly detailed description of the geology of
the Athabasca. More recently, Fraser et al. (1970) gave a summary of
the geology of the Athabasca emphasizing its overall tectonic framework.
The unmetamorphosed sedimentary rocks above the metamorphic and igneous
basement complex in the Athabasca region are divided into three forma-
tions (Fig. 14): The Carswell Formation is the carbonate sequence con-
formably overlying the Athabasca and outcrops in a ring, which is inter-
sected by Carswell Lake. According to Currie (1969), the Carswell For-
mation consists of two members: the upper member of thickly bedded,
massive dolomite and the lower, of fissile dolomite with calcarenite and
stromatolite zones. The maximum thickness of the Carswell Formation is
more than 500 feet.

The Athabasca Formation is a flat-lying sandstone sequence south of
Lake Athabasca, where it consists predominantly of quartz arenites with
minor interbedded shale and conglomerate. The sandstones are mineralogic-
ally mature, fine to very coarse grained, generally moderately sorted
and well rounded. The sandstones of the Athabasca show many sedimentary
features of fluvial deposits and are interpreted as river deposits in a
coastal plain setting.

The Martin Formation is a redbed and volcanic sandstone sequence out-
cropping north of Lake Athabasca. It overlies unconformably gneisses and
granite of the Tazin Group. This unit is best exposed at Martin Lake

area, where it is at least 13,000 feet thick.
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Petrography

Texturally, the grain size ranges from very fine to coarse grained,
the medium-grained class being the most abundant. In the upper part
of the core, fine-grained sands are abundant, but coarse-grained sands
commonly occur in the lower part. Sorting is highly variable and ranges
from poorly to well sorted. Poor sorting is partly due to the presence
of alternating laminae of contrasting grain size. However, well-sorted
and moderately well-sorted sands are the most abundant. The grain size
and sorting of the sandstones of the Athabasca do not show general
trends with increasing depth (Fig. 15). Most of the grains appear to be
subrounded to very well rounded.

Mineralogically, the sandstones of the Athbasca Formation are com-
posed almost entirely of quartz with minor amounts of chert and mica which
are squeezed and bent into the interstices of quartz grains. Monocrys-
talline quartz grains are more abundant than polycrystalline quartz.

The sandstones of the Athabasca are cemented by a combination of secondary
quartz overgrowths and authigenic clays including kaolinite, illite and
chlorite. The latter occur either as pore-filling or pore-lining cement
(Wilson and Pittman, 1977, Fig. 2). The kaolinite, which has a book-like
pseudohexagonal crystal form with a grain size of 20 to 40 pm in diameter,
is considered to be authigenic in origin. Illite and/or chlorite, also
considered to be authigenic, both commonly display a radical fabric

with plates normal to grain margins, or a fiberous or needle-like pore-
filling habit. The presence of illite and chlorite was also confirmed

by X-ray diffraction data (Lerand, 1970). Cements range from 2 to 15
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percent and average about 7 percent (Fig. 16). Trace amounts of detri-
tal matrix are present. Fractures and cracks in quartz grains are com-
mon features.

As in the Lower Mannville study, percent grains, cement and matrix
were determined by 200 counts per thin section. A triangular plot of
these three end members indicates that most of the sandstones of the
Athabasca are grain-supported arenites (Fig. 17). In sum, sandstones
of the Athabasca studied are moderately well-sorted and medium-grained

quartzose sandstone.

Results and Interpretations

Types of Grain Contacts and Depth

Types of grain contact, contact strength, packing density and
thin-section porosity of sandstone samples from the Athabasca were de-
termined as with the sandstones of the Lower Mannville (Table 6), and
plotted against depth in a manner similar to that for the Lower Mann-
ville samples (Fig. 18).

Floating contacts are rare and restricted to a depth above 2,200
feet in the Athabasca sequence (Fig. 18). Point contacts are less than
30 percent at this depth and become less abundant in the Athabasca, al-
though the concavo-convex contacts are fairly common. Both of these con-
tacts are usually less than 10 percent throughout the whole section.
Figure 18 seems to show that the vertical distribution of types of grain
contacts in the Athabasca is very different from that found in the sand-

stones of the Lower Mannville.
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Moreover, contact strength--a quantitative expression of the rela-
tive proportion of the different types of grain contacts--does not in-
dicate a definite trend with increasing depth, nor do packing density
and porosity exhibit any trends. Clearly, the types of grain contacts
do not change sytematically with increasing depth of burial. In addi-
tion, the sandstones of Athabasca, unlike the sandstones of the Lower
Mannville, do not show a progressive loss of porosity and gradually in-
creasing value of packing density with increasing depth. Thus, the
sandstones of Athabasca do not have a porosity-grain packing relation-
ship like that of the Lower Mannville.

What causes this difference? Perhaps variables such as cements,
grain size or mineralogic composition and other factors have an effect
on mechanical compaction and, hence, on grain packing of the sandstones
of the Athabasca Formation. In contrast, grain packing in the sand-
stones of the Lower Mannville is mainly a response to burial depth and
the mechanical compaction processes is little influenced by other factors.

The most obvious difference of vertical distribution of types of
grain contacts between the Athabasca and Lower Mannville is the coexist-
ence of floating, point and sutured contacts in the sandstones of the
Athabasca. From the Lower Mannville it was concluded that point and
floating contacts are indications of original packing or loose compac-
tion of grains, and that they are restricted to shallow depths. Sutured
contacts, on the other hand, are the result of pressure solution. There-
fore, the coexistence of floating, point and sutured contacts in the

sandstones of Athabasca needs further investigation. However, the work
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of Phipps (1969) suggests a partial solution to this problem. Phipps
(1969, Table 1) found that deeply buried, carbonate-cemented quartz
arenites at depths of 12,834 and 12,910 feet have 34 percent floating,
58 percent point contacts, 6.7 percent floating, and 72.9 percent point
contacts. In these carbonate-cemented sandstones, the calcite cement
forms coarse, patchy crystals, which completely enclose the sand grains
and prevent compaction, resulting in an unusually large amount of float-
ing and point contacts. In the sandstones of the Athabasca Formation,
the floating and point contacts are probably due to the early presence
of quartz overgrowths and recrystallized disseminated chert which pre-
vented further compaction, thus preserving these contact types even at
great burial depths. In other words, the effect of compaction on the
sandstones of Athabasca is obscured by the cementation processes.

Obviously, the present depth of the sandstones of Athabasca does
not represent the maximum burial depth as revealed by the presence of
abundant long and concavo-convex contacts, low porosity and tight pack-
ing of grains. This fact has also been acknowledged by engineering
geologists. For example, Bell (1978a), who studied samples from a shal-
low core, found that the two most common types of grain contacts are the
long and concavo-convex. He suggested that these sandstones were buried
to an appreciable depth after deposition.

Thus, to estimate the burial depth of the sandstones of the Atha-
basca Formation, the vertical distribution of types of grain contacts,
contact strength, packing density and porosity of the Lower Mannville is

referred to as the standard for comparison. In the sandstones of
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Athabasca, the dominant contacts are long and concavo-convex. Typical
values of contact strength, packing density and porosity are 2.3, 0.9
and 5 percent, respectively, thus suggesting that the Athabasca sands
correspond to the zone below 7,000 feet of the Lower Mannville, where
the dominant contacts are long and concavo-convex and typical values

of contact strength, packing density and porosity are 2.3, 0.86 and 8
percent, respectively. Therefore, the comparison of vertical distribu-
tion of types of contacts between the Athabasca and Lower Mannville
suggests that the sandstones of the Athabasca Formation had at one time
at least an additional overburden 7,000 feet. 1In other words, the
sandstones of the Athabasca Formation would have been buried at least

to a depth of 12,000 (5,000 + 7,000) feet.

Cements and Depth

Sandstones of the Athabasca Formation are mainly cemented by authi-
genic clays and silica. Dust rings of clay or iron oxides are present
in almost all the quartz grains with secondary quartz overgrowth. This
allows differentiation between quartz cement and framework grains.
Quartz overgrowths grow outward from quartz grains into the pore space
which they partly or completely fill. Morphologically, this type of
quartz overgrowth displays the form of straight-edge or dog teeth. How-
ever, when quartz overgrows outward from adjacent grains and meets,
filling the pore space completely, the result is a mosaic of interlock-

ing anhedral grainms.
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Kaolinite typically occurs as a pore-filling cement. It forms
interlocking aggregates of book-like well developed pseudohexagonal
crystals with a grain size of 20 to 40 um and usually completely infills
the pore space. Authigenic illite and chlorite occur either as pore-
filling or pore-lining cement. Generally, they occupy only a small part
of the pore space.

In the sandstones of the Athabasca, typical sequential filling of

the pores follows one of five paths:

1) Quartz overgrowths completely fill the pore space and result

in an interlocking mosaic.

2) Quartz overgrowths partly fill the pores. Authigenic kao-
linite precipitates as a pore-filling cement, and fills

the remainder of the pores.

3) Quartz overgrowths partly fill the pores, authigenic kao-
linite, the next to form, precipitates as pore-filling
cement, filling a part of the remaining pore space and,
finally, illite and/or chlorite fills the rest of the

pores.

4) Quartz overgrowths partly fill the pores, authigenic ill-
ite and/or chlorite occur both as pore-filling and pore-
lining cement, filling the rest of the available pore

space.
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5) 1Illite occurs as a pore-lining on quartz grains, then
authigenic kaolinite precipitates as isolated aggregates,

filling the rest of the available pore space.

In order to reveal the relationship between the cement and depth,
the amount of quartz cement and authigenic clays are plotted against
depth. No significant correlation between the cements and depth was
found in the sandstones of the Athabasca. Fuchtbauer (1974, Fig. 3-50)
has shown that quartz cement of the Dogger Beta sandstones increases
with depth. However, Levandowski et al. (1973, p. 2226) found that
quartz cement in the Lyons sandstones is independent of depth. Thus,
depth is not the only major variable controlling the amount of quartz
cement. Obviously, the source of silica, depositional environment,
grain size and other factors control the amount of quartz cement.

On the other hand, the sequence of clay mineral stabilities can be
used as an index to the temperature-pressure conditions, and hence depth,
which a sediment has undergone during burial. For instance, based on
a series of clay-rich core samples, Burst (1969), Power (1959 and 1967),
Perry and Hower (1970) and Hower et al. (1976) have shown that smectite
is converted to illite, and randomly interlayered clays are transformed
to regularly interstratified clays during burial. However, before apply-
ing the pattern of burial diagenesis of clays to interpret the clay
cements in the sandstones of the Athabasca, there are two points which
must be clarified. First, clay diagenesis models are based on the as-
sumption of a uniform beginning mineral compo;ition for the sediments

prior to burial. Second, the burial diagenesis of a thick shale
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sequence differs from that of a sandstone sequence. This is particu-
larly so because during diagenesis the pore fluids play a more impor-
tant role in sandstone than in shale.

Kaolinite is present throughout the Athabasca section. It gen-
erally forms later than quartz overgrowths. The paragenesis of quartz-
kaolinite cements ind?cates that during burial, pressure solution is
common and results in a supersaturation of the pore fluids with silica
and consequent precipitation of quartz overgrowth. In the pore space
adjacent to these overgrowths, kaolinite precipitates under slightly
acid conditions where fluids still have an excess of silica and aluminum
but a paucity of potassium and magnesium. It seems to the writer that
kaolinite cement cannot prevent compaction. It must have formed after
compaction because the kaolinite cement is not deformed. However, the
quartz cement must have been early in order for the point contacts to be
partially preserved. If so, it cannot be entirely from pressure solu-
tion (the source of Si02, that is). Therefore, S5iO2 cementation must
have been at least begun early in burial history and kaolinite came in
after burial to about 7,000 feet. Hence, silica and aluminum: ate:assumed
to be derived partially from feldspar leaching, or alteration of un-
stable rock fragments or mixed-layer clays. The lack of feldspar, rock
fragments and detrital matrix in the Athabasca seems to support this
argument. Additionally, hower et al. (1976, Fig. 6) and Velde (1977,
Fig. 4) pointed out that the maximum depth of occurrence for kaolinite
in a deeply buried shale sequence is about 16,000 feet and for montmoril-

lonite, which becomes unstable at depth, approximately 10,000 feet
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(Kisch, 1969, Fig. 2). Therefore, the absence of montmorillonite, which
is generally an early diagenetic cement is sandstone, and the presence
of kaolinite cement in the sandstones of the Athabasca suggests that the
Athabasca section was probably buried to a depth of between 10,000 to
16,000 feet.

Illite and chlorite occur commonly as intermediate to late dia-
genetic cements during burial (Pettijohn et al., 1972, p. 431). Both
are present througﬁout the Athabasca section. Under great burial depth,
kaolinite is commonly altered to illite or chlorite when the pore fluids
are slightly alkaline with excess amount of potassium and magnesium. In
other words, the paragenesis of quartz-kaolinite-illite or chlorite in
the sandstones of the Athabasca reflects the variations of pH and compo-
sitions of the pore fluids during late diagenesis. In sum, the associ-
ated facies of kaolinite, illite and chlorite and their paragenesis indi-
cate that the sandstones of the Athabasca have undergone late stage
diagenesis and have been buried to a maximum depth of approximately

16,000 feet.

Conclusions

The grain packing-porosity relationship of the sandstones of the
Athabasca Formation is not the same as that for the sandstones of the
Lower Mannville Group because the effect of compaction on the grain
packing has been impeded by the cementation processes in the former.

However, the presence of abundant long and concavo-convex contacts,
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low porosity and tight packing in the sandstones of the Athabasca For-
mation suggests that they had an overburden at least of 7,000 feet.
Cements of kaolinite, illite and chlorite and their paragenesis
indicate that the sandstones of the Athabasca have undergone late stage
diagenesis and have a maximum burial depth of probably 16,000 feet.
Hence, grain packing and cements of the sandstones of the Athabasca sug-
gest that their maximum burial depth was probably between 12,000 and

16,000 feet.
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CHAPTER III
GEOCHEMISTRY OF RECENT AND ANCIENT TURBIDITES:

IMPLICATIONS FOR TECTONICS AND GRAYWACKE DIAGENESIS

Introduction

The matrix and soda problems related to graywacke diagenesis are
probably explored better by geochemical than petrologic techniques. A
suite of Recent and ancient turbidite sandstones was studied. It is
necessary to divide these samples into different categories by source
area because sands from low-relief continental land masses should con-
tain fewer unstable fragments——those that can react chemically to those
from autigenic matrix--than those from volcanic island arcs. That is,
diagenetic patterns will be to a larger extent governed by original com-
position. However, before investigating the chemical changes in gray-
wackes during diagenesis, I will briefly review the relationship be-
tween sandstone composition and provenance and then show how provenance

is related to diagenesis of graywackes.

Sandstone Composition and Provenance

During the 1970's, sedimentologists have shown the usefulness of
petrographic variables such as Q-F-L (Quartz-Feldspar-Lithic Fragments)
and chemical variables such as the K0/Nas0 ratio for identifying the
provenance or tectonic setting of sandstones. For instance, Dickinson
(1971) showed that the modal analysis of some New Zealand Mesozoic

graywackes, as expressed by a Q-F-L plot, can be used to infer a
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volcanic-plutonic arc provenance. Blatt et al. (1972) were able to
differentiate taphrogeosynclinal, eugeosynclinal and exogeosynclinal

sandstones by means of a triangular plot of Fep03 + MgO, Na0 and K»O.

Similarly, Harrold and Moore (1973) have shown that modern deep-sea
sands from marginal basins of the northwestern Pacific can be divided
into three distinct suites of volcanic, sedimentary and crystalline
source terrains by means of the Q-F-L plot. Based on the framework
mineralogy and volatile-free chemistry of ancient flysch arenites (gray-
wackes), Crook (1974) divided 328 graywackes into three major groups
and suggested that each corresponds to a characteristic geotectonic
setting: 1) quartz-rich graywackes (> 65% quartz, average 89% Si0»,
K20/Nas0 > 1) are indicative of Atlantic-type continental margins,

2) quartz-intermediate graywackes (15-65% quartz, average 68-74% SiOz,
K20/Na0 < 1) indicate Andean-type continental margins, and 3) quartz-
poor graywackes (< 15% quartz, average 58% SiOp, K»0/Na0 << 1) are
indicative of magmatic island arcs. Crook also realized that composi-
tion of modern deep-sea sands can be more easily related to tectonic
setting than that of ancient ones because the composition of deep-sea
sands has not been changed by diagenesis and source areas can be deter-
mined relatively easily. Therefore, Crook further suggested that com-
parisons of mineralogic and chemical data of ancient graywackes with
those of Recent deep-sea sands should reinforce his arguments. Unfor-
tunately, published modal analyses of modern deep-sea sands are rela-
tively few and chemical data of deep-sea sands are virtually nonexistent

(Crook, 1974, p. 307). It is apparent that more data on modern deep-sea
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sands are needed to test Crook's hypothesis on the sandstone composi-
tion of graywacke in relation to tectonics. More recently, Schwab
(1975) followed Crook's idea and used the same compositional criteria
to separate varieties of sandstomnes ranging in age from Cambrian to
Quarternary into different suites of rift-valley, Atlantic, Andean and
Western Pacific continental margins. However, we are still confronted
by the lack of data on modern deep-sea sands to refine the concept of
sandstone composition reflecting tectonics.

On the other hand, Potter (1978) has tried to relate composition
of modern river sands to tectonic setting. Based on the petrologic and
chemical data of 36 modern big river sands, Potter (1978) has shown
that sands derived from Atlantic-type continental margins or trailing
edges have a typical composition of Q71Fol20 and K»0/Na20 ratio of
2.04, whereas sands from Andean-type continental margins or leading
edges have a composition of QzeFi17Ls7 and K»0/Nas0 of 1.0. Potter con-
cluded (p. 441), "Hence the petrographic and chemical data base of this
study offers promise of identifying ancient plate tectonic regimes in
pre-Mesozoic sedimentary basins." The significance of Potter's work
is to create a basis for comparison with ancient sediments. Moreover,
it seems to support Crook's suggestion of the importance of comparison
between modern deep-sea sands and ancient graywackes. Thus, ancient
continental marginal sediments can be recognized by means of petrologic
components (QxFyLz) and chemical composition (percent 810, and K20/Na20)

of sandstones.
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The currently established compositional criteria for identifying
provenance or classifying tectonic settings are summarized in Table 7.
Generally, sandstones formed on a trailing edge are rich in quartz and
have more potash feldspar than plagioclase, whereas those from a leading
edge or island arc have an increase in lithic fragments, volcanic debris
and plagioclase. However, there are some overlaps and discrepancies
between these established compositionmal criteria because of slightly
different classifications of basin types and various sands and sandstones
used by different investigators. Hence, more data on modern deep-sea
sands are needed:to'.compare with that of modern big river sands and
ancient sandstones, especially graywackes. This will result in a better
separation of compositional variables which can be used to identify
ancient tectonic regimes of sedimentary basins.

Such a procedurg as relating sandstone composition to tectonic set-
ting presumes diagenetic processes do not affect or modify the frame-
work grains and bulk chemistry severely. However, diagenetic processes
certainly will destroy some unstable rock fragments and to a lesser ex-—
tent, feldspars and ultimately reduce the percentage of rock fragments
and feldspars. The consequence of this could be to obscure the Q-F-L
plot and the ratio of K,0/Nay0. Fortunately, effects of early diagemesis
do not modify the framework mineralogy and chemistry of modern sands se-
verely (Harrold, et al., 1973 and Potter, 1978). On the other hand, for
ancient sandstones, particularly ancient graywackes, many investigators
have shown the importance of diagenesis in transforming rock fragments

into matrix in graywackes (Cummins, 1962 and Galloway, 1974). Therefore,
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diagenesis raises one question: are the petrography and chemistry of
ancient graywackes as reliable indicators of provenance as they are in
modern sediments? To answer that, it is necessary to investigate the
possible effects of diagenesis on ancient graywackes.

The writer is interested in diagenesis not only for the possibil-
ity that it might obscure these tectonic variables but for its own sake.
Diagenetic changes are severe in graywackes, at least for the petro-
logic variables; hence, the writer tries to test for chemical changes
by using Recent sediments data to set some limits on diagenetic changes.
The following section briefly summarizes two essential problems of gray-

wacke diagenesis: matrix and soda problems.

The Matrix Problem

By definition graywackes have a matrix content that exceeds 15 per-
cent and may reach 50 percent (Pettijohn et al., 1972, p. 206). How-
ever, Recent deep-sea sands rarely have more than 10 percent of detrital
matrix. Cummins (1962) questioned why many ancient turbidites have more
fine-grained matrix than Recent deep-sea turbidite sands and suggested
that the clayey matrix in many turbidite graywackes was diagenetic in
origin and not detrital at all. Hollister and Heezen (1964) also indi-
cated that graywackes are not commonly found in Recent deep-sea turbi-
dite sands. Kuenen (1966) conducted flume experiments which also indi-
cated that original fine matrix of coarse-grained turbidites is below 10
percent. Based on these studies a diagenetic origin of matrix in gray-

wackes has become popular. Cummins' idea is strongly supported by
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evidence presented by Brenchly (1969) who showed that Ordovician vol-
canicgenic graywackes have 40 to 60 percent diagenetic matrix and also
found that early pore-filling carbonate cements may prevent the trans-
formation of unstable rock fragments to matrix. While investigating
immature deep-sea feldspathic sands (graywackes), Hayes (1971) con-
firmed the formation of diagenetic chlorite and also recognized pore-
filling carbonate cement playing an important role in determining the
degree of authigenesis of minerals.

The significance of carbonate cement as a matrix inhibitor is not
clear, however, Pettijohn, et al. (1972, p. 210) asked why the Paleo-
zoic and older graywackes are generally matrix-rich and contain abundant
carbonates. Reimer (1972) provided some clues for this question. He
suggested that calcium derived from destruction and partial albitization
of the plagioclase in the graywackes, and especially in the interbedded
shales, forms dolomite within the graywackes which replaces the original
grains. The interbedded shales, therefore, are depleted both in Ca and
Sr. This carbonate is not strictly a cement because it is not confined
to pore-fillings (Galloway, 1974).

A series of hydrothermal experiments on Columbia River sands chem-
ically similar to graywackes produced matrix minerals such as montomoril-
lonite and zeolite at relatively low temperature and pressure (150-300°C,
1-2 Kbar) (Hawkins and Whetten, 1969, Whetten and Hawkins, 1970). This
textural resemblance to graywackes supports the idea that graywacke
matrix is largely diagenetic. However, there is a difficulty in apply-

ing these experimental studies to ancient graywackes because the unstable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

grains may be completely destroyed through diagenetic processes and
leave no relic texture at all (Rahmani, 1968 and Whetten and Hawkins,
1971).

Galloway (1974) has made a careful study of the diagenetic se-
quence in a series of core samples from different depths from three
Tertiary arc-related basins. He found the following diagenetic se-
quences with increasing depth: 1) early calcite pore-filling cement
that forms only in some sandstones and inhibits further diagenesis when
present, 2) authigenic clay coating on sand grains, 3) pore-filling
silicates, either chlorite or laumontite, 4) replacement of rock frag-
ments and heavy minerals by calcite and chlorite, and 5) appearance of
phrenite-pumpellyite or albite-epidote stages of metamorphism. The
progressive stages of diagenesis led. him to infer a diagenetic origin
of the graywacke matrix. Hence, evidences from ancient graywackes and
Recent deep-sea sands and experiments with modern river sands strongly
suggest that matrix in many graywackes is diagenetic.

On the other hand, many other workers believe that matrix in gray-
wackes is detrital. For instance, Edward (1950) studied some Cretaceous
graywackes from Papua in which matrix is high (15-50%) and which he pre-
sumed to be detrital. Walton (1955) thoroughly investigated Silurian
graywackes in Peebleshire, Scotland, and concluded that matrix is detri-
tal. Based on the absence of any relic texture of grains altered to
matrix in the Viqueque graywackes, Audley-Charles (1967) concluded that
matrix is detrital in origin. In addition, Rust (1965) found little evi-

dence supporting diagenetic origin of the matrix (35%) of the Silurian
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turbidite graywackes in southeast Wigtownshire, Scotland. Instead, car-
bonate replacement is the dominant diagenetic feature. Additionally,
geochemical studies of some Lower Paleozoic and Precambrian turbidite
graywackes gave no evidences of a diagenetic origin for the matrix
(Condie, et al., 1970 and Condie and Snansieng, 1971). On the other hand,
Klein (1963) and Emergy (1964) both suggested that the clayey matrix of
turbidite graywackes may be introduced mechanically into the turbidite
sands from the overlying or underlying muds. However, this suggestion
was seriously questioned by Kuenen (1966). In addition, Atman and Gokcen
(1975) found some modern graywacke-type turbidite sands with detrital
matrix over 15 percent. Therefore, evidences from ancient graywackes

and modern deep-sea sands also suggest that matrix in many graywackes is
detrital.

A multiple origin of this matrix has been proposed by Dickinson
(1970, p. 702) who suggested four types: dinterstitial detrital clays
(protomatrix), recrystallized fine-grained material (orthomatrix), dia-
genetic matrix (epimatrix) and deformed and squashed rock fragments
(pseudomatrix). However, the relative importance of the roles played by
each of these types in the genesis of matrix in graywackes is still

uncertain, especially detrital versus diagenetic.

The Soda Problem

The high content of Na0 is the other distinctive churacteristic of
graywackes. Pettijohn, et al. (1972, p. 211) suggested that the high

content of Na,0 of graywackes is due to the development of diagenetic
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albite at the expense of K-feldspar in the sands. Thus, the high

K, 0/Na, 0 ratio of the interbedded shales is also a diagenetic feature,
i.e., the authigenesis of illite at the expense of mixed layer clays

and montmorillonite. In a study of the Cambrian Charny sandstones, a
turbidite graywacke, Middleton (1972) pointed out the overwhelming
predominance of albite over K-feldspar. The albite shows £ilm perthite
structure which suggests that feldspar composition is controlled not by
source area, but by the amount of replacement of Kf by Né+ during dia-
genesis. However, the argument of Middleton has been questioned by
Lajoie (1973) and Lajoie et al. (1974), who felt that albite in the
Charny graywackes could not be diagenetic in origin because they fail

to meet the criteria for authigenetic feldspars set forth by Kastner
(1971), and then concluded that the albitization may occur in the source
area. In addition, Iosomi et al. (1966) pointed out that the unusually
high ratio of K,0/Na,0 of some Japai graywackes reflects a granitic and
metamorphic provenance. Based on modal mineralogy and chemical analysis
of some Mesozoic New Zealand graywackes, Dickinson (1971) also showed
that the relatively high content of K-feldspar and percent K;0 are at-
tributable to provenance rather than to diagenesis. Therefore, the ori-
gin of the high content of Na,0 in graywackes is still uncertain.

Both of these problems, matrix and Na,0, are concerned with inter-
actions between the sandstone and surrounding rocks: has Nap0 been
added? Has matrix been introduced? Graywackes occur commonly as turbi-
dites (Dzulynski and Walton, 1965 and Pettijohn et al., 1972) and hence

they are interbedded with shales. Therefore, the sand-shale pair as a
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unit needs to be studied to investigate the possibility of exchange of
material between them.

Glass et al. (1957) were probably the first ones to consider sand-
shale as a paired sample in evaluating the effects of diagenesis when
they studied the Pennsylvanian sediments in the Eastern Interior basin.
They suggested that greater permeability in the sandstone than that in
interbedded shales resulted in better circulation of groundwater which
produced authigenic kaolinite in the sandstones. Similarly, in an in-
vestigation of a core of 237 feet of interbedded sandstone and shale of
the Atoka Formation, Triplehorn (1970) showed that formation of dia-
genetic iron-rich chlorite is confined to the sandstomes because of
their greater porosity and permeability. In addition, silica cementa-
tion commonly occurs close to the boundaries between sandstone and shale
and the source of silica is considered to be mainly from the shale. This
feature was also observed by Fuchtbauer (1967). Moreover, chemical an-
alysis suggested that the overall diagenesis occurs within a closed sys-
tem, except iron which is introduced from the groundwaters. Based on
the clay mineralogy and some chemical analysis of the interbedded sand-
stones and shales of the Desmoinesian deltaic strata in Oklahoma, Buck
and Mankin (1971) recognized that diagenetic kaolinite is restricted to
the sandstones. Within sandstones, K-feldspar is destroyed providing
excess aluminum and silicon for the formation of kaolinite whereas the
partly degraded illite is an acceptor for the K+ released during
K-feldspar decomposition and results in keeping dissolved K.+/H+ low, a

necessary condition for the precipitation of kaolinite. In other words,
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ions such as Si, Al and K involved in the formation of diagenetic kao-
linite were present in situ, i.e., within the sandstone itself. Re~
cently, Wallace (1976) also has shown that interbedded shales are a
source of silica for quartz cementation in the adjacent sandstones in
the Precambrian Uinta Group. Hence, silica mobility is a prominent
feature of diagenesis in the sand-shale sequence. In addition, con-
sidering the effects of compaction on shales, he further suggested that
during progressive burial diagenesis of the interbedded shales and sand-
stones, Na+ and H;Si0y concentrations in the sandstones increase rela-
tive to shales whereas Kf, A1+3, Mg++ and Ca++ are held in shales.
From these studies, it is postulated that diagenesis takes place within
a sand-shale pair acting as a closed system and ions such as Si, Al,
Na and K may have been rearranged in situ without long distance trans-
+

. . . +
port. From this point, it can be assumed that there may be K -Na ex-

change between turbidite graywackes and interbedded shales.

Objectives

This study has two main objectives: first, the chemistry of Recent
deep-sea sands and associated muds will be defined and examined for any
relationship to tectonics. Secondly, these compositions will be compared
with data from ancient sandstones and interbedded shales to see if there

has been any exchange of chemical components during diagenesis.

Sampling
The geochemistry of Recent and ancient turbidites can be investi-

gated by studying a number of paired sand-shale samples from a variety
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of tectonic settings. About 70 sand-shale pairs of Recent deep-sea
turbidites were collected from the depository of the Lamont-Doherty
Geological Observatory. These deep-sea samples were selected from vari-
ous plate tectonic basin types: Atlantic-type continental margin
basins, Andean-type continental margin basins, back arc basins and fore
arc basins. Locations of these deep-sea samples are shown in Figure 19.
Water depth, sub-bottom depth, longitude, latitude and basin type of
these deep-sea samples are given in Appendix 1.

Around 100 pairs of ancient turbidite sandstones and shales rang-
ing in age from Cambrian to Pliocene were also studied. Unfortunately,
these ancient samples are not equally distributed by age: Paleozoic
samples predominate. About one third of the ancient samples are Ter-
tiary in age; few are Mesozoic. In addition, the tectonic settings in-
ferred from the literature are not so clearly defined as those of the
modern deep-sea sands. The stratigraphic unit, age and locations of
these ancient turbidites are given in Table 8. All the ancient turbi-
dite samples were supplied by Drs. Paul Edwin Potter and J. Barry

Maynard, University of Cincinnati.

Analytical Methods

The major element concentrations of ancient turbidite sandstones
and interbedded shales and Recent deep-sea sands and associated muds
were determined using Atomic Absorption Spectrophometry and carbon an-
alyzer. The elements Si, Al, Fe, Mg, Ca, Na and K were analyzed by
Atomic Aborption Spectrophometry technique. The general procedure is

given by Medlin et al., 1969.
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STRATIGRAPHIC UNIT, AGE AND LOCATIONS OF ANCIENT TURBIDITES

Stratigraphic Unit  Number of Age Locality
Samples
Pico Formation 7 Pliocene Ventura Basin, California
Macigno Formation 10 Farly Miocene Pievepelgo, Italy
Castel di Casio, Italy
San Isidro Fm. 14 Oligocene Punta Arenas, Chile
Sunrise Group 3 Cretaceous- Kenailake, Alaska
Jurassic
Lewes Group 4 Jurassic- Whitehorse,
Triassic Yukon Territory
Alpine Flysch 16 Mesozoilc Geneva, Switzerland
Escuminac Fm. 3 Devonian Miguasha Ferry, Quebec
Aberstwyth Grit 15 Silurian Wales and Prin Quarry,
Scotland
Frenchville Fm. 4 Silurian Stockholm, Maine Corners,
: Maine
Normanskill Fm. 4 Ordovician Albany, New York
Utica Formation Ordovician St. Antonie, Quebec
St. Nicolas, Quebec
Martinsburg Fm. 41 Ordovician Shartleville, Pennsylvania
Williamsport, Pennsylvania
Lehigh Gap, Pennsylvania
Sillery Formation 9 Cambrian St. Apollinaire, Quebec

St. Romuald, Quebec
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Samples were crushed with a mortar and pestle and ground to less
than 200 mesh. Finely ground samples then were ignited at 1000°C
about 15 minutes, mixed 1:5 with LiBO2, and fused. Ignition loss was
not recorded. The glass beads were dissolved with 4 percent HNOj.

The solution was further diluted with 1 percent Lanthanum Nitrate for
the elements of Si, Al, Fe, Mg, and Ca. TFor Na and K a dilution with
distilled water of 1:20 is sufficient.

USGS standard Granite, G-2, Diabase, W-1 and Andesite, AGV-1l were
used for constructing the analytical curves. Selected samples with CaO
content greater than 10 percent were analyzed for organic and carbonate
carbon using a Perkin-Elmer 240 Elemental Analyzer. Carbonate content
was determined by the difference in carbon content between whole rock
samples and samples heated overnight in HCl. Thus, organic carbon and
carbonate carbon can be discriminated and then the CO2 percentage de-

termined.

Results

One of the main purposes of this study is to compare the chemical

data of Recent deep-sea samples with that of the ancient ones. However,
chemical compositions of ancient flysch arenites from Crook (1974,
Table 2) are presented on a volatile-free basis. Thus, for the sake of
chemical comparison on a volatile-free basis, the major oxides of tur-
bidite samples of this study are also recalculated to 100 percent. In
addition, the volatile-free chemical data may minimize the interference
from the carbonate cements. Recalculated bulk compositions of Recent

and ancient turbidites are given in Appendix 2.
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The arithmetic average chemical compositions of Recent and ancient
turbidite samples are given in Table 9. Also, histograms of chief ox~
ides of the Recent turbidite samples are given to show the ranges and

scatter around the arithmetic mean (Fig. 20).

Interpretations

Chemical Compositions of Deep-Sea Sands and Provenance

The arithmetic average chemical compositions of modern deep-sea
sands of this study can be compared with that of modern river sands and
average ancient sandstones (Table 10). It is apparent that Recent deep-
sea sands have more Al203, total iron, MgO, K20 and Naz0 than modern
river sands and ancient average sandstones. However, the Si0Oz content
of deep sands is much less than that of river sands and ancient sand-
stones. Also, ancient average sandstones have more Ca0 than that of
deep-sea sands probably because of their carbonate cement. This compari-
son suggests that modern deep-sea sands of this study are immature sands.
This is confirmed by the petrographic evidence from Valloni and Maynard
(in press, Sedimentology, 1979). They showed that these deep-sea sands
contain more feldspars and rock fragments than Potter's (1978) river
sands.

It is particularly noteworthy that the average chemical composition
of modern deep-sea sands is very close to the average ancient graywacke
except with higher Ca0 content. In addition, a ternary plot of Fe,03 +
MgO, K20 and Naz0 also shows that the average modern deep-sea sands

fall into the graywacke field (Fig. 21) based on the chemical
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TABLE 9
AVERAGE CHEMICAL COMPOSITION OF RECENT AND ANCIENT

TURBIDITE SAMPLES

Recent Deep- Recent Deep- Ancient Turbidite  Ancient

Sea Sands Sea Muds Sandstones Shales

Si0z 69.74 66.90 68.07 62.17
Al,03 13.40 14.26 13.85 18.31
Fep03% 4.62 6.30 4,68 6.79
Mg0 2.27 3.05 2.00 2.93
Ca0 4.70 5.04 6.90 4.55
K20 2.08 2.15 2.04 4.00
Na,0 3.19 2.29 2.45 1.38

*Total iron expressed as Fey03

TABLE 10
AVERAGE CHEMICAL COMPOSITION OF RECENT DEEP-SEA SANDS,

MODERN RIVER SANDS AND ANCIENT SANDSTONES

Recent Deep- Modern River Average Average

Sea Sands Sands Sandstones Graywackes

(Pettijohn,
(Potter, 1978) (Clarke, 1924) 1963)
$i0z 69.74 80.15 78.66 66.7
Al,0;4 13.40 6.43 4.78 13.5
Fe,03 4,62 2.47 1.38 5.1
Mg0 2.27 0.85 1.17 2.1
Ca0 4.70 3.32 5.52 2.5
K»0 2.08 1.20 1.32 2.0
Na,0 3.19 1.19 0.45 2.9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



80

*sofdwes 93Tprqanl
jJuaoue pue Jjusday jo Sapyxo Jofew jo sweiBolISTH °Qg 2In3tg

0%oN 1N3J¥3d oA hzuucmm_
Q0 o
o oI o
2] 0
2 m
Z 0z
w (7]
) -
£ ot 2
G -
0 0
6I'e=X 802=
9G=N 9G= (o]}
£ Zo1s INIo¥3d ©0°
09v IN30oH3d ol

0

ge oO¢ s O

06 08 0. 09 0§

m o1 m

1] 2

R © ol

oz 2 0z 2

5 3

Y ot ¥

z 2

o ov

ovEl=X ov w bL69=X m
9G=N

0S

SANVS V3S d330 LN3II3Y

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



RECENT DEEP SEA MUDS

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

X=14.26

0

Ty
[0

<

0

o
i < 2] o

S3TINVYS LIN3J¥3d

10

o
o

o © O
n <« ™
SATdWVYS LN3JOH3d

<
" %
"] vy O
g "2
N =
= iy
wl (&)
%) 1 4
@ -
Wl a
m ]
. 5 o
o o [ () o (o)
n < m N -
S37dNVS IN3JOY3d
n
0 =
n N
N .:V
Q _
n 3 "’S?
=
[
1] - <
Q 8 wi
2 < (&}
w 14
a. - Ll
a.

o o @] o o ©

S31dWVS LN3J43d

ient

des of Recent and anci

jor oxi

.

Histograms of ma

Figure 20.

turbidite samples.

81



82

-so7dues 93TPTQAnN] JUSTOUER pue U209y Jo soprxo iofeu jo suei3031STy °Qg 2an3td

o%nN IN30H3d 0% LIN3DoN3d

S37IdWVS LN3J¥3d
S3INdWVS LN3JYH3d

€02y LNIONId 2o1s IN3OM3d

o c9 GG Sto
0

o 9 o1 2
3 i

oz M 0z Z
~ w

ot ot »
2 z

ov £ ov m
r . 1)

oG M 1089=X 08

o e 89:=N

09

SINOLSANVS 3L110184NL  LN3IONV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

0%oN 1N3OH3d

8el1=X
69=N

0

b

: *so1dwes 331TpTqand
jueToue pue juad9y jo saprxo lofeuw jO sueiB0l1STH °0¢ °1n31d

€0y IN3JY3d

0¢

lgst=X
v 69 u,z

0
m
201 3
M.
0z 5\
®
o¢
R 0p
Jov
w
0S
ot
o2 wrem O
o1 R
0
02 3
b
og
4
he
os &
w
09

S3TVHS  LIN3IONV

0% LN3043d

e

o
o
S3TdWVYS LN3IOH3d

69:=N log

201S IN30Y3d

Gl . q9 .mm mu -

. ) ) ﬁ

ot o

2

02 =

o€ b

2

ov r

o

(0]

2129=X
69=N

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



84

classification of Blatt et al. (1972, Fig. 9-2). Thus, modern deep-
sea sands and ancient graywackes seem to be very similar chemically.
This significance of chemical similarity between them will be dis-
cussed later.

To explore the relationship between the chemical composition of
deep-sea sands and tectonic setting, these deep-sea samples are grouped,
using a four-fold plate tectonic classification of ocean basins
(Table 11), into trailing edge, leading edge, back arc and fore arc
basin types and then an average chemical composition for sands from each
of these major basin types is calculated (Table 12).

Modern deep sea sands from trailing edges have the highest SiO2
content and SiO;/Al,0; ratio--a chemical maturity index (Potter, 1978),
and the K30/Nap0 ratio is slightly greater than one (Table 12). 1In con-
trast, sands from fore arc basins have the lowest Si0O2 content and
8105 /A1,0; ratio and the K20/Na20 is much less than one, just as in
Crook's (1974) study. Chemical variables of sands from leading edge
and back arc basins are intermediate between these two extremes. How-
ever, sands from these two basins cannot be separated by chemical compo-
sitions. Clearly, modern deep-sea sands become less mature, chemically,
going from stable cratonic basins to tectonically active settings, and
this general trend agrees well with previous studies (cf. Table 7).

On the other hand, the range of SiO2 content of deep-sea sands is
not as great as that of Crook's ancient graywackes. The Si0O2 content of
Crook's graywackes ranges from 54 to 88 percent whereas in these samples

the range is 64 to 79 percent. It is also noticed that deep-sea sands
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Name Abbreviation

Trailing Edge
(TE)

Leading Edge
(LE)

Back Arc
(BA)

Fore Arc
(FA)

TABLE 11

FIRST-ORDER PLATE TECTONIC
SUBDIVISION OF OCEAN BASINS

Definition
Passive, intraplate continental
margin facing a spreading
center
Active, plate boundary
continental margin over-

riding oceanic crust

Continent side of island arc

Ocean side of island arc

86

Example

Atlantic Coast,
South America

Pacific Coast,
South America

Sea of Japan,
Bering Sea

Western North
Pacific
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of this study do not separate into the quartz-rich (> 65%), quartz-
intermediate (15-65%) and quartz-poor (< 15%) varieties of Crook's gray-
wackes (see Valloni and Maynard, in press). Thus, although Si02 in
these samples is in general in agreement with literature data on tec-
tonics and sandstone composition, there are some discrepancies. Further
chemical variables only differentiate three tectonic sand types:

passive continental margin, active continental margin (including back
arc basins) and fore arc basins. Fore arc sandstones are probably rare
in ancient rocks exposed on the continents, so in practice there may
only be two categories that can be identified by chemistry.

The Kp0/Na»0 ratio of modern river sands (Potter, 1978) from trail-
ing edges is almost twice as large as that of deep-sea sands because the
former are more mature. In addition, the Si02/Al20s ratio shows a dis-
tinctly higher value for the modern river sands from trailing edges than
the deep-sea sands from the same settings. Therefore, a discrepancy in
the chemical indices between deep-sea sands and modern river sands ex-
ists suggesting a difference in the nature of these two sands. However,
these two sands from the trailing edges do have the highest SiO2 con-
tent and theratios of Si0,/Al1,03 and Kp0/Nay0.

In sum, modern deep sea sands show two distinct contrasts between
passive and active basin types. The passive basin type is characterized
by 79 percent average SiO,, a value somewhat less than for Crook's gray-
wackes and modern river sands from the same setting. Further, these
sands have an Si0/Al1,03 ratio of 8 and a K»0/Na 0 ratio of 1.1, whereas

active margin sands have typical values of SiO, less than 70 percent,
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Si02/A1203 ratios around 4.5 and K20/Na20 ratios about 0.6. Moreover,
the percent SiOz, plus Si02/Al203 and K20/Nay0 ratios show a general
trend decreasing from trailing edge to fore arc basin. Unfortunately,
there still exist some overlaps between chemical criteria. Thus, it is
necessary to be careful in using chemical compositions to assign a sand~

stone to the tectonic setting.

Chemical Compositions of Deep Sea Muds and Provenance

There seems to be a close resemblance of major oxides between modern
deep-sea muds associated with turbidites, average shales, slates and
mudrocks (Table 13). However, modern dep-sea muds have more Si0O2 and
less Al,03; than do the average shales, slates and mudrocks. Apparently,
these deep-sea muds contain more silt than the average shale, judging
from the statement of Pettijohn (1975, p. 271) that chemical compositions
of shales depend on grain size, e.g., the coarser fraction is richer in
Si0, whereas finer materials are richer in Alp03. Unexpectedly, soda
slightly exceeds potash in the deep-sea muds. This unusual feature is
possibly due to volcanic admixtures.

Although information about the relation between the chemical compo-
sition and provenance of muds is fragmental and the reliability of chemi-
cal variables as indicators of provenance of shales still remains con-
troversial, it is interesting to see how the chemistry of modern deep-sea

" muds responds to tectonic influences. Similarly to the deep-sea sands,
individual chemical analyses of deep sea muds are grouped into trailing

edge, leading edge, back arc and fore arc basin types (Table 14). Deep
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TABLE 13
AVERAGE CHEMICAL COMPOSITION OF MODERN DEEP-SEA MUDS AND

RELATED AVERAGE SHALES, SLATES AND MUDSTONES

Modern Deep Clarke Shaw Pettijohn Ronov et al.
Sea Muds (1924) (1956) (1975) (1966)
Shales Shales Slates Mudstones

Plat. Geosyn.

Si02 66.90 58.10 61.54 58.5 56.2 53.4
Al503 14.26 15.40 16.95 17.3 15.1 16.4
Fe203 6.30 6.47 6.26 7.4 5.7 6.2
MgO 3.05 2.44 2.52 2.6 2.1 2.4
Ca0 5.04 3.11 1.76 1.3 4.4 5.8
K20 2.15 3.24 3.45 3.7 1.1 1.1
Nay0 2.29 1.30 1.84 1.2 2.6 2.7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



91

0%eN + O3H

-d ¢ ‘oATaofg)—w T o o
(€92 7L6T WA D) ooy = W
€L°0  SLTT €¥°T LL'T TY'% S6°CT TS'9 WO'ET 98°89 8T 21y @104
68" 0 L6°C 1S'T ¥I'T TII°€ TTI'€ L[¥°9 %S'%T €1°89 8 21y oeg
¥8°0  T0°€ ¥9°C TT'CT 88'€ LE°E 89°9 68°ST TE°G9 8 23pd 3urpeeT
¥G*T  89°€ 6S°T S%'C SL°8 (LL°T TS'S 8S'E€T TE"S9 12 28py 3urTrRil

0%eN/0% K O0%N 0% O0BD OSW °©0%4 °C0%TV °¢0FS  saTdmes urseq

3o *oN

SNOTYVA WO¥d SANW VAS—-ddEd 40 NOILISOJWOD

SONILLAS JINOLOHUL

71 dATdVL

TVOIRIHO HOVIIAV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



92

sea muds of each of these basin types show no systematic variation in
oxides of Si, Al, Fe, Mg, and Ca, but K and Na do show a pattern: the
K20/Na20 ratio decreases noticeably from passive to active tectonic set-
tings. Bjorlykke (1974, p. 263) has demonstrated that the ratio of
Al,03 + K20/Mg0 + Na20 is a good provenance indicator for shales, using
it to demonstrate an island arc provenance within the 1000 m thick
Paleozoic seqnence in the Oslo, Norway, regiom. This ratio was com-
puted for my deep-sea muds (Table 14), but because Al and Mg are essen-
tially constant, the Al»03 + K20/Mg0 + Na,0 ratio simply parallel to the
pattern of K»0/Na 0. Obviously, active and passive margins can be dis-
tinguished by these two ratios. Further, these two ratios cannot separ-
ate back arc basins from leading edges, just as was found for sand

chemistry. Thus, the K20/Na20 is as reliable as Bjorlykke's ratio.

Chemical Composition of Ancient Turbidite Sands and Provenance

Chemical analyses of some ancient turbidite sandstones from various
stratigraphic units ranging in age from Cambrian to Pliocene have been
made for comparison with the modern sands (Table 15). Chemically classi-
fied, using method of Blatt et al. (1972), almost two thirds of ancient
turbidite sandstones fall into the graywacke field. One sample (Pico
Fm.) falls in the arkose field, and the remaining samples are in the
1ithic sandstones field. However, the average of these turbidite samples
falls into the graywacke field and resembles very closely the composi~-

tion of the modern deep-sea sands and average graywacke (Fig. 22).
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In fact, from the similarity of chemistry between Recent and
ancient turbidite sands and average graywackes, it may be inferred that
if low matrix modern deep-sea sands were to undergo burial diagenesis
or low-grade metamorphism and be converted to matrix-rich graywackes,
then the diagenetic clay matrix is a result of transformation of reac-
tive grains within the sandstones rather than the introduction of ma-
terial. 1In other words, the diagenetic reactions of graywackes occur
in a closed system. The high Na20 content of many ancient graywackes
would then be inherited from the source area, rather than introduced
by diagenesis.

It is also noticed that the average chemical composition of Crook's
ancient graywackes are close to those of the Recent and ancient turbi-
dite sandstones of this study and average graywackes, although Crook's
have more MgO and less K20 than the others because his samples include
serpentine graywackes which are rich in magnesium (Table 15 and Fig. 22).
This chemical comparison suggests that modern deep-sea sands can be re-
garded as the contemporary analogues of ancient graywackes and then the
chemical criteria determined in Table 12 for identifying the tectonic
settings of modern sands are applicable to ancient graywackes.

Based on the chemical criteria such as S$i02 content, SiO2/A1203
and K»0/Na20 ratios, more than three fourths of the ancient turbidite
sandstones of this study belong to active tectonic settings, the re-
maining samples belong to passive (Table 16). Of these chemical parame-
ters, Si0O; content combined with Si02/A1,0; ratio seems to be the best

indicator of tectonic setting. Turbidite samples assigned to active
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TABLE 15

AVERAGE CHEMICAL COMPOSITION OF ANCIENT TURBIDITE SANDSTONES,
RECENT DEEP-SEA SANDS AND AVERAGE GRAYWACKES

Ancient Turbidite  Recent Deep Average Average
Sandstones Sea Sands Graywackes Graywackes
(Pettijohn) (Crook)
Si02 68.07 69.74 66.7 66.26
Al203 13.85 13.40 13.5 13.43
Fe203 4.68 4.62 5.1 5.41
MgO 2.00 2.27 2.1 7.27
Ca0 6.90 4.70 2.5 2.48
K20 2.40 2.08 2.0 1.08
Na20 2.45 3.19 2.9 3.19
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tectonic settings have typical SiOz content less than 70 percent and a
Si02/Al1,03 ratio around 4.5. Kp0/Na0 ratio is equal to or less than
one, whereas samples grouped into passive tectonic settings are charac-
terized by Si0, content greater than 70 percent and a 810, /A15,0; ratio
about 7.0; Ky0/Nas0 ratio is greater than one. Inferred tectonic set-
tings based on the literature of these ancient turbidite sandstomes are
also shown in Table 16. It is clear that inferred tectonic settings
match quite well with that based on the chemical composition, except
for the Martinsburg samples, for which I have no explanation. There-
fore, chemical variables such as SiO2 content and ratios of Si05/A15203
and K20/Nay0 seem to generally be reliable indicators of provenance for
ancient turbidite sandstones, but they can only distinguish active and
passive tectonic settings. It should be pointed out that these conclu-
sions are limited by the fact that only one sample (Escuminac Fm.) hap-
pened to be from a passive tectonic setting. Hence, more data from
passive margin sands are needed to support the conclusions above, ai-
though Crook's more extensive sampling is, in general, consistent with

these observations.

Chemical Composition of Ancient Shales and K0 Trend

Chemical analyses of ancient shales associated with turbidite sand-
stones from various stratigraphic units ranging in age from Cambrian to
Pliocene show that major oxides are similar to those of average shales,
slates and mudrocks (Table 17). However, there does seem to be a trend

of increasing K20-content with increasing geologic age (Fig. 23). Recent
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deep-sea muds have the lowest K0 content (2.15%) and then the K20 con-
tent increases slightly from 2.5 percent to 3.0 percent by Devonian time.
There seems to be an abrupt increase of K;0 content in the Devonian,

the K,0 percent increasing greatly from 3.0 to the maximal 5.4 percent
in the Cambrian shales. This K,0 trend in shales with age has also been
reported in clays and shales of the Russian and North America platform
(Vinogradov and Ronov, 1956 and Ronov and Migdisov, 1971) and shales
from Australia (Van Moort, 1972) (see Figure 23).

Vinogradov and Ronov (1956) and Ronov and Migdisov (1971) claimed
that there was a greater exposure of potassium-rich crystalline rocks in
earlier geologic ages. As a result of weathering of these rocks, illite
was the dominant clay mineral in weathering products. K-feldspar and
mica are the source of potassium for the formation of illite. Thus,
high K,0 sediments accumulate and this may account for such a K;0 trend
in shales. It is also noticed that the K,0 trend of shales of the
Russian and North American platform are reflected in mineralogic dif-
ference (Weaver, 1967, Fig. 2). Based on over 5,000 analyses of shaly
rocks from North America, Weaver showed that Paleozoic shales are approxi-
mately 90 percent illite and chlorite but Meso-Cenozoic shales have a
complex clay assemblage with montmorillonite, mixed layer clays and kao-
linite. Furthermore, he emphasized that there exist abrupt changes both
of clay mineral suite and K,0 content at the end of the Paleozoic. These
changes he interpreted as a result of rapid development of plant life
and an increase in soil acidity on the continents during Devonian time,

which accounts for the increase of kaolinite and montmorillonite at the
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expense of illite. Hence, data of clay mineralogy of North American
shaly rocks strongly suggest that the K20 trend in shales is caused by
a major change in the nature of source area. In other words, the K0
trend in shales is mainly of detrital origin.

On the other hand, Van Moort (1972) suggested that the enrichment
of K20 in Paleozoic shales results from the introduction of potassium
from altering sandstones, especially from volcanogenic sediments within
the sedimentary piles, because of the lower abundance of volcanic
clastics in the ancient sediments. In addition, Mackenzie (1975) sug-
gested that chemical trends in shales are secondary and result from loss
of Cao and MgO during burial and uplift and from long-term diagenesis,
e.g., montmorillonite-rich mixed-layer clays take up potassium to form
illite-rich mixed-layer clays or illite. In other words, Van Moort and
Mackenzie favored a secondary origin for the K20 trend in shales.

However, it is gemerally accepted that the progressive increase in
K,0 content in shales with geologic time reflects the prevalence of il-
lite in the older shales. The illite may be inherent or formed by dia-
genetic reactions. Recently, Hower et al. (1976) provided some clues
for the prevalence of illite in the Paleozoic shales. Based on the ob-
servation that the mixed-layer illite/smectite in deeply buried Gulf
Coast argillaceous sediments undergo a conversion of from less than 20
percent to about 80 percent illite layers with increasing depth. Hower
et al. (1976, p. 725) suggested that 'compositional chahges in the shale
as a function of metamorphic grade closely parallel compositional changes

in shales as a function of geologic age.'" They also suggested that K%
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of illite comes from the destruction of K-feldspar and detrital micas(?)
within the shale based on the observation that the whole rock potassium
content remained relatively constant with depth. In other words, the
shale acts as a closed system with respect to potassium. Hence, data
of clay mineralogy and chemistry of Gulf Coast shales also suggest that
the K,0 content in shales reflects the source area. Thus, the K,0 trend
in shales of this study, which shows an abrupt decrease of K;0 after the
Devonian, might be interpreted as supporting Weaver's idea. Hence, the
K,0 trend in shales would be primary in origin.

Accor&ing to Van Moort's hypothesis, however, the enrichment of
K,0 in shales of this study would be a result of the introduction of
potassium from dissolution of K-feldspar in the interbedded turbidite
sandstones. Moreover, this argument could be related to graywacke dia-
genesis. Garrels et al. (1971, p. 93) suggested that the high K0
in shales interbedded with turbidite graywackes is a diagenetic feature.
They suggested that potassium is incorporated into the shales resulting
in the formation of illite at the expense of montmorillonite and mixed-
layer clays, whereas sodium released from the shales ends up forming al-
bite in the sands. This postulated diagenetic hypothesis has been used
to explain the high K,0/Na,0 ratios of shales associated with turbidite
graywackes (Pettijohn et al., 1972, Fig. 6-21).

In order to compare the K,0 and Na,0 content of shales and associ-
ated sandstones with that of other ancient turbidite graywackes and
interbedded shales, the K»0 and Na,0 content of these turbidite samples

are plotted in a similar manner to Figure 6-21 of Pettijohn et al., 1972
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(Fig. 24). With no exception, all the ancient shales of this study have
K,0/Naz0 ratios greater than one. Only modern deep-sea muds from active
tectonic settings have K»0/Na20 ratios smaller than one. Thus, the

plot of K,0/Nap0 of these turbidite shale samples is quite similar to
that of other ancient shales associated with graywackes and this means
that the K,0/Na,0 ratios of the turbidite samples could be explained by
the model suggested by Garrel et al. (1971). In other words, data on
the K»0 and Nay0 content of the turbidite samples are also consistent
with the argument of Van Moort (1972), i.e., the sandstones associated
with shales is the source for potassium. The K20 trend in shales of
this study, therefore, may be interpreted as diagenetic in origin. If
so, it is necessary to explain the lack of evidence that the interbedded
;éndstones are the source for potassium and also to account for the re-
sults of other studies such as Hower et al. (1976) and Heling (1978) that
show shales act as a closed system with respect to potassium during
burial diagenesis. Because of this difficulty, the writer suggests

that a primary rather than a diagenetic origin of the excess K20 in
older shales is more likely.

It is also noticed that there is a trend of increasing K20/Na20
ratio with increasing geologic age in the shales, although there are
irregularities from the Silurian and Ordovician samples (Fig. 25). This
shows that the K»0/Na,0 ratio is better correlated with geologic age
than tectonic setting. Thus, if the K»0/Na,0 ratio is to be used as a
provenance indicator for ancient shales, only shales of the same age

should be compared.
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Conclusions

Chemical comparison between Recent deep-sea sands, modern big
river sands and ancient flysch arenites suggests that chemical vari-
ables such as SiO2 content and ratios of Si02/A1203 and K20/Na20 seem
to generally be reliable indicators of provenance for ancient turbi-
dite sandstones, but they can only distinguish between active and
passive continental margins and fore arc basinms. Back arc basins and
leading edge continental margins cannot be separated.

Chemical similarity between Recent deep-sea sands, ancient turbi-
dite sandstones and average graywackes (Pettijohn, 1963) suggests that
the diagenetic reactions of graywackes occur in a closed system, e.g.,
there is no K+—Na+ ion exchange between the turbidite graywackes and
interbedded shales. The K,0 trend in the ancient shales, which shows
an abrupt decrease of K0 content after the Devonian, is probably pri-
mary in origin. These two arguments above suggest that the high Na,0
content of many turbidite graywackes and high K,0 content of the as-
sociated shales are not post-depositional features, as has been sug-
gested.

Further, if this chemistry is primary, it suggests that the chemi-
cal criteria for distinguishing tectonic environments in modern sedi-

ments can indeed be applied to ancient sandstones.
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CHAPTER IV

SUMMARY AND SUGGESTIONS FOR FUTURE WORK
Part A: Cratonic Sandstones from the Alberta and Saskatchewan Basins

The relationships among the grain packing, porosity, depth, compo-
sition and texture and the effects of compaction and cementation on these
variables in the sandstones of the Lower Mannville in Alberta basin are
summarized in a flow chart (TFig. 26). This interpretation emphasizes
mechanical compaction and grain packing due to burial depth as the major
control cn general porosity distribution in the sandstones of Lower
Mannville. A number of relevant questions for future workers can be
raised, however, about this conclusion.

First, do sandy units that extend downdip in undeformed basins
generally have porosity-grain packing relationships like that of the
Lower Mannville?

Secondly, how common are the two transition zones of contact types?
For example, are they common enough to be helpful in estimating depth
of burial of sandstone sequences in undeformed basins? Or, if they are
not the rule, what conditions are needed to produce them?

Certainly, a comparatively small number of additional grain packing-
porosity studies in well selected basins would answer the above ques—
tions, especially if they could be made on studies from deep wells.

The Athabasca Formation in the Saskatchewan basin provides an in-
teresting comparison. Clearly, the relationship between grain packing
and porosity with depth in the sandstones of the Athabasca is not quite

107
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like that of the Lower Mannville because the effect of compaction is
obscured by cementation processes. However, the use of grain contact
types and paragenesis of cements to estimate the depth of burial is

demonstrated by the sandstones of the Athabasca.

Part B: Recent and Ancient Turbidites

The relationship between the chemical variables and tectonic set-
ting of Recent deep-sea sands is summarized in Table 18. Clearly, Re-
cent deep-sea sands, the modern analogues of ancient graywackes, show a
distinct contrast in chemical variables between passive and active basin
types. Moreover, ancient turbidite sandstones from passive continental
margins are characterized by SiO; content greater than 70 percent, an
Si0,/Al,03 ratio about 7.0 and a K,0/Nap0 ratio greater than one, whereas
samples grouped into-active tectonic settings have typical Si0O; contents
less than 70 percent, an Si0,/Al,0; ratio around 4.5 and a K,0/Nay0 ratio
less than one. Thus, chemical variables such as SiO, content and ratios
of $i0,/A1,03; and K,0/Na0 seem to generally be reliable indicators of
provenance of ancient turbidite sandstones. However, the ancient turbi-
dite sandstones of this study included only one sample from a passive
margin tectonic setting so that for future studies, more data from
passive margin sands are needed to support the conclusion above.

The K»0 and Na,0 contents of the modern deep-sea muds show a rela-
tionship with tectonic setting: the K,0/Na,0 ratio decreases noticeably

from passive to active continental margins. But, it is also noticed that
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there is an increase in K0 content with increasing geologic age in the
shales and the K,0/Nay0 ratios in the shales are better correlated with
geologic age than tectonic setting. However, more data of K;0 content
from Mesozoic shales are needed to refine this Kp0 trend for future
studies.

Chemical similarity between Recent deep-sea sands, ancient turbi-
dite sandstones and average graywacke suggests that diagenetic reactions
of graywackes occur in a closed system and the high Na,0 content of many
turbidite graywackes is a primary feature unrelated to diagenesis. The
shale picture is less clear: the high K;0 content of ancient shales is
most likely a feature they possessed at time of deposition, but there is
some evidence that it could be secondary. A good test would be to mea-
sure feldspar content. If the older shales have more K-feldspar than
younger shales, then the trend in K0 is almost certainly primary be-
cause diagenetic reaction in shales leads to the destruction of K-
feldspar.

More careful observations of the diagenetic textures and minerals
from these turbidites will certainly be helpful in better understanding
the arguments above. However, it seems to me that extensive studies of
bulk chemistry, X-ray mineralogy and thin-section petrology of a series
of core samples from different depths from a turbidite basin such as
Ventura Basin probably is the best way to understand the two essential

problems of graywacke diagenesis: matrix and soda problems.
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Sample No.

RC
RC
RC
RC
RC
RC
RC
RC
RC

8

< 9 9 4 9 d d d d d d D g ad<g d

12-243%
12-245%
13-220
13-222
15-67%
15-79
15-109
15-128%
15-129%
15-132%
19-284*
19-285
19-286
23-8
23-15
24-260
24-258
27-3
27-9
27-8
27-14
27-98
27-130
29-19
29-20
29-22
29-94

APPENDIX 2

CHEMICAL COMPOSITION OF RECENT DEEP SEA SANDS

125

S102 Al,03 Fes03 MgO Ca0 K20 Na»0
71.06 15.02 3.15 1.25 3.82 2.08 3.62
74.17 12.23 2.79 1.16 4,27 1.84 3.53
77.26 13.04 1.47 0.57 1.11 3.96 2.60
76.23 13.14 2.43 0.73 2.61 2.79 2.06
69.36 15.55 4.10 1.41 3.72 1.71 4.17
63.52 5.38 1.40 0.76  27.45 1.13 0.36
71.48 14.80 3.12 1.29 3.63 1.93 3.73
72.17 14.94 1.80 1.06 4.21 2.04 3.77
69.82 15.84 3.23 1.15 3.99 2.17 3.86
71.82 15.43 2.82 1.21 3.20 1.89 3.64
44.13 9.22 8.14 3.62  31.87 1.08 1.95
74.96 8.60 5.45 1.41 5.24 2.64 1.67
88.65 6.37 1.39 0.42 1.02 1.48 0.63
80.04 8.12 2.42 0.97 5.02 1.90 1.51
76.96 8.75 4.34 1.43 4.83 1.74 1.98
86.55 7.13 1.84 0.46 2.54 0.83 0.64
88.06 5.58 2.21 0.48 1.38 1.17 1.10
82.76 8.34 2.79 0.89 2.23 1.84 1.19
90.00 5.91 0.80 0.35 1.31 1.11 0.51
74.33 10.30 2.57 2.00 6.47 1.92 2.38
67.32 16.40 2.45 2.08 7.60 1.72 2.49
65.95 10.27 5.46 3.22  11.51 1.63 1.93
86.04 5.86 0.88 0.55 5.16 1.01 0.45
71.40 11.79 4.54 3.06 3.71 3.02 2.45
75.31 8.85 3.41 1.42 6.58 1.73 2.70
73.55 11.29 4.07 2.57 3.47 2.81 2.27
55.01 6.66 2.27 0.87 31.12 1.06 2.98

*Volcanic clastic-rich samples which are excluded for computation.
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APPENDIX 2 (continued)

Sample No. Si0, Al503 Fey0; MgO Ca0 K20 Na»0
RC 14~123 72.79 14.65 3.61 1.60 2.84 1.67 2.83
RC 14-124 70.66 15.39 3.79 1.73 3.19 1.94 3.30
RC 14-132 67.96 14.42 5.24 2.88 4.17 1.67 3.65
RC 14-134 68.51 13.09 5.75 2.95 5.40 1.34 2,93
RC 14-137 66.12 16.49 4.49 3.09 3.35 2.01 4.45
RC 14-141 64.35 15.14 7.03 3.78 4.33 1.59 3.77
V 24-128 64.47 14.18 7.18 3.65 4.15 3.04 3.30
V 24-131 63.33 15.04 7.01 4.60 5.60 1.18 3.30
V 24-137 52.33 21.49 6.16 3.63 11.42 1.14 3.81
V 28-264 73.61 13.06 2.34 0.47 2.14 3.67 4.74
VvV 28-271 67.16 14.13 4.77 2.70 4.96 2.50 3.81
vV 28-272 74.61 11.45 3.80 1.10 1.92 3.25 3.88
vV 28-273 69.64 13.73 3.77 2.76 3.49 2.91 3.67
vV 28-275 69.24 14.48 4.05 2.64 2.79 2.62 4,19
vV 28-327 66.98 13.01 5.42 2.84 6.02 2.12 3.57
RC 9-66 69.72 15.41 2.35 0.99 3.31 4.45 4.67
RS 10-84 65.08 15.09 5.53 3.24 5.31 1.53 4.14
RC 10-87 72.66 13.19 3.06 1.18 3.15 3.08 3.68
RC 12-41 68.22 15.61 3.90 1.58 2.52 4.33 3.89
RC 12-44 68.70 15.05 3.97 1.64 2.73 4.19 3.76
RC 14-154 65.06 16.23 5.09 3.08 5.62 1.18 3.78
RC 14-160 67.94 15.81 4.47 1.83 4.75 1.42 3.80
RC 15-2 67.59 15.52 5.52 2.44 4.02 1.57 3.36
RC 15-77 68.10 14.92 2.89 1.21 7.98 1.32 3.62
RC 12-24 74.35 10.81 5.38 2.67 3.12 1.35 2.35
RC 12-371 75.56 10.95 2.85 1.05 2.26 3.92 3.49
RC 12-374 75.56 10.95 2.85 1.05 2.26 3.92 3.49
RC 12-374 70.50 13.59 2.31 1.08 7.58 2.40 2.55
RC 14-117 61.87 15.64 8.53 3.86 4.53 1.14 4.44
RC 14-122 72.30 13.34 4.54 1.80 3.81 1.47 2.75
RC 14-114 61.30 16.84 8.78 2.65 4.66 1.12 4.66
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APPENDIX 2 (continued)

Sample No. Si0, Al,03 Fes03 MgO Ca0 K20 Na»20
RC 14-151 63.88 14.94 6.83 2.71 5.53 1.58 4,53
RC 15-26 69.31 15.68 4.59 1.27 3.76 1.91 3.52
V 24-153 50.74 18.64 9.50 4.54 11.70 1.14 3.72
vV 28-257 62.44 10.46 9.45 8.05 7.11 0.39 2.09
vV 28-258 52.75 16.84 10.25 4.97 10.06 1.48 3.61
vV 28-357 76.93 10.97 2.49 1.30 2.55 3.46 2.30
Vv 29-1 65.88 14.88 5.45 2.92 4,65 2.02 4.18
V 28-283 69.89 12.84 4.33 2.56 4.15 1.99 4.19
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Sample No.

RC 12-243
RC 13-220
RC 13-222
RC 15-67
RC 15-109
RC 15-132
19-284
19-286
23-8
23-15
24-258
24-260
27-3
27-8
27-14
27-98
27-130
29-19
19-20
19-22
29-94
RC 14-141
V 24-128
V 24-129
V 24-137
V 24-137
V 28-264
RC 9-66
RC 10-84
RC 10-87

<d d 9 d < < d d g 4 g 94 < g <

APPENDIX 3
CHEMICAL COMPOSITION OF RECENT DEEP SEA MUDS
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Si0; Al203 Fes03 MgO Ca0 K>20 Na,0
71.22 13.55 5.28 1.86 3.06 2.37 2.69
63.94 19.02 6.84 3.09 1.58 3.9 1.55
55.56 18.63 7.51 4,22  10.71 2.55 0.83
71.43 13.19 4.71 1.64 3.50 1.83 3.66
69.84 14.87 5.69 3.03 1.84 2.51 2.25
68.56 16.55 6.11 2.55 1.64 2.46 2.17
45.46 12.07 10.57 3.81  24.57 1.25 1.42
74.31 13.83 6.66 1.54 1.10 1.83 0.70
65.99 12.52 5.02 3.75 8.27 2.97 1.48
70.91 11.51 4.79 2.50 5.88 2.64 1.77
85.64 7.61 2.57 0.55 1.56 1.38 0.66
56.09 17.23 2.37 6.48 14.91 2.27 0.73
66.31 14.70 6.48 2.68 5.03 3.42 1.42
58.74 11.86 4.61 3.75 16.95 2.39 1.72
64.33 10.20 3.67 4.25 13.33 2.17 2.02
67.43 11.15 5.76 2.09 10.01 2.09 1.44
64.84 8.77 2.87 1.55 18.89 2.50 0.62
65.75 16.25 5.97 2.64 4.24 3.52 1.69
66.04 15.68 7.00 2.21 4.68 2.32 2.04
63.87 17.59 8.26 2.71 2.87 3.58 1.12
55.35 8.36 3.04 1.27 29.06 1.46 1.46
64.73 15.78 6.74 3.87 3.64 2.03 3.24
64.38 17.22 8.27 2.79 3.78 1.14 2.45
66.20 14.57 7.26 2.99 4.70 1.70 2.55
57.70 16.27 6.27 3.56 11.26 ..52 3.43
57.70 16.27 6.27 3.56 11.26 1.52 3.43
70.84 15.47 4.49 2.08 1.23 3.27 2.60
67.34 14.99 5.82 2.43 5,10 1.98 2.36
61.57 17.69 7.17 3.64 5.04 1.83 3.03
67.34 16.64 6.04 ~ 2.95 1.94 2.55 2.54
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APPENDIX 3 (continued)

Sample No. Si0» Al50; Fes03 MgO Ca0 K20 Nas0
RC 12-41 66.63 16.98 5.68 3.66 1.81 2.74 2.46
RC 14-154 65.61 14.33 7.43 2.94 5.00 2.07 2.61
RC 14-160 65.59 13.42 6.79 4,05 5.50 1.59 3.03
RC 15-2 64.75 14.92 7.30 4.20 3.80 2.36 2,67
RC 15-77 63.64 18.17 7.20 3.08 2.83 2.67 2.39
RC 14-114 66.55 14.41 6.61 3.30 3.94 1.86 3.34
RC 14-151 64.83 14.48 7.70 3.46 4.12 1.84 3.53
RC 15-26 74.89 11.57 5.12 1.87 2.38 2.10 2.04
V 24-153 55.14 15.38 9.70 4,93 11.18 1.24 2.41
V 28-257 74.50 7.04 9.16 2.47 4.32 0.64 1.88
V 28-357 68.12 15.31 6.97 3.52 1.93 3.27 1.85
V 28-283 77 .41 9.43 4.56 1.06 3.22 1.44 2,23
VvV 29-1 69.41 16.71 3.32 2.39 4,27 1.76 2.15
RC 12-24 69.02 14.26 7.70 3.38 2.26 1.61 1.76
RC 14-122 69.81 14.06 6.12 2.26 3.07 2.08 2,61
RC 14-117 65.12 13.65 7.51 4.44 4.16 1.65 3.49
RC 14-123 70.39 13.23 6.37 3.28 2.42 2.23 2.13
RC 14-124 75.17 10.96 4.04 2.04 3.31 1.65 2.79
RC 14-132 66.50 16.07 6.86 3.99 2.31 2.40 1.89
RC 14-134 67.22 15.16 7.34 3.67 1.94 2.49 2.21
RC 14-137 76.93 9.80 5.23 3.05 1.58 1.50 1.93
vV 28~-271 68.56 14.75 8.45 2,10 1.25 2.98 1.89
VvV 28-272 68.54 16.16 6.14 3.00 1.09 3.16 2,00
vV 28-273 67.75 15.54 6.14 3.53 1.81 2.79 2.40
V 28-275 67.45 15.74 6.01 3.46 1.44 2.63 3.23
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APPENDIX 4

CHEMICAL COMPOSITION OF ANCIENT TURBIDITE SANDSTONES

Sample No.

Tla
T4

T5a
T7

T8

T9

T10
T12
T19
T20
T21
T22
T23
T38
T39
T40
T41
T42
T43
T44
T45
T46
T47
T48
T49
T50
T51
T54
T71
T72

130

Si0,  Al,03 Fe,03  MgO Ca0 K20  Na,0
61.51  15.13 3.04  0.95 13.29  3.09  2.66
65.37  15.35 2.37 0.88 10.23  2.95  3.61
72.82  14.97 2.44 0.8  3.00  3.38  2.55
69.00  15.44 4.17 1.60  3.13  2.19  4.32
62.20  15.74 6.37 3.03  6.76  2.72  3.23
61.56  15.49 5.61  2.55 10.30  1.24  3.27
63.19  15.20 6.86  3.49  4.92  1.83  4.32
71.09  15.01 5.92  1.95  3.28  1.24  1.42
70.96  15.13 7.49  1.75  1.33  1.71  1.25
73.29  14.92 6.68 1.71  1.49  1.11  1.55
68.19  14.28 5.19 1.93  1.58  3.25  5.23
67.40  15.25 5,08 1.99  2.03  3.13  5.23
66.15  15.45 5.77 2.61  1.41  4.44  4.28
71.64  14.52 4.85  1.49 3,19  1.23  2.99
71.04  15.54 5.76  2.08  1.49  1.47  2.93
68.93  14.81 6.90 2.51 2,05 2.66  2.58
67.08  16.07 5.69  3.24 2,52  1.75  3.62
72.01  16.17 5.21  1.32  1.32  1.58  2.42
71.40  14.72 5.43  2.48 2,51  0.69  2.71
64.72  17.38 6.41 2.60 2.29  2.32  4.18
64.54  17.47 6.73 2.76  2.20  2.33  3.96
61.44  19.03 7.59 2,66  2.71  2.07  4.45
65.47  17.66 7.10 1.80 2.91  2.04  2.99
60.27  17.94 7.15  4.86  3.17  1.65  4.93
64.66  16.27 7.75  3.90 .1.44  2.32  4.12
64.66  16.06 9.23  3.74  1.57 1.18  3.52
58.37  16.55 4.76  2.43 15.43  0.88  2.19
61.14  14.90 4.83  2.42 14.04 1.12  1.51
68.49  13.87 2.82  4.29 7.39 1.21  1.99
65.21  14.34 4.75 2,93 10.51  1.64  1.42
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APPENDIX 4 (continued)
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Sample No. Si0, Al70; Fes034 MgO Ca0 K20 Na,0
T73 60.67 13.66 2.01 2.64 17.68 1.35 1.97
T74 56.28 13.20 4.69 3.05 20.46 1.02 1.26
T78 71.48 12.94 1.32 3.57 6.94 1.80 1.93
T89 67.75 13.23 3.06 4.38 8.67 0.79 2.08
T90 70.43 14.65 4.33 2.55 2.91 2.32 2.77
T94 63.20 14.28 2.63 2.09 13.49 2.09 2.34
T96 60.54 13.94 2,61 2.60 16.45 1.89 2.07
T102 47 .43 15.80 14.63 8.70 11.07 0.22 2.13
T103 76.12 15.23 2.83 0.80 0.57 0.87 3.51
T105 78.77 13.64 2.09 0.70 0.51 1.04 3.22
T107 65.06 17.61 9.15 1.78 0.76 3.41 2.21
T109 77.88 13.62 3.08 0.43 1.28 1.60 2.09
T112 66.72 15.88 4.54 3.41 5.87 2.17 1.40
T115 67.51 13.69 4.23 2.29 9.30 1.75 1.27
T116 67.92 17.55 5.01 1.02 3.28 1.98 3.21
T118 74.32 12.68 4.24 1.87 4.44 1.47 0.93
T127 63.32 10.46 4.13 2,00 12.30 1.98 0.77
T133 69.78 11.50 5.65 6.29 2.11 1.18 3.49
T149 57.06 11.85 2.70 1.15 19.27 3.57 4.39
T175 69.41 11.17 5.82 1.74 8.39 1.82 1.65
T177 69.75 11.50 5.76 2.16 7.03 2.24 1.52
T179 74.62 12.60 6.91 1.65 0.37 2.42 1.41
T181 80.08 9.98 4.71 1.30 0.68 1.74 1.46
T188 83.35 11.86 3.62 0.53 0.16 0.27 0.29
T190 82.88 11.14 4.24 0.76 0.40 0.41 0.23
T192 84.08 10.54 4,24 0.51 0.34 0.14 0.21
T196 82.34 11.14 4.78 0.76 0.48 0.29 0.23
T198 83.71 11.74 3.18 0.41 0.44 0.24 0.23
T200 81.04 10.74 6.47 0.91 0.44 0.29 0.21
T202 82.84 10.64 4.94 0.74 0.30 0.36 0.21
T204 79.18 12.24 6.47 1.09 0.34 0.53 0.23
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APPENDIX 4 (continued)

Sample No.

T206
T208
T210
T212
T214
T216
T218
T222

132

$i02 Al203 Fes03 MgO Ca0 K20 Na20
83.04 11.14 3.9 0.69 0.26 0.74 0.21
87.21 10.34 1.28 0.21 0.26 0.51 0.21
85.82 10.14 1.96 0.27 0.44 1.22 0.21
86.11 11.41 1.63 0.22 0.17 0.17 0.25
80.44 13.25 4.98 0.91 0.17 0.31 0.26
87.01 10.62 1.59 0.20 0.15 0.21 0.24
79.86 12.78 5.59 0.94 0.15 0.36 0.28
78.74 13.31 3.96 0.88 0.16 1.63 1.36
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CHEMICAL COMPOSITION OF ANCIENT SHALES ASSOCIATED WITH

Sample No.

T1

T2

T3

T5

T11
T13
T14
T15
T16
T17
T18
T26
T56
T58
T59
T64
T65
T68
T75
T76
T77
T91
T92
T93
T95
T97
T98
T99

APPENDIX 5

TURBIDITE SANDSTONE

Si0,  Al,03
65.18  16.86
64.62  16.20
65.67  16.27
74.61  14.43
63.36  22.58
69.58  15.35
67.86  15.12
67.06  16.04
66.93  17.09
63.95  19.04
68.31  16.89
65.64  16.13
57.29  15.59
58.90  16.39
61.22  17.01
54.95  16.61
55.61  16.58
55.17  17.15
56.80  13.82
55.40  16.46
56.90  15.96
65.59  15.26
66.85  15.28
66.73  14.51
47.23  16.03
49.13  16.52
48.71  16.90
49.88  16.62

Fe203

6.50
6.79
6.56
2.02
6.22
6.37
9.19
7.65
7.36
7.75
5.99
6.57
6.16
4.49
4.49
6.30
6.50
7.66
4.91
5.90
5.96
5.42
5.60
4.96
5.23
5.47
6.26
4.09

133

MgO Ca0 Ko0 Nay0
3.07 3.70 2.52 2.15
3.55 3.49 3.01  2.40
2.72 3.25 2.78 2.70
0.68 2.03 3.35 2.91
1.78 1.13  4.78 1.25
1.83 1.28 4,24 1.34
2.52 1.57 2.55 1.33
2.09 1.21  4.69  1.18
2.01 1.20 4.21  1.15
2.21  1.34 4,01  1.64
1.7 1.03 4.89 1.17
3.85 1.21 3.97 1.64
2.91 14.20 2.79 1.01
4.17  12.23 2.87 0.91
2.95 10.07 2.63 1.60
2.65 15.98 2.50  0.96
2.77  15.14 2.36 1.01
3.05 11.73  4.60 0.61
3.26 18.57 1.34 1.27
3.22  15.84 2.41  0.72
3.58 14.46 2.49  0.95
3.45 3.77 3.25 2.19
4.54 1.28 3.36 2.34
1.86 8.06 2.71  1.37
4.15  23.85 2.61  0.85
6.59 18.25 3.24  0.78
5.43  18.47 3.16  1.01
5.52  20.09 2.25 1.63
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APPENDIX 5 (continued)

Sample No. Si0,
T104 52.86
T106 61.21
T108 53.23
T11l 51.26
T113 63.98
T114 61.20
T117 64.68
T128 69.41
T130 62.72
T148 74.52
T151 67.71
T152 54.94
T154 59.06
T156 58.28
T157 62.18
T163 47.78
T172 59.14
T173 64.81
T174 67.64
T176 56.20
T178 59.29
T180 69.08
T182 63.15
T189 67.95
T191 60.74
T193 60.74
T195 64.05
T199 54.95
T201 60.95
T203 62.40
T205 63.17

‘Mg0

A1,0, Fe03 Ca0
28.48 7.01  3.25  0.56
19.65 9.86  2.53  0.53
27.27  10.60  2.16  0.72
27.74  11.49  1.80  0.73
17.94 5.89  4.40  3.87
17.73 6.38  4.53  3.75
15.80 6.96  4.19  2.30
16.35 6.83  1.92  1.49
16.25 6.88  4.20  5.96
11.27 4.11  2.53 2.4
14.78 7.08  4.26  1.21
11.47 6.22  2.57 20.42
21.44 8.64  3.71  2.10
21.55 8.13  3.58  3.36
17.99 8.77  4.06  2.23
17.29 6.46  3.29  20.88
20.38 9.76  2.25  3.10
19.13 7.86  2.39 0,53
15.22 7.66  2.09  2.76
25.49 7.88  2.46  0.70
23.80 7.95  2.03  0.79
16.87 6.92 1.78  0.37
20.97 7.37  2.01  0.79
16.32 9.08  0.85  0.17
26.53 4.96  1.05  0.14
26.28 3.99  1.11  0.15
21.03 7.58  1.33  0.36
30.04 4.71  1.41  0.92
23.05 7.18  2.73  0.33
24.26 4.76  1.60  0.35
22.43 5.86  2.26  0.42
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Na20

1.30
1.52
1.81
0.84
1.12
1.10
0.95
0.93
0.95
2.22
1.74
1.34
0.67
0.73
0.92
0.53
1.44
2.07
2.07
0.29
0.55
1.46
0.96
0.54
0.48
0.46
0.22
0.32
0.27
0.48
0.40
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APPENDIX 5 (continued)

Sample No. Si0; Al20; ’F3203 MgO Cal K20 Najy0
T207 67.37 19.70 5.28 1.89 0.35 5.11 0.28
T209 53.52 30.64 5.68 1.69 0.30 7.69 0.47
T211 59.04 24.21 7.37 2,70 0.39 5.69 0.58
T213 51.00 33.42 4.16 1.85 0.39 8.59 0.57

- T215 51.15 33.33 4.69 0.99 0.39 8.39 1.09
T217 51.36 31.62 6.91 1.75 0.31 7.82 0.23
T219 54.19 29.00 6.71 1.52 0.35 7.37 0.89
T221 53.42 25.75 10.60 3.00 0.44 5.97 0.88
T223 62.61 22.15 7.27 1.11 0.41 5.52 0.93
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