()

ety

73
’ UC-70

penon

ONWI-21

GEOTHERMAL ALTERATION OF CLAY MINERALS
AND SHALES: DIAGENESIS

TECHNICAL REPORT |

TR

Rt it

July 1979

A * ONWI

Office of fNuclearWaste Isolation

R Battelle




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



o

v

MASTER

ONWI-21

GEOTHERMAL ALTERATION OF CLAY MINERALS
AND SHALES: DIAGENESIS

TECHNICAL REPORT

July 1979

Charles E. Weaver
Georgia Institute of Technology
Atlanta, GA 30332

DISCEAIMER

This book was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express of implied, or sssumes any legal lability or responsibility for the mocuracy,
completeness, or usefuiness of any Information, apperstus, product, of process disclosed, or
i represents that its use would not infringe privately oawned rights, Reference hereln 1o any specific
i | commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
“+ ] not necessarily i or imply its jon, or favoring by the United

" | states Government or any agency thersof. The views and opinions of authars expressed herein do not
necessarily state or refiect those of the United States Government or any agency thereof.

This report was prepared by Georgia Institute of Technology under Subcontract E514-00400 with
Battelle Project Management Division Office of Nuclear Waste Isolation under Contract No.
ET-76-C-06-1830 with the U.S. Department of Energy. This subcontract was administered by the
Battelle-Office of Nuclear Waste Isolation. '

e

BISTRIBUTION OF THIS DOCUMENT 1S UNL\M!I_EB




o

v/

Jg(‘v‘

(v’l

i

CONTENTS

EXECUTIVE SUMMARY
CONCLUSIONS AND DISCUSSION

SMECTITE

Conversion to Mixed-iayer Phase
Other Complications
Experimental
Chemistry
Release of Interlayer Fluids
Water
0il

High Pressure

Water Chemistry

ILLITE

.Chemistry

H20

Illite-Phengite Relation
Hydfothermal Studies
Polymorphic Forms of Illite
Crystallinity (Sharpness)
Illite in Sandstonéé

Paragonite

Feldspar

KAOLINITE

“Shales
Sandstones

Experimental

Page

24
24
30
34

36

- 42

42
45
53
57
64
65
68
70
71
72
75
85
86
86
88
88
90

93




ii

CONTENTS, continued

CHLORITE

Polytypes and Composition

Mode of Formation
Soils
Marine
Evaporites
Carbonates
Ironstones
Sandstones
Shales

Diagenesis
Sandstone
Shales

K-Bentonites

Hydrothermal

ORGANIC MATERIAL
Coalification Process
Shales

Hydrocarbons and Temperature

Conodonts

Relation of Mineral Diagenesis to
Organic Metamorphism

Clay Minerals

Carbonates

Zeolites

Page
96
96

100

100

101

101

102

102

103

103

103

104

106

110

111

112

112

117

118

123

127

129
138

139



)

o)

o

s

o)

iii

CONTENTS, continued

THERMODYNAMIC INVESTIGATIONS

REFERENCES

Page
141

152




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

iv

FIGURES

Relation of diagenetic-metamorphic changes in clay
minerals and organic matter to temperature

Temperature of conversion of smectite layers to il-
lite as a function of time

Montmorillonite contraction profile for typical Gulf
Coast well

Changes in chemical composition of mixed-layer illite-
montmorillonite as a function of percent illite layers
Changes in chemical composition of mixed-layer illite-
montmorillonite as a function of temperature

Typical shale pore water curve for early Tertiary Gulf
Coast section

Relation of initial collapse of montmorillonite layers
and first occurrence of "stable" mixed-layer phase (4:1)
to number of producing fields in the Gulf Coast Tertiary
Relation of temperature of intense oil generation to
smectite conversion to mixed-layer illite-smectite
Percentage (dry weight of sample) of cations in the
interstitial water and exchange cations as related

to increase in percent of contracted layers

Aluminum distribution in dioctahedral 2:1 clay minerals
Relation of K20 content of "illites" to sharpness

ratio of 10 A x-ray peak

Relation of K,O content of "illites" to crystallinity

2
index of 10 A x-ray peak

Page
18

25

31

39

40

46

48

50

62

67

79

80



2

A

Figure

Figure

Figure

Fiéure

Figure

Figure

Figure
Figure
Figure

Figure

“Figure

13.

14.

15.

16.

17.

18.

19‘

20. .

21.
22.

23.

v

FIGURES, continued

Relation of K,0 contént of "illites" to asymmetry
ratio of 10 A x-ray peak

Organic metamorphic stages of petroleum generation
Map showing conodont color alteration index (CAI)
in Ordovician rocks in the Appalachian basin
Regional relation of oil and gas occurrence to coal
rank in Upper Paleozoic strata of the eastern United
States

Schematic relation of diagenetic-metamorphic stages
to coal rank

Relation of percent illite layers.in mixed-layer
illite-montmorillonite to vitrinite reflectance and
temperature‘

20-A1203-K20-Na20-5102 at 60 C

20—A1203-K20—N320-3102 at 300 C

Stability diagram for the system Nazo-A1203-3102H20

Phases found between the compositions muscovite-pyro-

The system HCl-H

The system HC1l-H

phyllite
Possible general phase relations for illite and asso-

ciated phyllosilicates

Page

82

122

125

128

-130

135

144
145

147
149

150




Table 1.

Table 2.
Table 3.

Table 4.

vi

TABLES

The different stages of coalification and their dis-
tinction on the basis of different physical and chemi-
cal rank parameters |

Relation of coal rank to burial temperature

Munsell soil colors of conodent alteration indexes

Organic metamorphism indexes

C

Page .=
114
»
116
124
126
«
4
rs



ot

“

- EXECUTIVE SUMMARY

The objective of this report is to perform”a critical review of the data
on the mineral and chemical alterations that éccur during diagénesis and low-
grade metamorphism of shale and other clay-rich rocks—-conditions similar to
those expected from emplacement of heat-producing radioactive waste in a geo-
logic repository. The conclusions drawn in this document are that the following
types of alterations could occur:

. -Smectite alteration - Because of their high water content (20 to 40 per-

cent) and relatively rapid reaction rate at low temperatures, smectites are
the clay minerals most likely to be affected by heat., Water loss and mineral-
ogic changes caused by an increase in temperature will increase the porosity
and permeability of the shale. This should increase the rate of water move-
ment and decrease the structural stability of the shale. The pore water in
smectite will presumably move towards‘the heat source. Interlayer water will
then be released frqm smectites at temperatures encountered in a repository
for high-level radioactive waste. This waterAwi11 be transferred to the pores
and may iﬁitially c#use'an increase in porosity and plasticity. As the ori-
ginal and new pore water moves into the repository the thermal conductivity

of the shale will decrease and the temperature incre&se; fractuies may develop
and,settling may occur. The structurai stability of the shales in the immedi-
ate vicinity of the repository is likely to be weakened. Only minor chemical
and miﬁeralogicalrbhénges‘should occur in the dehydrated shale; however, where
water is present chemical a@d miheralogical changes'(conversion to illite and
chlorite) could begin at témperatures as low As 40°C and continue to tempera-
tures in eiéess,of,300°c., Séme of these changes may take place over.a period

of a few years or less. These mineral transformations will increase the grain




size of the clay minerals. This should cause an increase in porosity and per-
meability, facilitating the movement of water through the shale.

Ion mobilization - Permeability barriers and high pressure zones may be

created in shale when ions precipitate from solution. This may create problems
but in the long term couid be beneficial. The heat generated by radioactivity
will increase the solubility of the minerals and accelerate chemical changes.
This should cause an increase in the ion concentration of the shale pore waters.
The mobilized ions (Si, Mg, Fe, K, Ca, Na) will migrate along the temperature
gradient and at various intervals precipitate and cause a decrease in the poros-
ity and permeability of the shale and interbedded sandstones and siltstones.
This could lead to the development of high pressures in the vicinity of the
repository and increase the possibility of rock failure. As the temperature

of the repository decreases the possibility of problems arising from the for-
mation of high pressures should decrease. Ultimately a permeability barrier
should be beneficial because it will inhibit the flow of water into and out of
the repository.

I1litic shales -~ It is unlikely that heat generated by radioactive waste

will cause any major chemical or mineralogical changes in shales with a high
content of illite. In illitic shales the possibility of rock failure and water
migration will be minimal. Most illite-rich shales have been exposed to burial
temperatures of 200° to 300°C forvmillions of years and contain <5 percent
pore water and <5 percent water-bearing clay layers.

Kaolinite reactions - The porosity and permeability of thin sandstone and

siltstone beds in shales can be modified, probably decreased, by the formation-
of kaolinite. Moderate (50° to 100°C) increases in temperature, particularly

if organic material is present, will cause kaolinite to form from pre-existing
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minerals. Kaolinite is a minor component of most shales and though it can be

altered in the temperature range of 80° to 220°C, the alteration should have

- little effect on the physical properties of the shale.

Chlorite reactions - Porosity and permeability, in both shales and inter-

bedded sandstones and siltstones can be decreased by the formation of chlorite.
Chlorite can form by the alteration of other clay minerals at temperatures as
low as 70°C. At approximately 200°C ions can be mobilized to the extent that
chlorite may grow in fractures and other voids that might develop after the
temperature is increased. |

Organic reactions - Methane and C02 could create pressure problems in the

repository. For this reason, rocks with a high organic content should be avoid-

ed. Most shales contain 1 to 3 percent organic material. When the temperature
is‘ihcreased, starting at <50 C, organic material will decrease in porosity

and moisture content and methane and CO2 will be released. 0il may be gener-
ated in the temperature range of 65 to 150 C; condensate, wet gas, and methane
may be produced at higher temperatures. If the shale has been previously ex-

posed to high burial temperatures these reactions will not occur.

Paleotemperatures - It 1s essential that the maximum temperature to which

a shale has been exposed be determined before it is considered for a reposi-
tory site. Knowing this, it should be possible to predict the reactions that 7
will occur when the shales are exposed to additional heat. Changes in both
organic material and clay minerals can be used tofdetermine»the maximum paleo-
temperature to which a rock has been exposed; however,‘the reaction rates for
organic materiallare more time.dependent than those for the cléy‘minerals.
Thus, the clay minerals should be a more accurate geothermometer.

Low temperature shales - When shales are subjected to temperatures of 200°

to 300°C for hundreds of years, chemical, physical, and mineralogical changes




will occur. fhe extent of these changes will depend largely on the maximum &‘j
burial temperature to which the shales have previously been exposed. Mont- ®
morillonitic shales and shales with mixed-layer illite-montmorillonite con-

taining a high content of montmorillonite layers have not been exposed to high

burial temperatures and will undergo the most extensive changes. The most

serious change will probably be the release of interlayer water and the develop-

ment of shrinkage cracks and fractures. This will increase porosity and per-

meability and decrease the rock strength. Bench tests and field tests will

need to be conducted to determine the seriousness of this problem; however,

because of the effects of time on the reactions, the tests may'havé411mited

predictive value. Though montmorillonite may be dehydfated in a few minutes,

it may require several years, or considerably longer, to convert it to illite.

High temperature shales - Illite-chlorite shales, largely of Paleozoic age,

which have been subjected to burial temperatures in excéss of 200°C will under-
go only minor changes when exposed to heat that produces temperatures of 200°

to 300°C. The heat will have relatively little effect on the adsorption prop-
erties of illite. Water problems will be minimal and structural strength should
not be decreased. Additional bench and field tests will have to be made to
confirm these conclusions. Because shallow buried shales commonly contain
fractures and surface waters it may be necessary to conduct field tests at a
depth of approximately 300 m (1000 feet) to obtain realistic data.

Phase equilibrium - Theoretical and experimental phase equilibrium studies

provide an insight to the phase changes which occur in shales as temperature and
pressures change. ‘However, because of kinetic restraints, information from
such studies can be considered only a crude approximation of what happens in

the natural system where time is a major factor in overcoming sluggish reactions.
o

o
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Experimental phase equilibrium studies of shales rather than individual clay
minerals could possibly provide information that would be useful in predicting

the long term effects of heat on in-place shales.




CONCLUSIONS AND DISCUSSION

Shales and other rocks containing a high content of clay minerals (Weaver,
1977) have a number of properties that méke them an attractive ﬁost rock for
a radioactive waste repository. These properties include low porosity and
permeability, good sorptive characteristics, low solubility, and the potential
for plastic flow. These properties would all be modified by the heat gener-
ated by radioactive waste if a radioactive waste repository were established
in a shale deposit. The nature of the short-term response of the rocks to
heat can be established by laboratory and field studies; however, the response
of clay minerals and associated minerals to heat depends on time and can best
be established by examining the diagenetic reactidns that have occurred in
the natural system.

The availablé data indicate that the heat (200°-300°C) from radioactive
waste could probably cause some layer contraction in montmorillonite in a few
months. Layer contraction due to diagenesis (permanent dehydration) will be
a major factor over a short time interval only if appreciable pore water is
present; however, if the pore water is removed, the layers will contract due
to thermal dehydration. In the latter case, the contracted layers will have
the capacity to rehydrate. This type of dehydration could occur after the
clays are exposed to temperatures of 100° to 200°C for several hours. In ei-
ther case, the cation exchange capacity will be considerably reduced. Con-
traction will increase with time and extend outward a hundred meters or so
. from the repository. The release of interlayer water énd the development of
new pore volume and pgore water will be greatest in the vicinity of the repos-
itory and decrease outward. It has not been established exactly where this

water will go. Temperature will increase towards the repository, and porosity
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and permeability will decrease in thé opposite direction. A pressure build-
up could occur. If thin but continuous sandstoﬂe or siltstone beds are pres— .
ent, they could serve as channels through which some of the hot water or

steam can move; however, porous beds of wide lateral extent are rare in thick
sections of shale. The development of new pore space (10 to 30 percent) and
pore water (from interlayer water) should increase the plast;city of the shale

and cause or increase plastic flow. The subsequent loss of pore water will

cause a decrease in thermal conductivity and could lead to consolidation and

"the development of fractures.

Under natural conditions, the Al content of montmorillonite layers has

started to increase, probably by the loss of Si, at temperatures of 40° to

- 60°C. This is accompanied by the release of interlayer water to the pores,

layer contraction, and fhe fixation of K (from K-feldspar) between the con-
tracted layers. The layers are called illite. Initially, only a few randomly
distributed contracted layers are formed. Chemical modifications and layer
contraction continue at a regular rate until 70 tb 80 percent of the layers
are'contracted; At the same time, some Mg and Fe may be released from the
octahedral layer to form chlorite. The degraded K-feldspar may enter into

the reaction. The released Si is believed to form quartz. The exchange capa-

city is decreased.

The temperature at which 70 to 80 percent contraction is reached ranges
from 90° to 160°C. There is little further layer contraction until tempera-
tures are increased to in excess of 20050; however, chemical changes may con-
tinue. A relatively high layer charge is need;d to contract the finai 20
to 30 percent expanded layers. The temporal distribution of mixed-layer iliite—

montmorillonite and hydrothermal experiments indicates that reaction rates are




relatively rapid and that time is not a major factor. This is in contrast Q‘;

to organic diagenesis, where time is as important as temperature. Calculated .
activation energies indicate that at 120°C, 80 percent of smectite layers
wouldrbe converted to illite in approximately 5,000 years. In laboratory
experiments, the same amount of contraction was obtained in 167 days at 250°C.

High pressures could develop in montmorillonitic shales due to the forma-
tion of permeability barriers similar to those existing in the Cenozoic of the
Gulf Coast.

Water released from between the montmorillonite layers has a higher cation
concentration than normal pore water. Some of the released interlayer cations
(Na, Ca, Mg) and the Si, Mg, and Fe released during the modification of the
montmorillonite layers, along with CO2 from organic material and Si and Al
from the degraded feldspar, presumably migrate with the pore water. As the
temperature decreases, both as a function of distance and time, secondary
minerals such as calcite, siderite, ankerite, dolomite, quartz, chlorite, and
kaolinite (if conditions are acid) are deposited in the shale, and in sand- «
stone and siltstone beds, causing a decrease in porosity and permeability.

Calcite, kaolinite, and quartz (or opal) can form at temperatures as low as
50°C. Ankerite and chlorite develop at temperatures slightly in excess of
100°C, though some varieties of chlorite can form at temperatures of 60°C.

Under basic conditions, illite can form in thin sandstone and siltstone
beds causing a decrease in permeability and possibly porosity. It can form
from the alteration of feldspar or possibly from ions derived from the adja-
cent shales.

From the standpoint of waste storage, it is important to establish the

maximum paleotemperature to which a shale has been exposed. Even though some
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expanded water-bearing layers are present, if the shale has been subjected.to
temperatures on the order to 200° to 300°C for millions of years it is unlikely
that the heat generated by‘fadioactive'waste will cause any major chemical or
mineralogical changes; however, thermal dehydration could still occur. The
problems caused By dehydration will depend on the volume of expanded layers
that are present.

Pure 10 A illite is not likely to be affected much by temperatures en-
countered in a repository; however, Paleozoic illitic shales commonly contain

from 5 to 30 percent mixed-layer illite-montmorillonite (4:1 to 9:1). The

final 20 percent of expanded layers in the mixed-layer illite-montmorillonite

in shales can persist to temperatures in excess of 220°C. At the same tempera-

ture, associated sandstones can contain clays with 40 percent expanded layers.

‘The compositidn of montmorillonite layers is variable. Some presumably have

a sufficiently high Al content so that they convert to illite at 40° to 60°C.

Other layers have compositions strikingly different from illite. Much higher

temperatures are required to convert these layers to illite. The geometry
of the charge distribution also requires that the final layers attain a higher
charge and undergo mdre chemical modification to‘cause contraction than the
layers that are contracted at lower temperatures. Chemical constraints, lack
of K and Al, may inhibit layer gontraction.

When the Na/K ratio is sufficiently high, paragonite can form at tempera-

tures as low as 200°C (anchizone) and can be used as an indicator of miminum

_temperature.

At temperatures of 200° to 300°C about the only changes that would take
place in an illitic shale that had not previously been heated that high would
be some slightmodification of the structure and fabric of the shale. 1In the

natural system, an increase in temperature is usually accompanied by an increase
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inrpressure, and illite diagenesis produces a decrease in porosity and an in-
crease in shale density. In the vicinity of a repository, overburden pressure
should remain constant and the effect of heat on illite might be to cause a
slight increase in porosity. Exchange capacity should be slightly reduced

by the changes that occur at high temperatures.

The more obvious changes that take place in illitic clays ﬁith increasing
burial temperature occur in the 2M/IMd ratio, the sharpness ratio, and the
crystallinity index. The relative proportion of 2M illite increases with in-
creasing temperature, but it has not been established whether 2M illites form
before all expanded layers are converted to illite. The data are conflicting.

As the proportion of expanded layers (most "illites“vcontain 2 to 5 per-
cent expanded layers or more) decrease with increasing temperature, the width
of the "illite" peak decreases. These changes are measured in terms of peak
width (crystallinity index) and peak shape (sharpness ratio). Both of these
measurements demonstrate that the width of the (00l) x-ray peak decreases
through the burial temperature range of 100° to approximately 400°C (green-
schist facies). At lower temperatures, the peak width and spacing reflects
the proportion of expanded or chloritic layers interstratified with 10 A illite
layers. At higher temperatures, the peak width can be influenced by crystal-
linity, flake size, and the destruction of non-10 A layers. It is not known
which or if all of these factors are important.

Numerous authors have used crystallinity valuesrand sharpness ratio values
to characterize the stages of diagenesis and low-grade metamorphism. The three
widely used divisions are the diagenesis zone (montmorillonite to "illite"),
anchizone, and epizone (greenschist facieé). The boundary values used by
various authors are ﬁot'éonsiétent, and little attempt has been made to relate

the boundaries to temperature.
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The 10 A/5 A ratio can be used to measure a chemical rearrangement that
takes place within a shale.l The ratio is apparently a measure of the amount
of K that moves from K-feldspar to illite and the amount of Fe and Mg that
moves from illite to form chlorite. Thisﬂrearrangement should cause a change
in the physical properties of the shale. 7

The 10 A/5 A ratio of illite tends to decrease with increase in grade of
diagenesis and of metamorphism and presumably of temperature. The ratio de-
crease is caused by an increaSe in K and/or a decrease in Fe (accompanied by
Mg). Both chemical changes indicate an increase in the "muscovitic character"
of the illite. At temperaturés less than 200°€, where a mixed-layer phase
exists, the 10 A/5 A fatio is strongly influenced by the mixed-layer ratio
and is of questionable chemical significance.

When the 10 A/5 A ratio is plotted versus the crystallinity index, there
is a great deal of scatter; ﬁowever, in the Conasauga shale there is a good
linear relation between the ratio and the depth of burial. This may be be-
cause the samples were from one'fbrmation and the original composition of the
illitié clays was relativeiy uniform. When the samples are from one forma-
tion the ratio can possibly be used as a geothermometer.

The factors controlling the destruction of kaolinite are so complex that
it is unlikely that_kaoliﬁife can be used as a geothérmometer. In most shales
kaolinite is a minor component and its destruction or alteration in a reposi-
tory shale is likely to cause only minor physical changes. The major problem
with kaolinite will occur in the sandstones and siltstones. Elevated tem-

peratures could accelerate the formation of CO, from organic material, creating

2
the acid conditions which favor the formation of kaolinite. The newly formed

kaolinite should decrease the_porosity:and permeability; the destruction of
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feldspar, rock fragments, and possibly some quartz would cause an increase
in porosity and permeability. The net effect could be complex. Porosity and
permeability will likely decrease in some portions of the beds and increase
in nearby areas.

Kaolinite in shales may be destroyed at temperatures as low as 80°C but
can persist to temperatures in excess of 220°C under some conditions. 1In
part the temperature of alteration is a function of time, but the organic
content (pH) and the composition of the associated clay minerals are probably
more important factors. In clay beds associated with coal seams it is believed
that kaolinite converts to illite and chlorite when the semianthraci;e stage
(200°C) is reached. 1In shales it is suggested that the Mg and Fe released
from the mixed-layer illite-montmorillonite react with kaolinite to form
chlorite. Kaolinite may also alter to an Al-rich dioctahedral chlorite or
supplj the Al, with the release of Si, for the formation of higher-charged
illites. Where kaolinite is abundant in shales, it can be converted to pyro-
phyllite at temperatures as low as 200°C.

Most sandstones and siltstones interbedded with shales contain more kao-
linite than the associated shales. Most of the kaolinite is secondary and
formed from feldspar and clay minerals under acid conditions, commonly created
by the breakdown of organic material. Kaolinite can start to form at surface
temperatures, but formation is probably accelerated with increasing tempera-
-ture. The kaolinite can convert to dickite at temperatures as low as 70°C,
but this is not common. Kaolinite can also persist to temperatures of 325°
to 375°C. Experimental hydrothermal studies indicate that in the presence
of K, kaolinite feadily forms illite.

It can be expected that the heat generated by radiocactive waste will

cause some chlorite to be formed in nearly any type of shale that has not been
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preheated to near 300°C. This may cause some minor textural changes. At
températures slightly beléw 300°C, chlorite porphyroblasts and veins may form.
This chlorite could conceivébly fill fractures and other voids that might
develop in the shale. In sandstone and siltstone beds, secondary chlorite
would tend to decrease permeability but possibly not porosity. It is also
possible that low-temperature chlorite will be destroyed when exposed to
higher temperatures. |

Chlorites can form at surface temperatures when either Mg or Fe are readi-
ly -available. In soils, Al and Fe hydroxides precipitate between expanded
layers to form a chlorite-like material and limited data suggest that minor
amounts of chlorite are forming in the present ocean. Authigenic Mg-rich
chlorites and:mixed-layer chlorite-smectites are relatively abundant in evapor-
ite rocks and tidal carbonate rocks. Fe-~rich chlorites and chamosites are
commonly present in ironstones.

In shales, chioritg is believed to form as a by-product when montmoril-
lonite layers are converted to illite. This reaction can start ét temperatures
as low as 70°C. Chlorite is also believed to form from kaolinite when Mg and
Fe are present. The formation temperature ranges from 150° to 200°C. Chlor-
ite may also form during the late stages of diagenesis, 200° to 300°c, from
material released duringrthe final stages of illite recrystallization. This
material usually forms porphyroblasts or veins. In hydrothermal areas, chlor-
ite has.firét been encountered at temperatures rénging from 130° to 220°C.
At'higher temperaturés it’converts'td chlbrite or trioctahedral mica. Corren-
site, regular mixed~layer chlorite-montmorillonite, can fqrm’in shales at a
temperature of approkimately 100°é and persist tobtemperatures neaf 300°C.

Chlorite forms at relatively low temperatures in sandstones and lime-

stones. The chlorite fills or lines voids and replaces such minerals as
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feldspar, biotite, voicanic material, calcite, and montmorillonite. Compo-
sitions are highly variable. At a temperature of approximately7150°C the
chlorite undergoes a structural transformation. The source material for the
chlorite is commonly volcanic material, feldspar, clay minerals, and mafic
heavy minerals. Corrensite may form at the same time.,

The compo.ition of chlorite formed during diagenesis is dependent on
the composition of the host rock and temperaturé. This makes it difficult
to use chlorite as a paleotemperature indicator. However, once formed, the
composition of chlorite changes with increasing temperature. The author is
presently trying to measure these chemical changes and relate them to paleo-
temperatures.

The heat from high level radioactive waste could conceivably generate
methane gas or oil from the organic material in shales, though the minimum
time necessary for these reactions to occur is not known. Methane occurs
in very young sediments. The oil is not likely to be a problem, but the
methane could produce high pressures and possibly move into the repository.
Another problem can arise in shales that have not been previously exposed to
high temperatures. CO2 will be generated and carbonate minerals may be pre-
cipitated in the shale pores and in sandstone and siltstone beds. The CO2
could also decrease the pH to the extent that the feldspars and other minerals
would alter to kaolinite, causing further changes in the porosity-permeability
system. It would be desirable to select a h;st shale with a minimum amount
of organic material and preferably one that has been exposed for a consider-
able time to temperatures in excess of ZSOPCf Most major chemical modifica-

tions of organic material appears to be complete by 250°C, though some dry

gas may be generated at higher temperatures.
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Shales commonly contain 1 to 3 percent organic material. Because this
material is continuously changing character as a function of increasing tem-
perature, it is necessary to aetermine what reactions might be expected.
Further, considerable data have been accumulated relating stages of organic
metamorphism to temperature.

During coalification there is a decrease in porosity and moisture con-

tent and CH4 énd 002 are released. Numerous other changes occur but are not
particularly pertinent. Coal rank, peat through meta-anthracite, is primarily
determined by temperature, but time is also a major factor. Temperatures

of 60°C to 150°C will normally produce bituminous coal and 200°C anthracite.

“Anthracite can be formed at temperatures ranging from 100° to 300°C, depend-

ing on the length of time the material has been subjected to the particular
temperature.

Coalification of organic material in shales commonly results in the
formation of hydrocarbbns; particularly if the organic material was derived
from lower organisms (algae, animal plankton, and bacteria). Various at-
tempts have been made to relaté hydrocarbon generation to coal rank and tem-
perafure. Because time is a factor, the temperature values are not consistent.

Methane gas is produced during the early stages of coalification. - 0il
generation commonly starts at . temperatures of 65° to 100°C and ends ét tem-
peratures of 130° to 150°C. At highef temperatures, condensate and wet gas
are produced, followed by the formation of dry gas (methane) at temperatures
generally in excess of 160°C. The liquid hydrocarbon zone generally coin-
cides with the high volatile bituminous and the upper portion of the medium -
volatile bitﬁminous coal zones. Vitrinite.reflectance values for the hydro-

carbon zone range from 0.5 to 1.3.
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Organic material and clay minerals both progress through diagenetié and Q-J
metamorphic changes with increasing temperature. Attempts have been made to T
correlate the changes that take place in the two materials, but correlation
is difficult becuase the changes in the organic material are more time depen-/
dent than those that occur in clay minerals and the changes in the clay miner-
als are dependent on rock and water chemistry. The data suggest the clay
minerals are more reliable than organic material as paleotemperature indicg—
tors.

A compéris&n of coal rank and metamorphic mineral facies suggests that
the boundary between the diagenesis zone and the anchizone coincides with
the change from semianthracite to anthracite coal (V.R. 2.5, V.M. 8 percent).
On the basis of coal studies, this change in coal rank occurs at an average
temperature of 200°C. The boundary between the anchizone and the epizone
(greenschist facies) falls somewhere near the boundary between low-rank and
high—rank meta-anthracite. This change occurs somewhere between 300° and
400°C. As anthracite can form at temperatures ranging from 100° to 300°C,
its relation to specific mineral facies is not good. For example, kaolinite
is commonly destroyed at temperatures higher than 200°C and is considered to
be destroyed in the anchizone, yet it is commonly present, along with pyro-
phyllite, in Carboniferous anthracite coals. The persistence of kaolinite
in high-rank coals is probably due to the absence of other silicate minerals
and a restricted chemistry.

In clay-rich rocks, the diagenetic-metamorphic zonation is based largely
on the character of illite. The diagenetic zone-anchizone boundary is based =
on a crystallinity index of 7.5 (or 4.0) and a sharpness ratio of 2.3, and

it has been suggested that it is equivalent to the semianthracite-anthracite
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\HJ boundary. Kaolinite and random mixed-layer illite-montmorillonite are pre-
- sumed to be absent in the anchizone stage, and pyrophyllite, allevardite,

paragonite, and phengite are presumed to be formed. The anchizone-epizone

boundary is based on a crystallinity index of 4.0 (or 2.5) and a sharpness

wi

ratio of 12. The epizone or greenschist facies in shales is characterized
by the preéence of muscovite, chlorite, and at a more advanced stage biotite;
all expanded layers are gone and Mg and Fe have been removed from the illite,
converting it to muscovite. However, phengite with an abundance of Mg and
Fe in tﬁe octahedral sheet commonly occurs in thergreenschist facies.

‘Most of the expanded layers in Qixed—layer ilii;e—montmorillonite are
lost at a temperature of 120° to 150°C, in the zone of diagenesis. However,
the final 20 percent eXpanded layers can persist to temperatures well in

excess of 200°C (upper anchizone boundary based on coal-rank). The crystal-

"

linity index and sharpness ratio of these sampies would place them well within

the diagenetic zone even though they have been exposed to temperatures higher

o

than 200°C. Illitic clays that have crystallinitj’values (<7.5) that would
place them in the anchizone commonly confain only a minor amount (&10 per-
cent) of mixed-layer materiel; this material contains 5 to 20 percent expanded
layers. Thus, in the argillaceous rock.the upper boundary of the anchizone

is indicative of a temperature in excess of 200°C, possibly something on the
order of 250°C. The lower boundary‘of the anehizone, upper greenschist facies
boundary, is estimated to occur at epprOXiﬁately 400°C. -

:Ih'Figufe 1, I have shown the clay mineral changes which occur in shales

n

during burial and have related these changes to temperature. The tempeérature
scale is a best estimate based on the data’discussed.. Also shown are the

estimated temperature boundaries for the anchizone. Most of the mineral

s
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Discussion is on the following page.
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Figure 1. This figure summarizes the relation of‘diagenetic—metamorphié
changes in clay minerals and organic matter in shales to temperature. Most
mineralogic changes occur over a relatively wide temperatuée range; however,
structural and chemicél changes should prove to be useful paleotemperature
indicators.’

The first column shows the temperature intgrval over which smectite

(montmorillonite) is converted to illite. The area with the horizontal lines

~ indicates the range in the proportion of illite layers that can form at a

given temperature. All of the layers of montmorillonite are converted to
11lite at temperatures of 275 to 300 C.. Paragonite may form at temperatures
as low as 200 C. At temperatures in excess of approximately 425 C illite is
converted to muscovite (or phengite) and chlorite.

The second column shows the reaction of kaoiinite to temperature. Kao-

linite may be destroyed at temperatures as low as 100 C but can persist to

" temperatures in excess of 220 C. At 200 C it can be converted to pyrophyl-

lite and if Mg, Fe and K are present, to mixed-layer illite-montmorillonite
and chlorite.
| Fe;rich chlorite may. be formed from a variety of materials at a tempera-
ture as low as 70 C or lower. The amount of chlorite formed increases with
increasing temperature. Thg chlorites‘beéome moré Mg-rich with increasing
tempe;ature. Corrensite, mixed-layer chlorite—vermiculite (or montmoril-
loﬁite), forms at‘temperatures in the range of 90 to 150 C and persists to
at least 325 to-350 C. At higher temperatures it convertS’to‘chiorite or
Mg-rich trioctahedral mica.

Over a long period of time (0ld) coal can be converted from semi-anthra-

cite to anthracite at 100 C. In younger sediments a temperature of 300 C is
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required for the equivalent conversion. Hydrocarbons have a similar time-

temperature relation.

The right-hand column shows the zones of diagenesis and low-grade meta-

morphism. The boundary between the zone of diagenesis and the anchizone is
based on a crystallinity index (C.I.) of 7.5 and a sharpness ratio (S.R.)
of 2.3. The boundary between the anchizone and epizone (greenschist) is

based on a C.I. of 4 and a S.R. of 12.
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changes are not as'temperature specific as indicated, because variable chemi-
cal and mineral compositions will influence the transformation temperature.
The sloping boundaries between phases indicate the femperature range over
which these reactions occur and also indicate, in a general way, the rela-
tive probability of the change occurring at a given temperature.

In an effort to relate the silicate changes to some organic changes,
the published«temperature ranges are shown for the formation of anthracite
and the threshold of intense o0il generation;

The color of conodonts changes from pale yellow to black as the temper-
ature to which they have been exposed increases from 50° to 400°C. The color
alteration index (CAI) correlates reasonably well with the vitrinite reflect-
ance values of associated organic material. The CAI is not particularly
sensitive and can be used only to estimate temperatures to within a hundred
degrees. . Conodonts occur primérily in limestbnés, but if limestone beds are
present in a shale the’CAI can be used to give a general idea of the paleo-
temperature to which the shale has been eprsed.

Finally, it should be mentioned that the zeolite minerals have a diagene-
tic-~metamorphic témperature range_similar’to the clay ﬁinerals, i.e., 50¢
to 400°C. Thekzeolites are abundant in volcanic rocks and relatively rare
in shales. The zeolites should be thoroughly evaluated before any serious
plans are made to use volcanic rocksvfpr a repository.

In édnclugion, there is no doubt that when shales are. subjected to tem-
peratures of 200° to 300°C for ‘hundreds of years, chemical, physical, and
mineralogical changes will occur. Thebextent of these changes will depend
largely on the maximum burial temﬁerature to which the shales have previously

been exposed. Montmorillonitic shales and shales'with mixed-layer illite~
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montmorillonite containing a high content of montmorillonite 1ayeré will
undergo the most extensive changes. The most serious change will probably
be the release of interlayer water. Bench tests and field tests will need
to be conducted to determine the seriousness of this probiem; however, be-
cause of the effects of time on the reactions, the tests will haverlimited
predictive value.

Illite-chlorite shales, largely of Paleozoic age, which have been sub-
jected to burial temperatures in excess of 200° will undergo only minor changes
when exposed to radiéactive heat that produces temperatures of 200° to 300°C.
The heat will have relatively little effect on the adsorption properties of
illite. Water problems will bé minimal. Additiomal bench and field tests
will have to be made. It may be necessary to conduct field tests at a depth

of approximately 300 m to obtain realistic data.

Theoretical and experimental phase equilibrium studies provide an in-
sight to the phase changes which occur as pressure and temperature change.
- However, because of kinetic restraints, this information can be considered
only as a crude approximation of what happens in the natural system where
time is a major factor in overcoming sluggish reactions. Thermodynamic
calculations of equilibrium reactions requires a knowledge of the standard
free energies:iof formation and the composition of the phases involved. Many
of these data have not been accurately determined.

A more empirical approach to constructing phase diagrams is baéed on
obtaining experimental information and interpreting it on the basis of ob--

servations of natural mineral associations. The phase changes observed in
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laboratory experiments are generally similar to those observed in nature;
however, many of the rates of reaction are slow and it is difficult to deter-
mine which phases are stable and which are metastable. Thus, i£ is diffi-
cult to conclude from many of the studies which phasés will develop during
natural diagenesis where equilibrium conditions are more likély to prevail.
Laboratory experiments are of short d&fation and the temperatures at which

phase changes occur cannot usually be projected to the natural system with

any degree of certainty.




24

SMECTITE

Conve?sion to Mixed-Layer Phase

Smectites, largely montmorillonites, are more temperature sensitive than
the other clay_minerals. Numerous'studies (Burst, 1959; Powers, 1959; Weaver,
1959; Teodorovich and Konyukhov, 1970; Perry and Hower, 1970; Dunoyer De
Segonzac, 1970; Weaver and Beck, 1971; Moort, 1971; Foscolos and Kodama, 1974;
Heling and Teichmuller, 1974; Hower et al., 1976) have demonstrated that with
depth and temperature montmorillonite is transformed to mixed-layer illite-
montmorillonite. Many authors relate the disappearance of smectite to speci-
fic depths or temperatures but it is not clear what is meant by the "disap-
pearance of smectite". Generally it is assumed that the absence of the 17 A
x-ray peak, after the sample is treated with ethylene glycol, represents the
absence of smectite. However, calculations (MacEwan et al., 1961; Reynolds,

1967) indicate that expandable clay can contain up to 60 percent 10 A layers

(40 percent 17 A layers) and still produce a 17 A peak. Thus, diagenetic effects

start at shallower depths and lower temperatures than the depths at which the

17 A x-ray peak disappears. The studies of Burst (1969), Weaver and Beck (1971),

and Hower et al. (1976) show that, in the Gulf Coast, diagenetic effects can be
detected at temperatures approximately 20°-30°C lower than the temperature at
which the amount of layer collapse is sufficient to cause the 17 A peak to dis-
appear (Figure 2). In the Gulf Coast the temperature at which layer contrac-
tion is first detected ranges from approximately 50°C for the Pliocene to 85°C
for Oligocene sediments. It/is not clear why contraction appears to start at a
lower temperature in younger sediments. The identification of the depth of
initial layer contraction is subjective and further is dependent on the size
fraction analyzed. Chemical changes presumably occur before layer collapse is

observed by x-ray analysis.

-
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Perry and Hower's (1972) data indicate that in the Gulf Coast Oligocene &ﬁj
the 17 A peak is lost at;a'temperature of approximately 105°C and in the Mio-
cene at approximately 110°C. Pusey (1973b) reported a temperature of 120°C.
Weaver and Beck (1971) reported that the peak is lost at a temperature of
80°C in Gulf Coast Upper Miocene sediments; Aoyagi et al. (1975) found that
it was lost at the same temperature in a Miocene section in Japan. 1In Creta-
ceous sediments of North Africa the 17 A peak is lost at approximately 70°C
(Dunoyer de Segonzac, 1969). In the Upper Mississippian shales of Oklahoma
it disappéars at approximately 60°C.

Burst'sr(1969) data for 29 Gulf Coast wells indicate that the temperature
at which collapse of montmorillonite layers is "first" observed (broadening
of 17 A peak) ranges from 90°to 130°C with an average of 102°C. It is more
likely that these values are the temperature at which 607percent of the layers
collapse rather than the temperature of initial layer collapse. In the off-
lap sequence of the Gulf Coast, many of the older sediments occur at shallower
depths than younger sediments. Thus, in the Eocene the 17 A peak can be gone “
at depths of less than 1,500 m, whereas it can persist to 3,600 m in younger
sediments. Unfortunately, the geothermal gradient generally increases in the
direction (north and northwest) of increasing age of the subcropping sediments.
With the present data it is not possible to separate the effects of time and
geothermal gradient.

In the Oligocene sediments of the Rhine Graben, montmorillonite (17 A
peak) disappears at temperatures ranging from 40° to 96°C (Doebl et al.,

1974); Heling, 1974), though in one well it persists to a temperature of 115°C.
In the latter case subsidence was rapid and relatively recent #nd it was sug-
gested that high témperatures did not prevail long enough to complete the

transformation. The 40°C collapse temperature is believed by Heling (1974) Qﬁj‘
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to be due to a high permeability caused by the presence of intercalated porous
limestones. If the 40°C value is correct, then layer collapse must have
-started at temperatures of 20°C to 30°C. This does not seem likely.
Teodorovich and Konyukhov (1970) observed mixed-layer clays forming at
~ relatively shallow depths in the Jurassic and Lower Carboniferous sediments
of Russi;. They believed this was due to the ready availability of K from
biotite.

In the Salton Sea thermal area, the 17 A peak disappears at a temperature
of approximately 50°C (Muffler and White, 1969). Stﬁdies of the New Zealand
geothermal area by Eslinger and Savin (1973 a and b) show that the alteration
of montmorillonite to illitevis not a simple direct function of temperature.
In borehole Brl6, smectite persists to a temperature of approximately 150°C,

where it gives way to a mixed-layer illite-smectite containing about 10 per-

2t

cent smectite layers. This material persists with depth until a temperature
of 180°C is reached. No expanded layers are present at temperatures higher
than 180°C. The development of two-layer mo;oclinic (2M) 1llite is not linear
with température. At 895 m (241°C), 2M illite was detected (80%), but at
1356 m (270°C) only 35 percent‘of the illite was the 2M variety. None was
detected at temperatures less than 200°C.
In borehole Br7 at a depth of 162 m (112°C) the mixed-layer clay con-

" tains 15 to 20 percent expanded layers; at 433 m (209°C) it c;ntains 90 to
95 percent expanded layers. ' The latter is beligved to have formed metastably,
because‘in most boreholes the upper stébility limit of‘smectite is 130°C to

150°C. Illite develops at 750 m (240°C).

¥

In the New Zealand geothermal area, the hydrbthermal conversion of smec~
tite to illite is more complex than normally encountered in sediments which have

X undergone burial diagenesis. In all likelihood this is because in areas like

&/
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the Gulf Coast the original sediments contain detrital montmorillonite and
beidellite, whereas in the geothermal areas the rocks are volcanic and are .
first altered to smectite before being converted to illite.

The initial montmorillonite layers which are converted to illite are
randomly interspersed among the montmorillonite layers. Random interstrati-
fication of illite and montmorillonite layers continue until the illiée layers
constitute approximately 65 percent. As dehydration and illitization continue,
the interlayering becomes ordered (Reynolds and Hower, 1970; Perry and Hower,
1970; and Weaver and Beck, 1971). The rate at which the illite layers form
depends on the geothermal gradient (Perry and Hower, 1972, and Doebl et al.,
l974)~but may not be time dependent. Once an illite-montmorillonite reaches
a ratio of 7:3 to 8:2, little additional change occurs until there is a con-
siderable increase in temperature.

In Gulf Coast sediments the collapse of mixed-layer illite-montmoril- -
lonite with a ratio of 1:4 to that with a ratio of 4:1 can occur over a tem-
perature range of approximately 40°C. Where the geothermal gradient is low or
in younger sediments, the same amount of collapse occurs over a range of 70°
to 90°C. In the Paleocene-Cretaceous, the collapse occurs over an interval
of approximately 40°C (50° to 90°C)(Dunoyer de Segonzac, 1969). In the Cre-
taceous of British Columbia (Foscolos and Kodama, 1974), this collapse is
reported to occur over a temperature range of approximately 60°C (80° to
140°C). 1In the Upper Mississippian Spring shales of Oklahoma, the equivalent
collapse occurs over a temperature range of approximately 60°C (60° to 12(°C).

These data (Figure 2) suggest that temperature is considerably more important
than time in determining the rate of layer contraction.

In the Gulf Coast Cenozoic sediments, the top of the 7:3-8:2 phase has

been observed at a temperature of 90°C in Upper Oligocene (Hower et al., 1976), -

-
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120°C in Lower Eocene (Boles and Franks; 1979), 125°C in_Oligocéne and 160°C
in Miocene (ngry aﬁd Hower,:i§72). In these Wellé ﬁo additional change was
observed as temperatures increased to 170°C (maximum temperéture reported).
In another Upﬁer Miocene section, this phase was not reached at a temperature
of 119°C (Weaver and Beck, 1971). In the Cretéceous of Brifish Columbia
(Foscolos and Kodama, 1974), the—phase first occurs at 140°C. In‘fhe Upper
Mississippian Springer Shale of Oklahoma, the 8:2 phase first occurs at
approximately 120°C and persiéts ﬁo a temperature of at least 220°C (Shell,
Rumberger No. 5, 7,254 m). ‘It also persists to 220°C (9,083 m) in the De-
vonian of the Lone Star Badin No. 1 well in Oklaﬁoha.

For the Cretaceous Bentonites of the Denver Basin (Rettke, 1976), there
is a éufvilinear relation between in situ temperatufes and ﬁroportion of
illite;montmorillonite layers. At 60°C the cléy contains 20 percent illite
layers and at 100°C 50>percent illiﬁe layefs. Extrapolation of the curve indi-
cates a ratio of 7:3 would be attained at a tempefatﬁre of‘appfoximately 160°cC.
As might be expec;ed, feaétipn rates ére’relatively rapid during the initial
stage of ééllapse~(illite layeréAincf;asé from 15 percent to 40 percent over
a temperature range of 60° to 7550) and then became progressiQely slower (over
the temperature range of'75f to 100°C the illite 1ayersrincrease from 40 per-
cent to 50 péféenf. o

fért of the reasdn for the repérted differen;e'in thertempefatufes re—ri

quired to produce a given illite—montmorillonite ratio is the different size

fractions examined. Hower et al. (1976) show that mixed-layer clay in ‘the

<0.1 ym fraction attains a ratio equivaleht,to that of the 0.5 to 2 ym frac-

-tion at a:temperature of 20° to 40°C lower than that of the coarser fraction.

It is not clear why the finer fraction should have a higher percentage of

illite layers than the coarser fraction., The initial montmorillonite flake
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size is small, and flake size is assumed to increase as the proportion of
illitic layers increases. The data from Hower et al. suggest otherwise.
Dispersion may be a factor.

Figure 2 summarizes much of the data discussed in the preceeding pages.
Considering the inherent errors and the subjectiveness of the interpreta-
tion the relation between the amount of layer collapse, temperature, and time
appears reasonable. Of major interest is the fact that the temperatures at
which the various collapse stages are reached do not appear to vary regularly
with time. This can indicate that the reaction rate 1s so slow that time is
not a major factor or that the various mixed-layer ratios are temperature-
stable equilibrium phases. However, the reliability of the data is such that
temperature chanées of 20° to 40°C, with time, should be difficult to detect.
The ‘availability of K is another factor and may determine the temperature at
which the mixed-layer clay is converted completely to illite.

In geothermal areas, under hydrothermal conditions, montmorillonite is
completely converted to illite at approximately 200°C; in shales, an appre-
ciable percentage of expanded layers is present at burial temperatures of 220°C.
It may be that complete conversion to iliite in shales may require a tempera-
ture close to 300°C. It should be noted that porous sands in geothermal areas
may be completely cemented by secondary quartz at temperatures of <105°C

(Elders and Bird, 1973).

Other Complications

It is)assumed that there is a continuous increase in the proportion of
contracted layers with depth. A plot of the mixed-layer ratio versus depth
(Figure 3), for core samples, indicates that the;e are several reversals.

The data of Hower et al. (1976), and other studies of Gulf Coast wells I have
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Figure 3. Montmorillonite contraction profile for typical Gulf Coast well
(Weaver and Beck, 1971). Reversals appear to be real. Top H.P. indicates
top of high-pressure zone. Base 17 A indicates maximum depth of occurrence
of 17 A montmorillonite x-ray peak.
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made, indicate this is a common feature. A recent study by Boles and Franks
(1979) of Lower Eocene (Wilcox) sediments from southwest Texas showed that

the stable 20 péercent mixed-layer phase was reached at 120°C and remained
constant to 150°C. There are numerous reversals, with the proportion of ex-
panded layers being as high as 40 percent. This occurs in both the sandstones
and shales, but the clay in the sandstones commonly has moré expanded layers.
The number of expanded layers in adjacent samples ranges from less than 10
percent to 40 percent.

It appears that some factors other than depth and temperature can effect
the contraction of montmorillonite. The aberrations are most likely due to
variations in the bulk chemistry of the shale. Eberl and Hower (1977) reported
that at temperatures below 300°C Na plus glass of beidellite composition pro-
duced a2 mixed-layer clay similar to that of the K glass. However, at higher
temperatures a fully expanded stable phase formed. At even higher temperatures
a regular mixed-layer phase developed. The reversals in the increase in the
proportion of contracted layers with depth (Figure 3) could conceivably be
due to the presence of interlayer Na. Na is at a maximum in the interval where
reversals occur. A deficiency of K would also inhibit contraction.

On the basis of variation in ease of expandability, Foscolos and Kodoma
(1974) concluded that the mixed-layer clay in the Cretaceous Buckinghouse
Formation of Canada consisted of mixtures of illite, montmorillonite, and
vermiculite. Weaver and Beck (1971) have presentéd data that suggest some of
the montmorillonite layers are converted to chlorite rather than illite and
that the mixed-layer 7:3 is actually composed of equal parts of illite, chlorite,
and montmorillonite. |

Most recént interpretations of mixed-layer illite-montmorillonite are

based on the calculated curves of Reynolds and Hower (1970). Recently
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Tettenhorst and Grim (1975’&‘$ha b) have challenged some of their interpre-
tations. Among other things, they suggest the following. Variation in back-
ground intensity at low angles is due to variations in mean crystallite thick-
ness rather than to interstratification. When the mixed-layer phase contains
90 percent layers with 10 A spacings, the x-ray peaks shift position as the

17 A 1ayer changes from the‘outside of thercrystallite to the middie. When the
17 A layers are imbedded within the crystallites, the calculated x-ray patterns
resemble those Reynolds and Hower attrihute to ordered interlayering. The
presence of one glycol layer on the outer surface of the crystallites produces
the same results as the presence of a small percentage of 10 A layers. Some

of the expanded layer may adsorb only one layer of ethylene glycol (13.5 A)

s
(

rather than two (17 A). As little as 10 percent one-layer spacings decreases

the resolution in the 7-9°20 region, shifts the peak at 9-10°26 to lower angles,

and broadens the peak between 15-20°20.

In their study of Gulf Coast clays, Perry and Hower (1972) indicated that
layer collapse proceeded systematically with depth until 40 percent expanded
layers remained. At this point, ordered interstratification is presumed to
occur, and the proportion of expanded layers abruptly decreases to 20 percent.
Tettenhorst and Grim (1975 b) suggest that the appearance of regularity is
caused by the presence of a one-glycol layer complex.r The presence of one-'

glycol 1ayer complexes would cause the amount of 10 A material to be overesti—

‘mated. My own obsérvations are that layer collapse is usually regular and that

no abrupt rate of collapse occurs. In any event, the estimates of rate and

_amount of layer collapse are not entirely resolved except in a general way.

Tettenhorst and Grim also showed that frayed edges (core and rind) will

produce a secondary X~ray peak in ‘the low-angle region (11 to 14 A) similar
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to that produced as a result of regular mix-layering; however, if a peak is
also present with a spacing of 8.5 to 9.8 A ordered interlayering is indi-

cated.

Experimental

Montmorillonite heated undef one atmosphere pressure can be dehydrated
at from 100° to 120°C. In the presence of K and at relativély high pressures,
some layers can be contrac;ed to 10 A at relatively low temperatures, but even
at 400°C approximately 25 percent of the layers contain water (Khitarqv and
Pugin, 1966). Lebedev et al. (1975) heated a montmorilloniticrclay at a
pressure of 1000 kg/cmz. They noted no apbreciable change at 300°C. At 400°
an ordered mixed-layer illite-montmofillonite devéloped. Hiltabrand ef al.
(1973) observed no change in the montmorillonite in Gulf Coast muds heated
at 200°C under a pressure of 53 kg/cmz. Hydrothermal studies by Warshaw
(1959) showed that it was virtually impossible to produce a pure 10 A mica
phase below 400° to 500°C when the composition of the starting material varied
much from that of ideal muscovite. "Illites" have been produced at lower
temperatures, but the starting compositions were more like that of muscovite
than illite.

Eberl and Hower (1976) conducted hydrothermal experiments with synthetic
beidellite (A12813.66A10'34010(0H)2K0.34) and Wyoming bentonite (octahedral
Mg present). When both were saturated with potaséium.vmixed—layer illite
smectite waé formed: The proportion of illite 1ayers increased with increased
temperatures (150° to 400°C) -and iﬁcreased run time. An activ;tion energy
of 19.6&3;5 kcal/mole was found for conversion of béidelliterto mixed-layer
illite-smectite. rThe activation energy and rate constants suggest that the

transformation requires the breaking of chemical bonds in the 2:1 layers.
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clays is a function of the experimentally determined reaction rate, the degree

of contraction should be much further advanced. They concluded that expanda-

"and, therefore, the slower the reaction rate. Thus, layer collapse is rela-

‘Ba and Ca, produced:chloritic layers (tosudite--regularly interstratified
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They attempted to determine if the relation between temperature and ex-
pandability in the natural system represented chemical equilibrium or reaction

kinetics., Their data indicéted that if the expandability of buried Gulf Coast

bility is determihed by prevailing pressure-temperature conditions rather ;han
the length of time the clay has had to react. The data in Figure 2 tend to
support this conclusion.

Further, Eberl and Hower dgmonstrated that the presence of sodium slows
the rgaction rate for Wyoming bentonite, though a mixed-layer phase was pro-
duced at temperatures as low as 152°C. 1In tﬁeir experiments kaolinite was pro-
duced (glass + smectite » mixed—layerb+ kaolinite + quartz). This does not
appear to‘happén during burial diagenesis. They concluded that their kinetic
data were consistent with either an eqﬁilibrium or a kinetic interpretation
of the natural reaction.

In anothér hydrothermal study 6; Wyoming montmorillonite, Eberl (1978)
found that the rate of collapsed layer formation (rate of increased layer Ehange)
was inversely related to the hydration energy of the interlayer cation. He
concluded that the greater the hydration enérgy'of the intérlayeriregion,

the greater the charge that must develop on the 2:1 layer to cause dehydration

tively rapid when Cs, Rb, and K are the interlayer cations and is retarded
when Na, Li, and various divalent cations are present.

It is of interest to note that the Li-treated sample, and perhaps the

dioctahedral chlorite-smectite). P
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Chemistry

In order for montmorillonite to be converted to illitg, K must be added
in the interlayer space and the amount of tetrahedral Al must be increased.
Studies of the fine,bdlagenetically formed mixed-layer clay by Weaver and
Wampler (1970), Perry (1974), and Aronson and Hower (1976) confirmed that the
amount of K increased with depth and temperature as the proportion of illite
layers increased. These three studies showed, by K-Ar analysis, that the K
moved'from the coarse K—feldspér to the montmorillonite as illitic layers
formed (thereby decreasing the apparent K-Ar agé).

Analyses of the <0.1 pm mixed-layer fraction of a series of samples
from a Gulf Coast well (Hower et al., 1976) showed that in addition to KZO’
Al,0, increases with increasing proportion of illite layérs. MgOo, Fe203 and

273

Si0, decrease with increasing depth. They suggest that the reaction is smec~-

3* 4+ k' = 111ite + S1* + chlorite. The Al and K are believed to

2
tite + Al

come from K feldspar and perhaps ﬁica. The Si released from the smectite
is believed to form fine grained quartz. The Mg and Fe released from the
smectite are believed to form chlorite. Chlorite was observed to increase
with depth. However, an appreciable portion of the chlorite occurs in the
>2 ym fraction (and in the >10 um fraction). The chlorite/kaolinite ratio
generally increased with increasing particle size. It is surprising that
chlorite should form such large particles. No chlorite was found shallower
than 2450 m. This depth coincided approximately with a major formation
boundary (Anahuac-Frio). It is possible that, under some conditions, the Mg
may be used to form dolomite and the Fe to form siderite or pyrite.

They also found calcite decreasing with depth and believed the decrease

was due to dissolution. Weaver and Beck (1971) observed the same trend.
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Chemical analysis of the <0.08 um fraction of mixed-layer clays from
the Lower Cretaceous of Briﬂsh Columbia (Foscoloé' éhd Kodama, 1974) show

the chemical changes that occur with increasing proportion of illite layers:

47 percent illite layers:

3+ . .
(Al 59Fe”" ¢ 23Tig 02M2p,20) (8i3,644l0 36) 09 80(0H);, 50K0.32N20,07C20,12 (94°C)

82 percent illite layers:
3+ i .
(Al} 73Fe™ 0,05 Tig.02M80,17) (Si3 524l 48) Og,86(0H) 27K0, 60Nag 520,06 (164°C)

Hoffman and Hower (1978) analyzed shallow and deeply buried bentonite
beds from the Cretaceous of Montana - and obtained the following average for-

mula for the 0.2 - .5 ym fraction:

15 percent illite layers:
(Aly 49Fe>*) 57Mg 40) (i3 91 Alp,9) O10(OH)pKp 05X 1028 (<60°C)
65 percent illite layers: 7
(Aly g7Fe3* 1gMeg, 51) (Si3 4441y, 56) O10(OH)Kq 45X 12 (100-175°C)

The montmorillonitic shales enclosing the bentonites have mixed-layer
illite-montmorillonite ratios similar to those of the bentonite. Both have
more chlorite assbciated with the high illite mixed-layer phase than the low
illite mixed-layer phase. Chlorite and mixed-layer chlorite-smectite are common
components of the Ordovician Kf-bentonites (70 to 80 percent illite layers)

but are not always present. The chlorite generally increased with inc;reasing

.depth of burial, but-one bed méy contain appreciable chlorite and another bed .

-a few feet above or below may have none. Thus, chlorite is not a necessary

by—product; of the formation of illitic layers from smectite (or volcanic glasé).
The source of the K is believed to be the adjacent shales. This does

not explain the source of K wh/e/n'the encasing sediments are limestones (brdo—

vician K-bentonites). Rathér-than Al being added,rit is more likely that Si

is removed from the bentonites to-the adjacent shales (Weaver, 1953, and

Slaughter and Early, 1965).
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Analysis by Weaver and Beck (unpublished) of the <0.2 um fraction of

.Gulf Coast Pliocene-Miocene clays gives the following results:

20-30 percent illite layers:

3+ . . ) o
(Aly 54Fe”",490M8g 33) (Si3 65Alg 35) O1o(OH)K( 9gNag 15Cag g1 (50°C)

60-70 percent illite layers:

(Al 47Feq 30Mgg 27) (Si3 53l 47) O10(0H) K 43Nag g9Cag 3 (110°C)

Mossbauer and chemical analyseé (Weaver and Beck, 1971) of the bulk sample
indicate that with depth much of the Fe3+ is reduced to Fe2+.

Figure 4 is a graph showing the distribution of the ions in the above
structural formulas as a function of percent illite layers. - Figure 5 shows.
the same chemical data plotted in relation to the postulated temperature of
formation. Considering the possible variations in the starting material, the
relations are good. Both tetrahedral and octahedral Al (and K) increase with
increasing proportion of illite layers and temperature. Conversely, octahe-
dral Mg, Fe, and Mg + Fe decrease. Extrapolation of the limited data indicates
that a clay with 100 percent illite layers should have the following composi-

tion:

(A1 ggFe3* 1 oMo 10) (Sis_35A10.65) O10(@H)Ky 65X, 10

Extrapolation of the temperature-structural data indicates that this
composition should be reached at approximately 190°C. The calculated formula
contains only about half the octahedral Mg and Fe found in most illites (Weaver
and Pollard, 1973). This could indicate that most illites did not form by
burial diagenesis and/or do contain some chlorite or montmorillonite layers.

A plot of tetrahedral Al and oqtahedral Al versus total Al indicates that
as total Al increases the amount of tetrahedral and octahedral Al increases

at approximately the same rate. This suggests that rather than Al being added
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to the tetrahedral sheet Si is removed from the sheet along with some Mg
and Fe from the octahedral sheet. Some of these ions may combine with the
Si and Al from the K-feldspar (source of K) to produce a chloritic material.

As the proportion 10 A layers increases, the amouﬁt of interlayer K
increases. The increase is not linear. When all of the K is assigned to
the 10 A layers (x-ray), the amount of K increased lihearly, from 0,55 per
OlO(OH)Z when onlyVSO percent of the layers are contracted, to 0.8 when 100
pércent of the layers are contracted (Weaver and Pollard, 1973). This indi;
cates either that the method of calculating the proportion of éxpanded and.
nonexpanded layers is in error, or that the distribution of K is not even and
that the last layers contracted contain considerably more K than those that -
were contracted in the early stages of diagenesis. The interlayer cation
suite present during the final stages of diagenesis is different from that
present in the earlier stagesb(the Ca/Na ratio increases with depth). Thus,
more charge might be required to produce exchénge and contraction in the
later stages of diagenesis. |

Hower (1967) suggests that the degree of ordering (arrangement of high ‘
and 1$w charged layers) will control the proportion of layers that will con-
tract for a given amount of K. He calculated that order interlayering pro-
duced more contracted layérs (10 A) per amount of K than did random interlayer-
ing. As ordering increases with an increase in the proportion of 10 A layers,
the amount of K per 10 A layer should decrease with an increasing number of
lO‘A layers. The trend is exactly the opposite.

Another possibility is that in mixed-layer clays with relatively few
10 A layers, somervermiculitic layers and/or exchangeable K is present and
the layers adsorb only one 1aye: of ethylene glycol (rather than two). This

would cause the amount of 10 A layers to be overestimated.
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Hower's graphs indicating that the amount of interlayer K increases as
the number of contracted layers increase are based on data from samples from a
wide variety of formations and may not represent a diagenetic trend. Data
from individual formations which contain a diagenetic sequence (Weaver and
Wampler, 1970; Foscolos and Kodama, 1974; and Hower et al., 1976) do not appear
to show such a trend. The K content per layer appears to be nearly constant
or may actually decrease as the number of 10 A layers increases.

The chemistry of the bulk samples shows relatively little change with
depth, indicating that most of the ions necessary for the formation of the
illite layers are generated internally, largely from K-feldspar. Weaver and
Beck (1971) demonstrated that most montmorillonitic shales do not have suffi-
cient K, Mg, and Fe relative to Al to be converted to a typical Paleozoic

illite-chlorite shale. If the conversion is to occur, they believe that K,

Mg, and Fe must be added to the system by migrating upward from the more deeply

buried shales. Weaver and Beck's (1971) data show that below 3,330 m K, Mg,
and Fe systematically increase relative to Al. Dunoyer de Segonzac's (1969)
data for the Cretaceous of North Africa show a similar trend for Mg. Data in
Hower et al. (1976) show a decrease in Mg and Fe (where does it go?), and an
increase in K relative to Al, with depth. It is difficult to evaluate how
much these trends are due to changes in the composition of the detrital materi-

al with depth. More data are needed.

Release of Interlayer Fluids
Water

It is not known for certain how many layers of water buried smectites
contain. However, the experimental studies of Van Olphen (1963) and Khitarov

and Pugin (1966) indicate that water layers in excess of two are removed
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fairly easily. Studies of buried sediments indicate that the final one or
ﬁwo water layers are removed at temperétufes and préssures in the range en-
countered in the conversion of montmorillonite layers fo illite layers (50°
to 300°C).

Laborétory experimgnts involve only temperatures and pressure and do not
take into account the increase in layer change°whichvoccurs during burial
diagenesis. Vermiculites which have a layer charge large enough to allow them
to contract to 10 A when K 1s present contain two water layers. It seems
likely that under shallbwrburial conditions, as the charge in the smectite
layers increases, the smectite contains two layers of water until the layers
actually collapsé. Khitarov and Pugin (1966) found that montmorillonite con-
tained two water layers at 150°C and 5000 atmospheres pressure. One water
layer was present at 200°C and 10,000 atmospheres pressure.

An expanded clay with two water layers contains 20 percent water by
weight or approximately 33 percent by volume (10 A clay layer, 5 A two water
layers). The average shale contains approximately 60 percent clay minerals.

If the clay suite contains 80 percent montmorillonite (typical Gulf Coast

clay) the amount of interlayer water lost by contraction of all expanded layers

would be 9.6 percent. The typicalrdetrital montmorillonite contains 20 percent
to 30 percent contracted layers and the mixed-layer phase stabilizes at 70
pércent to 80 percent contfacted layers at a temperature of 12(° to 160°C

and persists‘to 200°C or higher. Thus, through the interval of maximum dia~
genetic alterétion'40 percent to 50 percent of the layers are contracted and

4 percent to 6 percent of interlayer water (by weight) is transferred to the
pores. The volume redqction in interlayer space would range from 6 percent

to iO percent. An equivalent increase in pore space ahd,pore water would

présumably be created.
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Perry and Hower (1972) state that contraction and water loss start
abruptly and occur over a relatively short depth-temperature interval. Their
data indicates that the collapse rate varies as a function of time and/or
temperature. Unfortunately, the two effects could not be separated. 1In an
Oligocene well (geothermal gradient 1.7°C/100 m) the contraction and water
release occurred over a depth range of approximately 900 m (40°C); in a Miocene
well (1.4°C/100 m) it occurred over a range of 3,000 m (80°C). The data in
Figure 2 tend to confirm that most of the water release due to layer contrac-

tion occurs over a relatively narrow temperature interval ranging from 40°to

- 80°C.

The depth-temperature range over which 1ayer>collapse occurs is in part
a function of the size fraction examined. The data from Hower et al. (1976)
indicate that the fine fraction of the original detrital montmorillonite has
a higher proportion of illitic layers than the coarser fraction. With in-
creased depth and temperature the proportion of illite layers increases in
both size fractions, but not at the same rate. The <0.1 um and the 0.5 - 2 um
fractions contain 60 percent illite layers at approximately the same depth
(3,400 m). Above this depth the proportion of illite layers increases at a
faster rate, with depth, in the coarser size fraction; below this depth the
situation is reversed. In the <0.1 um fraction the proportion of illite layers
increases from 60 percent to 80 percent over a distance of 500 m and then re-
mains constant for the remaining 1700 m. In the 0.5 - 2 ym fraction, the
proportion of illite layers incréases from 60_percent.to only 70 percent over
a distance of 1200 m and then remains constant for the remaining 800 m. The
reaction is apparently size dependent. However, with depth the amount of
total mixed-layer decreases in the finer size fraction and increases in the
coarser size fraction. The data say that as the proportion of illite layers

increases in the finest fraction, that portion which has the fewer illite
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1aye£s becomes coarser and the portion with the most illite layers remains
fine. This perhaps could occur if illitization proceeds by dissolution rather
than accretion. It is unlikeiy the data are reliéble enough to make such a
conclusion. When the whole sample is considered, interlayer water release is
spread over a much wider depth-pressure interval than indicated by the pub-
lished curves. For example, at 170°C the 0.5 -~ 2 um fraction (24 percent of
the sample) contains 8 percent more expanded layers (32 percent vs. 24 per-
cent) than the less than 0.1 um fraction (9 percent of the sample) (Hower

et al., 1976).

Powers (1967), Burst'(1969), and Perry and Hower (1972) have constructed
"water escape curves" which are intended to show the contribution of the re-
leased intérlayer water to the porosity of shales. The meaning of these
curves is not entirely clear. The upper portion of the curves, shallow
burial, represents the rate of loss of pore water from tﬁe mud and the lower
part the release of interlayer water to the pores. In addition, the curves
are not to scale. Their curves suggest that the released interlayer water is
equivalent to one~third to one~half of the original pore water content. Cal-
culations show that the totalrreleased interiayer water, over an interval of
1800 m, should amount to approximately 5 percent by weight. Figure 6 contains
a curve showing the reduction in pore water content with depth of a typical
Gulf Coast shale section. Also shown, approximately to scale, is the con-
tribution of the released interlayer water. Although the contribution of the
released interlayer water is not as spectacular as that in the previously pub-

lished curves, it is probably significant.

0il
Weaver (1960) established that a relation existed between o0il production

and the occurrence of expanded clays and suggested that the interlayer water
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Figure 6. Typical shale pore water curve for early Tertiary Gulf Coast section. ﬁs}.
Second curve (diagenetic water), between 1,850 m and 4,000 m shows amount of

water released by conversion of montmorillonite to illite. Second curve is

not cumulative. If all diagenetic water were retained in the shale, the amount

of shale pore water below 4,000 m would be increased by 5 percent. T.H.P.

~ indicates general location of the top of the high-pressure zone.
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in the expanded clays provided the fluids necessary for the nigration of oil
after deep burial. Later Burst (1969) constructed a graph showing the verti-
cal distance of Gulf Ceast productive zones above and below what he called
the second stage dehydration level. Moet of the production occurs above this
level and is supposed to be related to the upward migration of water released
at the second stage dehydration level. His second stage dehydration level
is based on the depth or temperature at which the 17 A glycolated montmoril-
lonite x-ray peak "disappears". This diseppearance has no particular signifi-
cance, except that it 1Is relatively easy torobserve; however, ite identifi-
cation is highly subjective.

The collapse of montmorillonite starts at a lower temperature and depth
than is indicated'by the disappearance of the‘l7 A peak. Depending on the
age and éeothermal gradient, contraction of montmorillonite layers starts

from 600 m to 1500 m above and stops (attains a 4:1 mixed—layer i1lite-

“montmorillonite ratio) from 300 m to 1500 m below the depth selected by Burst

as thersecond stage dehydration level. When these limits are plotted on Burst
curves forrthe production-depth distributicn (Figure 7), it can be seen that
virtually ali production comes from the interval between initial collapse of
montmorillonite layers and the formation of the stable 7: 3 - 4:1 phase. For
whatever reason, oil production is concentrated in the interval in which the
montmorillonite loses 50 percent to 60 percent of its interlayer water (20
percent to 25 percent of the layers are contracted in the original montmoril—

lonite, and the final 20 percent to 30 percent of 1ayers are not contracted

’ until temperatures of’ 200°to 250°C). Thus, significant vertical migration of

‘the released interleyerrwater is not required. Migration need only be local

rather than the hundreds of meters indicated by Burst's model.
Connan,k1974) discusses the time-temperature dependence of oil genesis

and notes that the threshold of intense o0il genesis appears at much higher
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Figure 7. Relation of initial collapse of montmorillonite layers and first
occurrence of "stable" mixed-layer phase (4:1) to number of producing fields
in the Gulf Coast Tertiary. Production data from Burst (1969). Zero line

indicates relative depth at which 17 A x-ray peak can no longer be observed.
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tempefétures in younger sedimentary series than in old ones. His data indi-
cate that the temperature for the threshold of intense oil genesis decreases
from 115° to 120°C for shales 12 m.y. old, to 65° to 80°C for shales 70 m.y.
old, to 60° to 62°C for shales 180 to 359 m.y. old. The pseudo-energy of
activation is in the range of 11,000 to 14,000 cal/mole. He attributed the
low value to the catalytic influenée of clay minerals and possible organic
matter.

Figure 8 shows the relation of the temperaturé of the threshold of in-
tense oil generation to the montmorillonite dehydration pattern. For the
past 100 m.y., intense oil generation has'started near the center of the
montmorillonite dehydration zone (1:4—7:3). The data for older sediments
are too sparse to be significant. The temperature interval over which the
montmorillonite is dehydrated (50 to 150°C) is similar to the temperature
interval over which oil is geﬁerated‘(Hood et al., 1975).

To go one step further, it may well be that layer contraction aids iq

the generation of hydrocarbons. When two or more water layers are present,

"organic material in the interlayer position may not be ih direct contact with

the clay surface. When layer dehydration starts, the organic matérial is
brought in closer proximity to the silica tetrahedral surface, and the neces-
sary catalytic reactions can occur to convert the organic material to hydro-
carbons. Aﬁother important factor may be that the concentration of interlayer
cations is increased considerably during the final stages of layer dehydration.
Among other things, the conversion of organic material to hydrocarbons

requires a decrease in the size of the molecules and an increase in volatility,

~mobility, and hydrSgen content. Thomas (1949) established that catalytic

cracking by Si-Al compoﬁnds is causedrby the presence of hydrogen ions in the

catalysts. The acidity, or exchange capacity, is created by Al3+ substituting

for Sia+ in the tetrahedral oxygen network, Acidity increases with increase
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in Al3+ substitution until the Al1/Si ratio reaches one. Mortland et al. (1963),
Fripiat et al. (1965), and Mortland (1968) showed.that the acidic properties
of interlayer water are considerably greater than in normal water. Proton

= ‘ donation increases with tﬁe decreasing content of interlayef‘water. The pro-
duction of prbtons from water molecules is related to the electronegativity
of. the cation. As the electrons are displaced towards the metal ion, the
proton is more:eaSily removed. As the water content decreases, the polariza-
tion forcés are léés diluted, and the remaining water molecules become more
polarized and better proton donors. The extent of proton donation by resi-
dual water in montmorillonite as a’funétion of the type of metal ion increases
as follows: Fe3* > APt > Mg > Ca> Na. Johns and Shimoyama (1972) noted these
relations and suggested that preceding the contracfion of montmorillonite

layers, adsorbed fatty acids undergo progressive decarboxylation and long

’\

chain alkanes are prdduced. With Increasing temperature, as the water con-
tent of the ‘expanded layers is reduced and proton donating capabilities are
increased, alkane cracking occurs.

Tissot.(l969) and Tissot et al. (1974) established that there were three
basic groups of organig matter in sediments. The fﬁree types were character-
ized by their pbtgntial to bfod#ce hydrocarbons as'buriél depth and tempera-
ture incfeased. Ishiwatari et al. (1977) suggested thatrTissot's three groups
of organic matter wefe lipid, humic acid, and kerogen. ”Théir‘studiés support
the earlier suggestions of Tissot (1969) that the pathway for hydrocarbon

production from keroéen is through the formation of liquid pfdducts which were

[}

préferentially altered to aromaticvand aliphatic hYdrocarbons. This liquid
- product would presumably be ‘the material that is adsofbed between the layers

of expanded clay, as it is unlikely that much of the original organic material

#

was present in the interlayer position. When humic material is heated, only
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a minor amount of liquid product is formed. It should be noted that the water
‘between the montmorillonite layers is not, for each layer, reduced systema-
tically from two layers to one layer to a partial layer. This sequence may
take place, but on a layer-by-layer basis. Initially, layers with the higher
charge contract and lose all interlayer water; the lower charge layers still
contain two layers of water. Thus, cracking can occur as the first layers
are contracted (50° to 80°C) and can continue until the final layers are con-
tracted. The increase in layer charge required for the layers to contract is
largely caused by increasing the Si/Al ratio. The increased charge caﬁses
an increase in the concentration of interlayer cations. Both factors should
enhance the cracking capabilities of the interlayer region.

Montmorillonite may aid in cracking by providing a source of readily

available H ions. A reciprocal action may occur., It is conceivable that by

removing H ions the organic material aids in the conversion of montmorillonite

to illite. A number of possibilities exist. Mortland et al. (1963) found
in their study of the interaction between ammonia and expanding lattices that
there was some exchaﬂge between the lattice hydroxyls and the adsorbed water.
Thus, it is possible that as H+ is complexed by the organic material in the
interlayer material, H' from the octahedral OH moves to the interlayer posi-
tion. This would increase the layer charge and facilitate contraction. Es-
sentially, the organic material would act as a pump to remove H+ from the
montmorillonite layers. |
Hydrocarbons can apparently form when expanded clays are not present or
are present in only minor amounts. The surface or edge of the glay plates
may act as a catalyst. However, when the interlayer water is not present,
migration should be restricted. The availability of expressed interlayer

water for migration may be more important than the catalytic activity of the

-
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clay in the formation of commercial deposits of hydrocarbons. Hydrocarbons

are present in many shales, but appear to be concentrated in reservoirs pri-
marily in those sediﬁents which contain or contained an appreciable amount of
expandable clay (Weaver, 1960). <Cordell (1972) made an excellent review of

the factors controlling the origin and migration of hydrocarbon.

High Pressure

In some Gulf Coast wells the normal decrease in shale density and porosity
with depth is interrupted by a relatively abrupt reversal of trend. After a
relatively short interval (150 to 300 m) the normal trend continues (Kerr
and Barrington, 1961; Myers and Vén Siclen, 1964; Powers, l967§ Weaver and
Beck, 1971; Schmidt, 1973). Most of these authors suggest, in one way or
another, that the released interlayer water is a factor in causing the density
reversal and the abnormally high pressures associated with the reversal.
Powers (1967) and Burst (1976) have suggested that the interlayer water has a
higher density than pore water and when released to the pores expands, creating
high preésures. It has not been established that interlayer water has é higher
density than unconfined water. |

Changes in water demsity are not necessary for the formation of high
pressures. Bredehoeft and Hanshaw (1968), Fertl and Timko (1970 a and b),
Weaver and Beck (1971), Chapmén (1972), and others have indicated that high
pressures are créated‘by low permeabilit§ or low hydraulic conductivity in
sec;ions of thick shales. Bradley (1975) has reviewed the many processes which
could contribute to the formation of abnormal preséures‘and concluded that the
primary requirement was the formation of a seal and that temperature was the

principal source of pressure. He pointed out that porosity loss is not due to

overburden stress but is due to a group of interrelated chemical processes
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which are dependent on reactivity, temperature, surface area, and pressure.
The development of high pressures may be dependent on the rate of chemical
changes in the shales and on the timing and effectiveness of some forms of
seal. This seal need not be a pressure seal at inception. The preseal could
restrict water flow and deléy chemical process with increases in density.
Porosity values in high-pressure zones are similar to those 1500 m to 2000 m
higher in the section (Weaver and Beck, 1971, and Schmidt, 1973) suggesting
the preseal developed at these depths. Initial layer collapse starts in this
same depth range and may be a factor in its development. However, Chapman
(1972) calculated that the abnormally high pressures encountered at 3000 m
to 3700 m acquire their abnormality at depths of burial on the order of 600 m
to 800 m. In any event, 6nce diagenetic reactions are sufficient to cause layer
collapse, some of the released Si and Ca can migrate to the barrier zone, where
crystallization of quartz (opal) and calcite will further decrease the per-
meability.

Magara (1975) also concluded that low permeability rather than differences
in water density is probably the main cause of high pressures. He pointed
out that during burial where a normally compacted shale of relatively low
porosity reached the depth-temperature where porosity increased (under-compac-
tion), there would have to be a rebound or volume increase of at least 6 per-
cent. The volume increase due to the proposed difference in water density
would be considerably less than this (2 percent). Weaver and Beck (1971)
calculated that the abrupt change from low porosity shales to high porosity
shales would require the release of six layers of water. This is an unaccept-
able value at this depth. Barker (1972) used the pressure-temperafure-density
values of water to show that during burial the heating of entrapped water can

create large excess pressure (aquathermal pressuring).
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Release of interlayer water to the pores should have no effect on bulk
density (Magara, 1975), though it should increase porosity. It is difficult,
using heating techniques, to differentiate between pore water and interlayer
waters. The majbr effect of the released interlayer water should be on the
chemistry of the pore water; however, because some of the released ions and
water are apparently lost from the pores, a d;rect assessment of the role of
the released water is difficult.

Hedberg (1978) suggested that methane, generated thermochemicaliy at
depth, is the majér cause of overpressuring in shales. Methane is undoubtedly
a factor in the formation of many mud diapirs.

As Nagara (1975) has suggested, once the seal has formed and abnormal
porosities are developed (compaction diseqﬁilibrium), the resulting increase
in temperature gradient will accelerate the increase in layer contraction and
the release of the interlayer water. Earlier, Lewis and Rose (1970) had

noted that as water is a threefold greater insulator than rock, over-pressured

_zones should act as insulators causing an increase in the temperature gradient.

In an interval of 1600 m, the temperatures can increase by 50° to 60°C more
than what it would be in the absence of abnormal water content (Timko and
Fertl, 1972). The temperature increase is certainly enough to cause a signi-

ficant increase in the amount of interlayer water released. Thus, the pres-

- ence or absence of high-pressure water can be responsible for the variations

in the depth at which layér’collapSe starts. Rather than released interlayer
water causing high pressure, high-pressuréd water can accelerate the release
of inte:la&er water.

,Montmqrillonite is commoniy, if not always, abundant in high—presSu:er
shales. The role'of montmorillonite may haveiiittle'or nothing to do with its

alteration to illite. Montmorillonite is the only clay that can retain a high
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pore water content to a sufficient depth and temperature to allow a permeabi-
lity seal to form and trap a significant amount of fluid.

It is generally assumed that the interlayer water completely fills the
entire volume of interlayer space. This need not be. Martin (1960) noted
that x-ray patterns can indicate the presence of two water layers (15 A) when
there is actually not enbugh water present to form one complete water layer.
Walker (1956) found that vermiculite is fully hydrated (all potential water
sites occupied) only when immersed in water or at very high‘relative pressures.
As the vermiculite is dehydrated, the water is lost molecule-by-molecule
rather than layer~to-layer, and during most stages of dehydration complete
water layers are not present. Though it may well be that when a swelling
clay is buried the interlayer spacé is completely filled with water, this
situation need not exist during all stages of burial. It is conceivable that
at some stage water is released from the interlayer space to the pores with
no accompanying decrease in interlayer volume. If an expanded clay layer
containing less than its full component of interléyer water is collapsed to .
10 A, the increase in void area without a concomitant increase in pore water
would cause overcompaction. It is not clear whether these phenomena are
significant, but they may need to be considered.

When montmorillonite layers are converted to illite, there should be
a volume reduction of the layers, exclusive of interlayer volume. As Al3+
is substituted in the octahedral sheet and the large Mg2+ and Fe3+ ions are
removed, there is a decrease in size in the b-axis direction. As Al substi-
tutes in the tetrahedral sheet, it increases in size; howevér, when the layer

charge is large enough, the tetrahedral rotates, decreasing the size of the

b-axis, and locks the K+ into position (Weaver and Pollard, 1973). These
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4+, Fe3+’
and Mgz+ may react to form chlorite and quartz and compensate for the reduc-
tion in the size of the 2:1 layers. These new minerals would presumably form
some disﬁancg from the site where the ions were taken into solution. Thus,
local inequities would result. In one area the pore volume would be increased
and ip another decreased. It is unlikely that all of these ions would migrate
to the zone where the seal is formed, but some evidently do.

Heat generated by high~level radioactive waste will likely cause similar
chemical reactions and cause ions to be mobilized in the high-temperature zone

and migrate to lower temperatﬁre areas, where they could precipitate to form

a permeability barrier.

Water Chemistry .

The salinity of the interstitial water in sandstones normally increases
with depth (De Sitter, 1947; Dickey, 1969, 1972; Fertl, 1976), reaching values
ten times that of seawater. Some investigators (Timm and Maricelli, 1953,
and Myers, 1963) found that in sandstones associated with thick shale sections
the waters have lower salinities than that of seawater. This is believed to
be due to the influx of fresher water from the shales. Dickey'et al. (1972)
demonstrated that in southwestern Louisiana high-pressure formation waters
from sands enclosed in undercompacted_shéles'have the composition of waters
that normally are 500 m to 1000 m shallower.

Various studies (Sukharev and Kruﬁbul'dt, 1962; Rieke et al., 1964;<Fert1
and Timkd, 1970a; Schmidt, 1973) have shown that the salinity of interstitial
fluids in shales is considerably lower than salinity in associated sandstones.
Schmidt found that the difference was less in the high-pressure zone.

-In normal-pressured sections, the salinity of the interstitial water in

shales tends to increase with increasing depth; however, in high-pressure zones
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the salinity decreases (and porosity increases). The decrease is commonly
abrupt and can be obserVéd by a decrease in shale resistivity. The decrease
in resistivity is commonly used to give a forewarning of the presence of over-
pressures. (For a detailed review of the phenomenon, see Fertl, 1976).

Most experimental compactions studies of clays and natural muds (for
review, see Fertl, 1976) indicate that the solutions squeezed out at the
beginning of compaction have higher concentrations of ions than the inter-
stitial solutions initially present and that with increasing pressure the
electrolyte content in the expressed water decreases. However, other studies
(Manheim, 1966, and Shishkina, 1968) found no appreciable change in the com-
position of extracted water during squeezing.

Fertl (1976) suggested that the laboratory experiments which indicate
that the salinity of squeezed-out solutions progressively decreases with in-
creasing pressure may explain why the interstitial water in shales is less
than that of water in associated sandstones.

Aside from the fact that the laboratory results are conflicting, it is
unlikely that the results obtained from the short-term application of pres-
sure can be used as a model for long-term burial. 1In the natural system, water
chemistry and diagenesis go hand-in-hand. Diagenetic reactions, which affect
the chemistry of the pore water, cannot be duplicated in short-term labora-
tory experiments. Laboratory squeeze studies may give an indication of what
happens during the earliest stages of burial. There is little doubt that the
salinity of brines in sandstones is determined in part by the water in the
enclosing shales. Some of the processes that are believed to control the
migration of shale pore water and ions into sand are: compaction, osmosis,
reverse osmosis, ion filtration, diffusion, montmorillonite dehydration, and
probably others (for review see Rieke and Chilingarian, 1974; Bradley, 1975,

Burst, 1976).  As Bradley (1975) points out, there is no consistent relation

C
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between salinity and depth, salinity and pressureé; énd shale density (poros-
ity) and abnormal pressures. Thus, it is unlikely there is a simple answer.

. Most of the people conéérned with the problem consider that the release
6f interlayer water is g significént factor in controlling the composition of
subsurface waters. Héwever, they all seem to assume, based on the statements
of Powers (1967) and Burst (1969), that the released water is fresh. This is
only partiaily correct. Water released in excesé of the final water layer
is fresh. Thus, at shéllow depth some fresh water is released. When the
final water is released, some cations must be released with it. This release
starts at burial temperatures of 50° to 80°C and at depths of 1500 m to 2000 m.

The exchangeable interlayer cations afe largely Na, Mg, Ca, and H. These
are exchanged for K, which is obtained largely from K-feldspar. Thus, the
concentration of cations in the pore water shoﬁld increase unless the ex-
changed"cations replace the K in the feldspar, which is unlikely. Hydrogen
ions presumably replace the K in the feldspér. The data of Weaver and Wampler
(1970) show that from the beginning of layer collapse until the 7:3 mixed-
layer phase is reached, approkimatel& 0.5 percent K (of dried sample) is moved
from the K-feldspar to the montmorillonite. Presumably an equivalént amount
of Na, Mg, and Ca is released. In the Gulf Coast Tertiary shales, water
soluble cations (largely interstitial) comprise 0.4 to 0.5 percent by weight
of the dried bulk sambie (Weaver an& Beck, 1971). The interlayer cations re-

leased from the montmorillonite are a significant factor in determining the

chemistry of subsurface pore waters.

The interlayer water is rich in cations. The concentration of cations
(half Na, half Mg) in a typical montmorillonite (cation exchange capacity
100 meq/100 g) containing two layers of water is‘approximately seven times

that in seawater (assuming 20 percent of cations are adsorbed on the edges
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of the claj flakes). Analyses (Weaver and Beck, 1971) indicate that a typi- &'J
cal shallow buried Gulf Coast Tertiary clay contains approximately 60 per-
cent clay minerals, of which 80 percent is montmorillonite containing 80
pe?cenﬁ expanded layers. Approximately 40 percent of the solid component N
consists of expanded layers. The amount of interlaye: water present, based

on two water layers, is 7 percent by weight of the dry sample. Interlayer

exchangeable cations comprise approximately 0.65 percent of the bulk sample.

The amount of cations in the interstitial water, 20 percent by weight, would

- be 0.2 percent, assuming the pore water was seawater. Thus, after the muds

are buried a few hundred meters the weight of exchangeable cations is about
three‘times that of the cations in the interstitial water.

In a typical Gulf Coast well the proportion of expanded layers is re-
duced from 20 percent to 70 percent (50 percent of total expanded layers)
within an interval of approximately 1500 m and the released cations comprise
0.3 percent by weight of dried sample. Within this 1500 m interval approxi-
mately 2,040 g of exchange cations have to be released from 150,000 cm3 of
sediment (éssuming 20 percent porosity). The total amount of cations in the
interstitial water (assuming seawater composition) in this volume is 600 g.
Within this interval the released interlayer cations should dominate the pore
water chemistry.

Weaver and Beck's (1971) data for a Gulf Coast well indicate that within
the interval (approximately 1800 m)iwhere the expanded layers are reduced from
20 to 70 percent there is a loss of 0.3 percent (1.0 to 0.70 percent) of ex-
changeable cations, based on dry weight of sample (Figure 9). The value is
essentially the same as the calculated value and is slightly less than the
amount of K that is transferred from the K-feldspar and mica to the montmoril-

o

lonite (Weaver and Wampler, 1970). Because the layer charge must be increased
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in order for K to be fixed between the layers, the K value should be larger
than the value for exchangeable cations. Within approximately this same in-
terval the amount of cations in the interstitial water increases by approximately
0.2 percent by ﬁeight (Figure 9). Moét of the'releaéed interlayer cations
appear to remain in the shale in this interval. Though Weaver and Beck's
values for the various cation species may not be accurate, the total values
for the exchange and interstitial ions should be reasonably correct.

. In normal-pressured muds and shales, as interlayer water and exchange
cations are added to the pore water, compéction pressures fofces much of the
pore water, released interlayer water, and some cations (and Cl) from the

shales. As the porosity decreases, more and more cations are retained in

.the pore water, and the cation concentration increases.

When a permeability barrier develops, a relatively high proportion of
the released interlayer water as well as the cations are trapped beneath the
barrier. Figure 9 shows the relation of layer contraction and decrease in
cation exchange capacity to the increase in the amount of cation in the inter-
stitial water. The increase in interstitial cation concentration coincides
with the increase in layer collapse,.suggesting that the exchange cations are
the source of the interstitial cations. The formation of a permeability bar-
rier traps b;th thé released interlayer cations and interlayer water causing

a relative increase in the cation concentration of the interstitial water.

~ In the well studied by Schmidt (1973), the increase in cation concentration

_occurs immediately above the“top of the high—preséuré interval. = The under-

lying permeability barrier may inhibit the flushing of the overlying shales.
In the wells studied by Weaver and Beck (1971) and Schmidt (1973) the
salinity maximum is followed by decrease in salinity with depth; however, the

salinity values are higher.than those above the salinity maximum and are not
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truly fresh. The relatively low salinity values in the deeper portions.of the
wells suggest that layer contraction occurred’in these shales before a per-
meability barrier formed and many of the released interlayer cations (and
hydrocarbons?) were able to migrate.

Presumably there is no Cl in the interlayer space, and the Cl distribu-
tion should give some idea of the effect of la§er collapse on the composition
of interstitial water. The Cl concentration and weight percent Cl show a
general decrease with depth (Weaver and Beck, 1971). As should be expected,
the Cl concentration decreases rapidly through the interval where there is

a maximum release of interlayer water.
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ILLITE -

Hydrothermal studies by Yoder and Eugster (1954) and Velde (1965 é)
established that the stable high temperature muscovite is the 2M polytype.
The one-layer monoclinic disordered (1Md) polytypé is formed at the léwest
temperature and the one~layer monoclinic (1M) polytype at intermediate tem-
peratures. The sequence with increasing temperature is 1Md - 1M - 2M; how-

ever, in nature the sequence appears to be 1 Md -+ 2M. Most hydrothermal ex-

- periments have been conducted using compositions‘similar to muscovite rather

than illite. Velde (1965 a and b) concluded that 1Md and 1M polymorphs are
either metastable muscovite forms or are micas with a composition differing
from muscovite, e.g. glauconite, celadonite, and illite. A relatively rare
three-layer triclinic (3T) polytype also exists.

Low-temperature illites form by the weathering of K-feldspar and possibly
by direct precipitation; however, most illite apparently forms by the burial
diagenesis of montmorillonite and volcanic material.

Many illites are detrital and derived from low-grade metamorphic rocks.
The metamorphic rocks have presumably gone through the burial diagenesis stage.
Whether the precursor was commonly montmorillonite is not known.

"Pure illite" should consist entirely of contracted 10 A layers; however,
many illites have a relativeiy broad 10 A reflection. The 10 A broadens in
the direction of the low angle spacing and the 5 A peak in the direction of
the high angle spacing. Weaver (1965) and Weaver and Beck (1971) have inter-
preted this to indicate that the illite contains some interlayered 14 A layers.
These layers may be either montmorillonite or chlorite'(possibly dioctahedral).
On the basis of chemical data, Raman and Jackson (1966) concluded that many

illites contain 20 percent to 30 percent chlorite layers along with varying &if
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amounts of montmorillonite and vermiculite.’ These authors suggest that the
"true 10 A" layers in illite are close to muscovite in composition and that
the high Mg and Fe and low Ai"and”K is due to the presence of other layers.
Others (Velde, 1965 a; Hower and Mowatt, 1966; Reesman and Keller, 1967)

believe illite is a single-phase mineral. The truth is probably somewhere in

between. The 10 A layers likely have a composition different from muscovite,

but other types of layers are almost certainly present in many illites.

Chemistry

X-ray anélyseé of illite samples indicate that they commonly contain 10
percent to 30 percent expanded layers. Other illites, usually deeply buried
Paleozoic and Precambrian, have no expanded layers and appear to be composed
entirely of 10 A layers.

Both "impure" and "pure" 11lites commonly contain an abundance of Fe
and Mg which is assigned to the octahedral sheet. A typica1 illite would have
the following stfuctural formula: |

(A1) 50Fe™* 0Ms 3) (Si3 50AL 55) 010(0H);K 76Na 01 Ca. g

There is a tendéncy for the octahedral Fe/Mg ratio to be smaller in the well-
crysfallized 2M illites. |

Phengites average formula: (Al g7Fe>* 1gFe?" | Mg 35 (Si3 33Al g7) O100H, (K goNa 10Ca.05)
are miéa—like minefals that occur in the low érade‘metamorphic blueschist and
gréenschist facies (Ernst, 1963). fﬁeir formation is favored by high pres-

sures and relatively low temperatures (Velde, 1965 b). Phengites‘have a layer

 charge of approximately 1.00 (Ermst, 1963; Ernst, 1964; Velde, 1965 b); illites

have layer Charges ranging from 0.60 to 1.00, with most having a value less

than 1.00. Phengites have a tetrahedral charge ranging from 0.50 to 0.95,

with an average value of 0.65 to 0.70. Some illites have a charge this high,
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but most have a lower tetrahedral charge (0.45 to 0.60). The average octa-
hedral charge for phengites (0.36) is slightly larger than the value for
illites (0.32).

The average illite data are misleading, as many of the illites included
are really mixed-layer clays. The structural formula of two of the better-

crystallized illites are:
Belt -100 percent 10 A layers (Weaver and Pollard, 1973):

3+ o2 i
(AL} 51Fe™" g3Fe”" 03Mg 43) (Siz 43Al 57) 010(0OH);K ggNa 55Ca g4 5
Marblehead -~95 percent 10 A layers (Gaudette, 1965):

(Al 51 Fe3* o4Fe2* (7Mg 36) (Siz 54l 46) O10(OH),K 70N 03Ca o5

The better-crystallized illites can have a layer charge of 1.0. They
have less tetrahedral and more octahedral charge than the typical phengite.
Most of these illites have less octahedral Fe than phengites (and less than
well-crystallized illites).

Figure 10 shows the distribution of tetrahedral and octahedral Al rela-
tive to total Al for montmorillonite-beidillites, mixed-layer illite-montmoril-~
lonites, illites, and phengites. Tetrahedral and octahedral Al decreases in
the sequence montmorillonite, mixed-layer clay, illite, phengite. This should
be accompanied by an increase in width of both the tetrahedral and octahedral
sheets and should cause no significant change in the amount of tetrahedral
rotation. It seems unlikely that this evolutionary mineral sequence develops
with the Al content remaining constant.

The same figure shows that as total Al increases for a giveﬁ mineral
both tetrahedral and octahedral Al increases. As the total Al increases it is
equally divided between the tetrahedral and octahedral layers, and layer charge

does not show a major increase except for the mixed-layer clays (slope of
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octahedral Al graph does not parallel tetrahedral Al). The width of the
tetrahedral layer should increase and the octahedral layer decrease. This
favors the fixation of K.

The maximum total Al increases from 2.0 for montmorillonite to 2.30 for
mixed-layer clay and illite to 2.50 for phengite. For values less than the
maximum there is considerable overlap, but total Al generally increases as
the temperature at which the minerals formed increases. The median tetrahedral
Al content increases from 0.16 for montmorillomite to 0.71 for phengite.
Octahedral Al decreases slightly, from 1.50 for montmorillonite to 1.40 for
phengite. The size of the tetrahedral layer should increase relative to the
octahedral layer favoring the development of K-locked micaceous layers. These
changes in Al content can be caused by adding Al to the mineral or removingr
Si. Laboratory experiments indicate that under some conditions Si is re-

moved from the 2:1 layers.

HZO

Chemical analyses of muscovites show that they contain approximately 4.5
percent to 4.7 percent HZO' Phengites commonly contain 4.4 percent to 4.7

percent H,0, which suggest they do not contain interlayers of chlorite. 1In

2

contrast illites contain from 4.6 percent to 8.0 percent H,0 with an average

2
of app;oximately 7 percent. X-ray patterns of illite have a broader 10 A
reflection than those for phengite and muscovite. The broadening shows as
a less steep slope on the low~ang1e.(high A) side of the lOVA peak. The
material accounting for this change in slope is presumably the material con-
taining the excess H20.

Hower and Mowatt (1966) suggested that the excess H,0 is present as neutral
HZO trapped in nonexpanded layers. Not only is the 10 A peak broadened on the

low-angle side, but the 5 A peak is broadened on the high-angle side. The

/
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nature of the 5 A peak indicates that either the illite contains some 14 A

interlayers (which would require two layers of trapped water) or the chlorite
contains a large percentage of 10 A layers. Raman and Jackson (1966) and
Weaver and Beck (1971) have suggested that the broadening of the illite peak,
and the excess HZO are caused by the presence of chlorite layers, probably
dioctahedral, in the illite; however, this does not account for the high Si
content of illites. It seems likely that some montmorillonite or vermiculite
layers are present.

Ihe fact that phengites, with no excess H20, have an octahedral layer
with a significantly higher R2+ content than muscovites indicates that mica-
like minerals (illite) can_éxist with this composition; however, phengites
have a layer éharge of 1.0 as opposed to a value of 0.7 to 0.8 for illites.

As Hower and Mowatt (1966) sﬁggesfed, because a ﬁalue of 1.0 is an upper limit
does not mean it is also a lower limit.

In any event many, if not most, illites have not been subjected to high
enough temperatures and/or pressures for all of the illite to form a single
phase. In most cases the second phase is an expanded layer. The base of the
10 A x-ray peak of "typical" Paleozoic illites is asymetrical, being flared
slightly towards the 1arger A values. These‘illi;es are commonly considered
to be "pﬁre" 111ites. When the samples are treated with ethylene glycol; the
IOWhéngle shoulder decreases and there is a élight increase in‘the'shaépness
ratio. When the samﬁies are heated to 300°C there is a further increase iﬁ the
sharpﬁésé ratio aﬁd a significaﬁt increase iﬁ peék height. Calculations based
on the increased peakvheight after heating indicaté illites éommonly'contaiﬁ
10‘per§ent tor30 percent mixed-layer iiliteéexpandéd.élay (pfobably ﬁontmoril—
lonite or beidellite). Thé mixed-layer phase contains 5 percentito 20 percent

expanded léyers.
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It should be noted that for those samples with the larger amounts of
calculated mixed-layer clay the 7 A chlorite peak decreases when the samples
are heated to 300°C. It may be that some poorly crystalline chloritic layers

are present in the mixed-layer phase.

Illite—Phgngite Relation

Plots of data for illites aﬁd mixed-layer illite-montmorillonités versus
number of contracted layers (Hower and Mowatt, 1966, and Weaver and Pollard,
1973) indicate that as the total layer charge increases most of the increase
occurs in the tetrahedral sheet and there is relatively little change in the
octahedral sheet; however, graphs of chemical changes versus burial tempera-
ture (Figure 4) suggeét that with increasing temperature the octahedral charge
and octahedral Mg and Fe decrease and octahedral Al increases to a value of
1.80. Phengites commonly contain three times as much octahedral Mg and Fe.

If there is a trend for the Al content of the octahedral layer to increase
with increasing temperature, then the phengites must be considered a separate
phase rather than a part of the montmorillonite + illite -+ phengite diagenetic
sequence. Phengites are formed at high pressures and relatively low tempera-
tures (Velde, 1965 b). Velde has suggested that illites (low R2+), chlorite,.
K-feldspar, and water react to form phengite (high R2+), chlorite (low R2+)
and quartz. A typical illite (high R2+) plus K-feldspar should produce a
phengite and require relatively little recrystallization.

; Thus, during diagenesis and metamorphism montmorillonite plus K-feldspar
can fake two routes. First a mixed-léyer phase is formed. 1If this phase is
subjected to high preséurés and relatively low temperatures, the octahedral
sheet is not "cleaned up" and phengite (low octahedrél Al) plus quartz is

formed. If the mixed-layer phase is subjected to high temperatures and
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relatively low pressures, the octahedral layer is "Eleaned up" and a sericite-
or muscovite-type (high octahedral Al) mineral plus chlorite is formed. This
dual evolutionary sequence is also indicatéd by the average Mg0O values:
montmorillonite 3.6 percent + illite 2.8 percent > sericite 1.7 percent'+
muscovite 0.6 percent. The MgO content decreases as the formation tempera-
fure increases. In contrast, phengites have essentially the same average
MgO value (3.8 percent) as the montmorillonites.

Guven (1970) states that illites are sometimes subjected to deép burial
with the resulting greater pressure increase relative to temperature; he con-
cludes that illites are therefore envirommentally closer to phengites than
to muscovites; however, in areas like the Gulf Coast and other montmorillonite-~
rich areas where undercompacted shales exist and where the excess water acts

as a heat storage reservoir, temperature may be more important than pressure.

>Hydrotherma1 Studies

Hydrothermal experiments (300° to 450°C) with natural mixed-layer illite-
montmorillonite (Velde and Bystrom~Brusewitz, 1972) showed that the initial
transformation is the cryétallization of quartz and a decrease iﬁ the per-

centage of mixed-layer material and expanded layers. This is followed by

the e#solutidn of chlorite (kaolinite, if Mg and Fe are not present) and the

- continued decrease in the proportion of expanded layers. The mixed-layer

phase -becomes ordered when the expanded layers decrease to 25-30 percent.

" I1lite may start to form at this time. The next stage is the destruction of

the mixed-layer phase and‘formation of aqditional illite and chlorite (or
kaolinite).r Eventually the illite breaks down to form 2M muscovite and chlor--
ite (greenschist facies). . ‘

Hydrothermal experiments (Velde, 1977) with a number of natural clays

and clay mixtures showed that with increasing temperature montmorillonite
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developed a mixed-layer illite-montmorillonite phase. The proportion of il-
lite layers increased wifh increasing temperature; at the same time corrensite
(high R2+) developed. With increased teﬁperature, quartz and chlorite (high R3+)
exsolved (near 300°C> from illite, and the illite gradually developed a better
set of 2M reflections as more chlorite was exsolved. Chlorite first developed
when an ordered IMII (illite-ﬁontmorillonite-illite-illite)Vphase developed
and persisted as a muscovite-type mica developed.

He also noted that Na, K, and Ca are present in most natural materials
and found that the Na and K will entér into mixed layers and mica phases with
increased temperature, but the Ca will be released into the aqueous solution,
possibly to produce calcite where the P(COZ) is sufficiently high. The Weaver
énd Beck (1971) study of natﬁral clays indicated’that Ca is preferentially re-

tained in the expanded layers and that Ca ions are the last interlayer ions to

be released during diagenesis. This is compatible with the results of Velde.

Polymorphic Forms of Illite

The most common illite polytypes are the 2M and IMd forms. Other than
for glauconite and celadonite the 1M variety is relatively rare. Velde and
Hower (1963) and Maxwell and Hower (1967) proposed peak-height ratios, 2.74 A/
2.58 A and 2.80 A/2.58 A respectively, which can be used to measure the 2M/1Md
ratio. Experimental curves were constructed ﬁsing mixtures of 2M muscovite and
1Md illite. The physical forces necessary to reduce the muscovite to one micron
in size should disrupt the 2M arrangement and lead to high estimated IMd values.
Their data tend to confirm this, as they found that the 3.74 A/2.58 A ratio
was larger, for a given amount of 2M mica, for the >1 ym fraction than for
the <1 um fraction. These peak—héight ratioé can be considered to be only a
rough estimate of the relative amounts of 2M and 1Md forms; however, trends can

be assumed to be reliable.
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fMostfshaleS*contain5both¥2MrandflMd:illités.i:Velde'and Hower  (1963) =
x-rayed various 8ize fractions of”747Pa1eozoic?shale”samples.‘ Their analysis
indicated that’ the >10 um fractiOn*usual‘l‘y?containedionly‘f 2M il1lite.' The
proportion»of’lMd“increaseS”with*decreasing?grainrsiée;&commonly<comprising—ﬁf
100 percent’ of the <0.2 um:fraction; however the lower 1limit’ of detection for:
the 2M polymorph’is believed: to be 24 percent (Maxwell and Hower; 1967). The:
<1 ym fraction of most samples contain less than550%percentVZM“illite;feThe.'
amount of (2M 1llite in the >1 um" fraction ranges:from 0 to 100 percent with
no moda11c0ncentration;fwTheiridata!suggestithatfthe*illiteAin Paleozoic 'shales
consists’of an average of approximately 30 percent 2M and 70 percent 1Md illite.
All errors would 'cause an” incréaseiin’ the 1Md values. It is almost certain -
that the:2M polytype’ is more abundant than' ihdicated by these data; however,
it does decrease with decreasing grain size. The grain size of illite'is a -
rough measure’ of  the relative amount of the two’polytypes.  The major problem

is to determine how much of the'2M illite is 'detrital and how much has formed"

“‘during “burial diagenesis.v It should * also be noted- that IMd~ illite can also

be detrital. When lMd illite is present, many authors assume that it had an )
authigenic origin. ‘ ) |

} Several studies‘have demonstratedhan increase in the 2M/1Md ratio with
increasing degree of metamorphism (temperature) Reynolds (1963) found that
in the Precambrian Belt 1imestones the 2M/1Md ratio increased as the meta—

morphic grade increased. Reynolds concluded on the basis of the K/Rb ratio,

\y,,

’that the 2M illites formed from K—feldspar rather than from lMd illite.ﬁ In

limestones the availability of K may be the most important factor that influ—ﬁ
ences the formation of 2M illites. - ) ‘ |
7 The Maxwell and Hower (1967) study of the Belt shales showed that the

2M/lMd ratio systematically increased from 25 to 100 percent as the depth of
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burial increased. They hoted that there was a general trend of increasing
grain size with depth. In addition, the fabric changes from one showing ex-
cellent foliation parallel to the bedding at the top of the section, to one
showing an increasing disorientation of the layer silicates at the bottom of
fhg section. Biotite was present in samples containing 2M/IMd ratios larger
than 7/3. Thus, it appears that IMd illite can persist to relatively high
temperatures (greenschist facies). .

018/016 studies (Eslinger and Savin, 1973 a and b) of some of these same
sediments (<0.5 um fraction) suggested that burial temperatures ranged from
225°C for a shale having a 2M/1Md ratio 1/3 and 310°C for ome with a ratio
of 3/2., Extrapolation indicated that a temperature of 400°C would be re-
quired to obtain 100 percent 2M illite. These results will be discussed in
more detall in a later section.

Foscolos and Kodama (1974) studied the Lower Cretaceous shales of British

Columbia and established the following relations.

Percent Crystallinity Sharpness Percent Illite Temperature
2M Illite Index (mm) Ratio In ML Phase
<25 >20 <1.5 <25 77°C
35 19 - 40-50 94°C
50 17 1.9 70-80 141°C
65 15 2.3 80-90 164°C

These values do not jibe with the data obtained on the Precambriam Belt
(Maxwell and Hower, 1967; Eslinger and Savin, 1973). The Belt shales only
have 25 percent.ZM illite at a temperature of 225°C and only 60 percent at
310°C (018/016). In part, the difference is due to the fihe grain size
(<0.5 ym) analyzed by Eslinger and Savin (1973) as compared to the less than

2 ym fraction analyzed by Foscolos and Kodama (1974). However, Maxwell and
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Hower (1967) found similar percent 2M values for the less than 2 ym fraction
of Belt samples from the same section. Maxwell and Hower report that even
the most shallow buried illites, which contain no detectable 2M polytype,
are completely collapsed and contain no expanded layers (though their x-ray
patterns suggest this may not be s0).

The question is whether montmorillonite completely converts to a non-
expanded 1Md illite before any 2M material is formed, or whether the 2M poly-
type systematically increases through the mixed-layer stage of diagenesis,
as suggested by Foscolos and Kodama (1974). A reexamination of the <0.2 um
fraction of Gulf Coast Miocene samples (Weaver and Beck, 1971) indicates that
there are no 2M reflections present in the samples with a mixed-layer ratio
Jranging'from 1/4 to 7/3. 1t seems unlikely that any 2M illite reflections
should develop until all the layers are contracted to 10 A; however, once a
10 A phase develops it should become coarser and may develop a 2M structure,
whereas the mixed-layer phase would remain in the fine fraction.

In the Jurassic of the Durance basin of France, Dunoyer de Segonzac (1969)

found the 2M/IMd ratio systematically increased with depth.

Crystallinity (Sharpness)

In a study offlqﬁ-grade metamorphic shales, Weaver (1961) showed that
the "sharpness" of the”iO A illite peak increased with increased metamorphism.
Weaver observed that the 10 A peak became narrower and the low-angle sh&ulder
decrgased with increasiﬁg degrée of metamorphism. He proposed that the rafio
of the peak height at 10.5 A to that at 10.0 A (sharpness ratio) could be
used as a measure of degree of metamorphism. He demonstrated that in the
shales fringing the Quachita Mountains the’sharpness ratio increased with

increasing degree of metamorphism. Later, Kubler (1966 a and b) introduced
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the crystallinity index (peak width, in mm, at half-height).: Kubler believes
that the pedk width is-.a measure of crystallinity. . The 10 A: peak becomes
narrowver- as: the proportion of interstratified montmorillonite, vermiculite,
and chlorite layers decreases. - Thus, any measure of peak-width is-a measuré:v
of illite purification and does not necessarily have anything to do with: .-
crystallinity. -Weaver originally rejected-the peak width at half-height:
measure-because it did not include the low-angle tail in the measurement. - -
Further, an absolute measurement is dependent upon machine settings. :Lydka-
(1974) has suggested a measurement wherein the 10 A peak height is divided
by the. quartz peak width at half-height.

- Weber (1972) suggested using the peak width at half-height of quartz as -

an internal standard,

_ Hh illite (mm)
rel Hh quartz (mm)

-Hh x (100)

He found that the illite’crystallinity in a series of slates showed fegional

variations which could be related to different burial depths and variable

heat flow rates. He conducted experiments that showed that the peak width

of the 10 A peak increased as the thickness of the clay layer on the x-ray slide

increased. This is because during the preparation of slides the finer frac-

tion (wider peak) occurs on the surface of the slides. He further noted that

the 10 A peak patterns from the sedimented slides were wider than those pro-

duced from polished slabs of the slate and that the divergence increased as

the grain size deéreased. Thus, as expected, grain size must be takeg in;o

account when determining the signifiganqe qf the "degree of crystallinity".
Weber et al. (1976) proposgd a megsgrevofﬁ"grystgllinity“ called "éépa;ent-

thickness". It is based on the Scherrer formula relating peak width to crystal

size.
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Weaver .(1965) presented data-to indicate that the K content of illites
increased ;linearly ‘as the:10-A/5:A ratio decreased. The K-increase also re- .

lates ‘to-the-sharpness.ratio.and :peak .width.at. half-height, Later, Weaver and

{+Pollard -(1973) :showed ~that there was a;linear4negative;xelationabetween‘the ,

Kzosand Fe203;Va1ueSgoffillites;; ThegFeZOSgcontentgdecreasesﬁfrom 12 percent..

to:l percent as thevKZO;content;increasesﬁfrom 5:percent to .8-11 percent. ...

Both'K-and -Fe :affect the relative intensity.of .the ;10.A/5 A ratio but with

opposite effects: :-An . increase:in K causes a-decrease in-:the 10 A /5 A ratio;

ran-increase: in: Fe'icauses:an-increase inftheyIO;Alﬁ,A‘ratioé_a,,

‘A-plot of ‘Hower and Mowatt's: (1966) Fe .and K.values for a number of il-
litesmand«mixed—layerJillite—montmorillpnitgs;indica;es;;woﬁseparate;trgnds.uw
The samples with-less:than-20:percent -expanded layers and those with more

than 20 ‘percent expanded layers show separate trends. . In both .cases the K .-

.content increases.as .the Fe content decreases.. There.is considerable scatter.

Both: series .of samples .show awdecréasg,in Fe with a decrease in the percentage
of expanded;1ayers.faContrary to-the .general trend (decrease in.Fe wi;hﬁdeprease‘
in expanded-layers),: the samples:with:more than 20 percent expanded layers. . -
average'leSS:?é than:those,with”feﬁer~expandedklayers, .This-is because most .
ofsthévSamplewaith“aihigh:content:bf'expanded;layers-are;beentonites;denived
fromLIOWHFes&olcén1Ctash1&ﬁTheidata;indic;teithat;most illites:developed: from:
material that:had a;higher;Fe;contént.than;rhyolitic YOlCéniCS@ i

© 27Klingebiel and;LatOPCh@~(1962)%IElatEdithe:SiAllp;Ai:atiQ;Of-iilitgs‘tQ;;
the Fe content;' Eéquevin (1969), Du&oyer de éegdnzac (1969), and others ‘have.
rela;edethét(002)¢{001)iratio;pf;illite?tovﬁrystallinityafand;have;suggested
thatxthe;(OCZ)/(OOI):rationincreaSes asgﬂcrystallinityﬁiinpneases,;and,haiéyyf
relatedethése1£rends~toathefdegree;of,metamorphism:(diagenesis;fachizone,kand;
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epizone). Gill et al. (1977) found that a broad general relation existed \_j
for illites in sandstones, siltstones, and argillaceous rocks but not for .

cérbonate rocks. Though the peak width at half-height and sharpness ratio

do increase with increasing metamorphism, most analyses show only a very general
or no increase in the (002)/(001) ratio with increasing metamorphism. This is
presupably due to the fact théf K, Mg and Fe affect the ratio. Though an in-
crease in K usually occurs (increasing the (002)/(001) ratio) during increased
diagenesis, the Mg + Fe content may or may not (ﬁhengite) decrease. Analyses,
of a series of anchizone samples from the Basque mountains (Dunoyer de Segonzac
andAHeddebaut, 1971) showed that there was no relation between the Al /Mg + Fe
ratio of the octahedral layer and the (002)/(001) ratio of the illite peaks.

A plot of the data used to obtain the results reported by Weaver (1965)
shows that not only does the 10 A/5 A ratio decrease as K20 increases but the
sharpness ratio increases (Figure 11) and the half-width decreases (Figure 12).

Thus, with increasing degree of diagnesis and metamorphism the K content
of illites increases, as would be expected. The Mg + Fe content generally -
decreases. One question is whether external K is added to the illite or
whether the K remains constant and an appreciable amount of Mg and Fe are lost
from the illite. Data presented earlier suggest that external K is added to
the illite and that Fe, Mg, and Si are lost during the earlier stages of dia-
genesis. With increasing temperature these processes appear to continue; with
increased pressure (phengite) the latter process apparently is modified (Fe
and Mg remain).

Both the crystallinity index and the sharpness ratio depend on measure-
ments relatively high up on the 10 A peak and do not fully take into account
the low-angle tail often present on 10 A peaks. Another measurement is pro-

posed that should correct this deficiency and give a better description of Qsj
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the peak. The measurement is called the "asymmetry ratio". A line is drawn
from the apex of the 10 A peak perpendicular to the lower edge of the chart
paper. From near the base of the 10 A peak, slightly above the base line
and background noise, the distance from the center line to each side of the
10 A peak is measured. The width of the right portion (1OWbang1e side) is
divided by the width of the left portion. The width of the left pertion of
the base of the peak is relatively constant. Thus, the ratio is iargely a
measure of the flare-out of the low-angle poftion of the 10 A peak.

Figure 13 shows the relation of the asymmetry ratio to the;KZO content
(samples described by Weaver, 1965). Samples were dispefsed with calgon,
air dried, and x-rayed without further treatment. There is a geod linear
relation, with the asymmetry ratio decreesing as ehe KZO content increases.
This measurement suggests that peak asymmetrzvis related to thefKZO content.

The 10 A/5 A ratio increases as the asymmetry ratio increases indicating that

whatever is affecting the 10 A peak isgeffécting the height of the 5 A peak

even more. This, plus the relation to the K content, e&ggest tﬁat bofh ratios
measure the amount of non—lO A layefs present. Heat treatmentsasuggest that
these layers are either montmorillonite or vermiculate (which would have a high
Mg and Fe content) . It is difficult to see how randomly trapped interlayer
water molecules (Hower and Mowatt, 1966) can account for these systematic
variations inwtﬁe peak. inteﬁsity,of widﬁh of the 10°A and 5 A peak.

- The factors affecting the crystallinity index and the (001)/(002) ratio

“are not as simple as suggested because the data for most formations do not

' showxa linear'relation:to these'two~values.u«wfwa T I

Numerous studies have shown that the sharpness ratio and/or crystallinity
index vsry as a function of depth of‘burialr(temperature) and degree of meta-

morphism (Weaver, 1960; Kubler, 1964, 1966 a and b, 1967, 1968; Dunoyer de
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Segonzac and Kubler, 1966; Dunoyer de Segonzac, 1969; Esquevin, 1969; Fos-
colos and Kodama, 1974; Dunoyer de Segonzac and Bernoulli, 1976; Dunoyer de
Ségonzac, 1;76; Rowsell and Deéwardt, 1976; Gill ét al., 1977). Jackson (1977)
determined the crystallinity index of 24 samples ranging in age from 0.016 to
3.3 x 109 yeafé B.P. The values show little variation with age except for
an increase in the interval 0.8-1.05 x 109 years B.P. Jackson be11e§es this
increase is significant. The number of samples séems somewvhat limited for
such a conclusion. h

Various authors (Kubler, 1968; Dunoyer de Segonzac, 1969; Frey‘and Hun-
ziker, 1973; and Foscolos and Scott, 1975) have assigned specific illite cry-
stallinity values to the boundaries between the zone of diagenesis, the anchi-
zone, and the epizone. The value assigned to these boundaries is not consistent,
in part because of the variation in the x—raylequipment and the various set-
tings used. The boundary between the anchizone énd the epizone has been based
on 2.5, 4.0, and 7.8 mm peak widths (and the development of pyrophyllite and
allevardite); the boundary between the diagenesis zone and the.anchizone has
been based on peak widths of 4.0, 7.5, and 12.8 mm. The equivalent boundaries
based on the sharpness ratio (S.R.) are 12.1 and 2.3.' The latter values are
independent of machine settings and Qén better be standardized. Foscolos and
Scott (1975) have proposed separating the diagenesis zone into three subzones
on the basisAof crystallinity index values.  Because most clays in this zone
are mixed-layers, pretreatment and the nature of the starting material limit
the ﬁsefulnesé of this classification. Gill et al. (1977) suggested that there
was>a transition stage between the late diagenetiéfzone and the anchizone and
that it be called the ﬁetadiagehetic zone (S.R. 2.0 to 3.0).

Dunoyer de Segonzac and Abbas (1976) studied ardiagenetic sequence in the

Alps and found that as the crystallinity index decreased from 7 to 3 there was
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an increase in albite, chlorite (5 to 50 percent) and paragonite. : Chemical - -

analyses (66) show a large variation for a given degree of metamorphism. . Average

‘values indicate an increase of total layer charge from 0.695,inathe1zone_ofv.-

diagenesis to 0.735 in the anchizone to 0.76 in the: epizone. .The differences
are small-and, in view of the large variations. within zones; of questionable .
significance. The average data. further indicate that with increasing meta-
morphism there is a slight increase in tetraﬁedral Al and octahedral Mg and.a
decrease in octahedral Fe. K increases from 0.66 to 0.71. It is somewhat: sur-
prising that the chemical differences are so small. -There appears. to be: an
increase in the octahedral Al/FetMg ratio with increasing met;morphism but the
data were not plotted and it is not clear whether such a trend exists.. .

Trace element analyses of the <2 ym fraction of these same samples (Besnus
et al,, 1976) show considerable scatter but, in general, Ga, Ti, Co, Cr, Ba,
Sn, and Pb increase and Si, Fe, and Cu decrease as the degree of metamorphism
increases.

Hydrothermal experiments by Smykatz-Kloss and Althaus (1974) confirmed that
"crystallinity" increased with increasing temperature; however, they were unable
to establish any absolute relation between temperature and crystallinity and
suggested that the crystallinity index should be applied very cautiously. - It
should also be mentioned that the results of hydrothermal experiments sﬁould be
applied with caution. Gill et al. (1977) found that crystallinity changes were
controlled to some extent by lithology. Sandstones were .the most susceptible
to change, siltstones less so, and argillaceous rock the least, :

Though the crystallinity index, 'sharpness ratio, assymetry ratio, and -
(002)/(001) ratio in general measure the relative temperature to which the 2:1
clay has been -exposed, the reason. for the peak modifications is not well under-

stood. ' The most significant variable would appear to:be the‘grain;size,x-rgyed

U
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andﬂthe*amOuntrand?type of ‘interstratification.. These various measurements

probably should ‘not be applied to-mixed-layer:clays containing more than.10

to-20"percent’ expandéd-layers.: ' The peak width and ‘shape: are strongly influ-

“encéd by the regularity of the interlayering and:by variations in the types of

nonexpanded (illite and chlorite) and expanded.{(montmorillonite and vermiculite)

layers. At more advanced stages of diagenesis these measurements to a 1arge

extent reflect the relative amount of coarse (10 A 1ayers) and fine (mixed-

layer phase) material. Only when all the 2 1 layers are completely collapsed
is the half-width a measure of crystallinity and (002)/(001) a strict measure

of chemistry.‘ o

I1lite in Sandstonesg: : =

i Authigenie 11lite commonly: forms in porous sandstones during burial. In

“some instances it appears that the 1llite is probably formed at temperatures
“lower than those at which:-it is formed in shales. - These authigenic clay min-

‘'erals” commonly- decrease the porosity and permeability of the sandstones.

- Millot (1970) observed kaolinite altering to-illite in the Cambrian sand-

" stones:of Algeria.” In-equivalent age sandstones from the same area, Triplehorn

(1967) 'found'authigenicle 411lite at depths of 2,873 :to 3,070 m. 'In the shallow

buriedﬂﬂpper'Carboniferous‘sandstoneS‘ofunorthern Germany (Fichtbauer, 1967),

‘*theldetrital@feldspar=hasrheenfaltered to kaolinite; at depths on the order -

of 6,000 m the feldspar is sericitized. "It is suggested that -an acid: environ-
ment is created“by”the‘releaSe=0f*C02“and"humic aclds ‘during the early stages’
of coalification. During the second stage of coalification methane is released,

causing an increase in pH which favors the formation of micaceous minerals.

The alkaline conditions also cause carbonate minerals to form and replace a

variety of other minerals.
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Wilson and Pittman (1977), in their review of the literature on the oc-
currence of authigenic clay minerals in sandstones, show a number of scanning
electron micrographs of authigenic illite. 1Illite generaliy occurs as irregular
flakes with lath-like préjections. Occasionally\the long lath-like projebtions

are curled and up to 30 ym long.

Paragonite

Paragonite is a common mineral in highly aluminous pelitic schists of low-
to-medium grade of metamorphism (Zen and Albee, 1964; Guidotti, 1968). It is
most common in medium grades of metamorphism and is related to a relative en-
richment in A1203 and/or NaAlO2 (Guidotti, 1968). Winkler (1976) states that
paragonite makes its first appearance at very-low-grade metamorphic conditions
(200° to 400°C). Frey (1970? 1974) described the distribution of paragonite
in anchizone rocks of the Alps gnd suggested the following origin. Mixed-layer
illite-montmorillonite + regular mixed-layer mica-montmorillonite -+ mixed-layer
paragonite-phengite - paragonite. In the lower Paleozoic shales of the southern
Appalachian, I have found paragonite in anchizone shales exposed to high pres-
sures (fault zones), but not in those exposed to high temperatures (deep burial).

The (002) spacings of muscovite and paragonite are affected by the K/Na
ratio. Zen and Albee (1964) found that the (002) spacing of both minerals
closely reflects the metamorphic grade. In rocks from the biotite and chlorite

zone, paragonite has the smallest spacings and muscovite the largest spacings.

Spacings approach each other as the metamorphic grade increases.

Feldspar
Weaver and Wampler (1970) found that in the Gulf Coast Tertiary the K-
feldspar/Na-feldspar ratio decreased with depth. Hower et al. (1976) reported

a decrease in K-feldspar in sediments from the same general area. It is

o
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apparent that the K-feldspar is being destroyed as the K is used to convert
montmorillonite layers to illitic layers. It is not known whether the amount
of Na-feldspar in?reases. Thbﬁgh secondary orthoclase is abundant in some
sediments (Miller, 1967; Fairbridge, 1967) much of it appears to have formed
from volcanic material at a relatively low temperature.

Some studies of metamorphosed argillaceous rocks (Weaver, 1961; Dunoyer
de Segonzac and Abbas, 1976) have shown ihat Na-feldspar can be more abundant
than K-feldspar, and Winkler (1976) notes that phyllites may contain as much
as 20 percent albite.

The paragenesis of Na and K feldspar in the temperature range of 100° to
400°C is bound to be complex but the general trend appears to f;vor an increase

Na-feldspar/K-feldspar ratio.
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- KAOLINITE

Shales - o B s G b ‘ Busiuined oo

‘There is little question that kaolinite in shales  disappears during deep
burial, but there is little firﬁ information on what happens: to. it.:- The depth
and temperature at which it disappears vary widely and the factors: which deter-.
mine at what temperature it is destroyed or transformed are not.well:known.

- A review by Dunoyer de Segonzac (1950)4indicates.thatﬁkaolinite’in shales
disappears at temperatures ranging from 80° to 190°C. The persistence of: kao-
linite to a temperature of 180°C at Pierrefeu he ascribed ‘to a:very low rock
porosity and the relatively young age (Oligocene) of the: formation.> In the '
Paleozoic of the Polignac Basin, kaolinite persists to avtempérature;ofrat et
least 120°C. This he believed was due to a high organic content. The persist-
ence of kaolinite up to a temperature of 190°C in the Salton Trough geothermal
area might also be due to the young age of the sediments. 1In the latter case
kaolinite starts to decrease in abundance at 165°C. In the Cretaceous Logbaba
section kaolinite starts to decrease at 70°C and is gone by 90°C; however the
loss of kaolinite coincides with a formation boundary and may never have been
present in the underlying section.

In the Oligocene of the Upper Rhine Graben, kaolinite is present to total
depth in a well with a bottom hole temperature of 169°C (Doebl et al.,, 1974).
In Oligocene sediments of the Gulf Coast (Hower et al., 1976), kaolinite con-
tent decreases abruptly at 90°C and then remains constant to 174°C (total depth).

In a study of Carboniferous "kaolinite-coal-claystones" of the Ruhr dis-
trict, Eckhardt (1965) found that the b-axis disorder of kaolinite decreased

with an increasing temperature (increased coal rank). At temperatures less



s

L]

L3

89

than 130°C there was little change in the crystallinity of the kaolinite (in

claystones). No b—axis disorder was found in kaolinite exposed to temperatures

. above 200°C. - In the Low Pennsylvanian-Upper Mississippian Springer shales of

Oklahoma, kaolinite persists to a temperature of at least 22(°C (Weaver and

Beck, 1971, and Hood et al., 1925).< The kaolinite content starts to decrease

at a temperature of approximately 180fc.k

Kossovskaya et al. (1964) reported that only chlorite and illite are
present in the floors of semianthracite coal seams. In areas where the coal
is lower rank, kaolinite is present. In Queensland, Australia, kaolinite is

present in Permian tonsteins associated with medium-volatile bituminous coal

(Kisch, 1966 b), Demaison (1974) has shown that equivalent rank Permian coals

in Australia have been exposed to maximum temperaturesrof 130°C to 155°C.
Semianthracite coals of equivalent age contain only chlorite and illite. The
temperature for the formation of coals of this rank coal is approximately
200°C (Demaison, 1974). K, Mg, and/or Fe must be presentvﬁo convert kaolinite
to illite’and chlorite. The source of the ions is not known. The presence
of kaolinite on the shallow flénks of a basin does not mean it was once present
in the central; more deeply buried portions of the basin. A study of Penn-
sylvanian underclays of the Mid-Continent-Appalachian area (Schultz, 1958)
established that therejwas a regional variation in the clay mineral suite,
with kaolinite being more abundant in the shelf underclays than in those in
the geosyncline; however, this pattern could be due to variations in buriai
depth. ' , Co ; -

In a study of regionally metamorphosed shales in the Quachita Mountains,
Weaver (1960) found that kaolinite was destroyed before the mixed-layer il-

lite-montmorillonite was completely converted to illite.
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With increased depth and temperature, kaolinite in shales is commonly ' )
observed to decrease anq chlorite to increase. It is frequently suggested .

- that this pattern indicates that kaolinite alters to chlorite. There is no

direct evidence to indicate that this transformation occurs. Weaver and Beck

13

(1971) suggested that the Al from the kaolinite may be incorporated in mont-
morillonite layers in mixed-layer illite-montmorillonite to form layers of
dioctahedral chlorite.

Griﬁ (1953) and Weaver (1959) found that kaolinite was less abundant ip
older shales than in younger (Cenozoic and Mesozoic) ones. A similar situ-
ation apparently occurs in Europe (Dunoyer de Segonzac, 1970,‘and Stark, 1968)
and in Rpssia (Vinogradov and Ronov, 1956; Kossovskaya and‘Shgtov, 1970). Grim
suggested that kaolinite was destroyed during burial. Weaver (1960) suggested
that the increase in kaolinite was due, in part, to the development of land
plants and the creation of more acid conditions in more recent times.

Studies in other areas indicate that kaolinite is abundant in the Devonian
of the Param Basin of Uraguay (Sanford and Lange, 1960) and in the Cambrian -
to Carboniferous shales of North Africé (Dunoyer de Segonzac, 1969). In Africa
the present maximum depth of burial of the Paleozoic sediments is 3,000 m and
present maximum well  temperatures are less than 120°C. These data suggest
that kaolinite was probably as abundant in the Paleozoic (but because of conti-
nental drift it formed in different areas) as in younger sediments, and that
in much of North America, Europe, and Russia many of the Paleozoic sediments
have been exposed to temperatures high enough (greater fhan 120°C) to destroy

the kaolinite.

Sandstones

In interbedded shales and sandstones the sandstone units commonly contain .

more kaolinite than the surrounding shales. This is the case even when sand
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layers are only 1 mm thick (Weaver, 1967). Most studies indicate that the
kaolinite was formed during shallow burial by acid waters that formed from
organic material. The acid altered feldspar or other clay minerals to kao-
linite. Bucke and Mankin (1971) reported a similar relation in Desmoinesian
sand-shale pairs. They noted that in addition to organic material (low pH)
and feldspar as a source of Si and Al, it was necessary to have degraded 1l1-
lite to adsorb potassium released from K-feldspar. This latter requirement
is necessary only if the movemeﬁt of water is restricted.

There are many examples of the formation of kaolinite in sandstones after
burial; some examples from the United States are described by Glass (1958),
Weaver (1967), and Wilson and Pittman (1977).

In salt-water-bearing Cambrian saﬁdstones from the Sahara, Kulbicki and
Millot (1961) found that kaolinite altered to illite.

Fuchtbauer (1967) found authigenic well-crystallized kaolinite in clean
Jurassic sandstones of Germany. - The degree of crystallinity decreases with
increasing clay content. The enclosing shales contain poorly crystallized

kaolinite. Some of the kaolini;e was formed from feldspar in an acid environ-

- ment. The acid environment was created by 002 released during the early stages

of coalification. With depth, kaolinite is believed to be converted to chlorite.
Silica is libefated to:form quartz overgrowths. In the Cretaceous of Alberta,
Ghent and Miller (1974) found thaﬁlin quartz-rich sandstones authigenic kaolin-
ite formed later than quartz cement. In feldspar-rich sandstones it was asso-
cliated with authigen%p chlorite, calcite, and quartz. Sarkisyan (1972) reported
that when pore waters are acid, regeneration of detrital kaolinite and kaolini-
zation of'clay cements occur at depths of 1,000 to 2,000 m. At depths of 2,000
to 3,000 m kaolinite can form from 8102 (dissolution of quartz) and A1203 (dis-

‘solution of feldspar).
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Shutov et al. (1970) reviewed the Russian studies and reported that during
transportation kaolinite becomes disordered. With burial there is a gradual
transformation of kaolinite to dickite through the stage of mixed-layer growths.
During deep burial, veins of dickite are formed. Under strong stress condi-
tions, dickite is transformed to nacrite.

In the Cretaceous sandstones of the Cameroon, dickite is formed in the
temperature range of 70°C to 90°C (Dunoyer de Segonzac, 1969). Though "ele-
vated" or diagenetic temperatures are required to produce dickite, the temper-
ature of formation appears to vary in respomse to varying chemical and physical
conditions.

In a study of porous Pennsylvanian carbonate rocks of Kansas, Schroeder
and Hayes (1968) found that dickite had been deposited from waters heated by
Tertiary intrusive igneous rocks. At a distance of tens of miles from the
intrusions, the water temperature had cooled sufficiently that well-crystal-
lized kaolinite precipitated. The crystallinity of both the dickite and kao-
linite is in part controlled by the porosity and permeability of the limestone.
Poorly crystallized dickite and disordered kaolinite occur in the smaller voids
in the less porous rocks. This is believed to indicate that the water moving
through the restrictedrpaths cooled more than that in the more porous rocks.
These lateral changes in the kaolin minerals are similar to those observed
in thick vertical sectionms.

Kossovskaya and Shutov (1963) reported that in quartz-kaolinite sandstones
the kaolinite is converted to dickite when the pressure-temperature reaches
ﬁhe stage of deep-seated epigenesis, and to pyrophyllite at the metagenesis
stage (anchizone). The pH is acid to neutral. They suggest that time influ-
ences the transformation temperature. Dickite was observed in lower Paleozoic

rocks at 1,000-1,500 m and in Mesozoic rocks at 2,500 m.
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Winkler (1976) reported that in rocks composed :largely of kaolinite and
quartz (and containing only minor amounts of K and Mg) the kaolinite can per-
sist to temperatures in the range of 325° to 375°C. At higher temperatures.
it can be converted to pyrophyllite. The temperature of transformation de-
creases as the HZO»pressure decreases. When kaolinite occurs as a minor‘con;
stituent in shales (less than 30-50 percent of the clay suite), it is usually
desfroyed or converted to éome mineral other than pyrophyllite at an appre-
ciably lower temperature. |

In addition to massive pyrophyllite, solutions can be mobilized and pyro-
phyllite deposited in fissures produced during dynamometamorphism (Anton, 1975).

Pyrophyllite is abundant in shallow buried (deeper than 1500 m) Devonian
and Silurian sediments of the Sahara where it replaces mica, kaolinite, and
quartz. Associated minerals are calcite, dolomite, halite, and gypsum (Dunoyer
de Ségonzac, 1969). The associated mineralogy would appear to be a factor in
the low-temperature formation of pyrophfllite.

Kubler (1966 b) aﬁd Kisch (1974) show pyrophyilite to be present in the
anchizone and early ﬁetamorphic stages (illite cryétailinity 7.5 to 2.0), which
probably:indicates é ninimum temperature of formation of approximately ZOOPC;
Frey (1970) found pyrophyllite'in'sediments ﬁhich had been exposed to a maxi—

mum temperature of about 200°C.

Expetiméntalr 7

Henley (1959) estéblished the stability:-£fields of’kaolinite, byrophyllite,
mica, and'K—feldépar in terms ofrtempera;ure and {K+}/{H+}.,va the K" concen-
tration And éH are sufficiently high, kaolinite can convert to illite at tem-
peratures encountéred,at,moderate;depth. Such a transformation occurs in porous

rock but does not appear to occur in shales.
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In an investigation of the alteration of clay minerals under hydrothermal &
conditions, Frank-Kamenetzky et al. (1971) found that in the presence of KC1, .
kaolinite first is converted to montmorillonite and disordered kaolinite

(v225°C) and then to a K~hydromica at 250°C. K-hydromica is the only phase

%

present at a temperature higher than 400°C. In the presence of NaCl the se-
quence is similar, except‘Na—hy&romica develops and minor amounts of montmoril-
lonite persist to a temperature of 500°C. In the presence of MgClz, kaolinite
persists to 375°C. In the absence of quartz and in the presence of K and Na,
kaolinite is converted to micaceous minerals. Laboratory studies by Lagache
et al. (1963) established that illiﬁe alters to kaolinite at relatively low
temperatures (<200°C) in the presence:of.coé. Kaolinite in Qulf Coast muds
was destroyed at 100°C when the mud was heated in reactor bombs (Hiltabrand

et al., 1973). The sediment-seawater ratio was 1:5, which does not duplicate

natural conditions.

In nature, kaolinite may be destroyed or modified at temperatures as low
as 70°C or may persist to 375°C. The temperature at which it is destroyed or
transformed depends on the pH, chemistry, and porosity. The temperature at
which changes occur appears to decrease as pH and/or porosity increase. 1In
porous rocks containing acid water the crystallinity of kaolinite increases
with increasing temperature, the kaolinite eventually being transformed to
dickite. It is not clear whether the formation of pyrophyllite is necessarily
preceded by this sequence of transformation.

When the solutions are alkaline, the kaolinite is destroyed; if K is
abundant, it can be converted to illite.

In shales, kaolinite\disappears over a wide temperature range, approxi-

mately 70° to more than 200°C. The temperature at which it is destroyed is
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in part dependent on the 1eﬁgth of time it is exposed to these temperatures.
The chemistry of the associated clay minerals and organic content (pH) are
als§ factors. It iéfnot definitely established what happens to the kaolinite
in shales. 1In all likelihood the released Al and Si are reorganized to form
layers of dioctahedralrchlorite, or, where K is abundant, perhaps illite. 1In
situations where kaolinite is essentially the only clay mineral present, the
amo;nt of b-axis disorder decreases in the temperature range of 130° to 200°C.
It is not known if at higher temperaturés thé kéolinite is transformed to dic-
kite. This appears unlikely because dickite is‘rarekin shales. Where kaolin-
ite is abundant, it can be altered to pyrophyllite at temperatures as low as

200°C—(upper portion of anchizone).
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CHLORITE
-

Less is known about the chlorite minerals in shales than about any other

type of clay mineral. Chlorite is present in most shales but is seldom the

1n:

dominant mineral. Thus, it is difficult to obtain direct chemical analyses or
to determine the polytype. Most of the chemical information is obtained by
x-ray analysis (Brindley, 1961). However,rthere is considerable information
available about metamorphic chlorites and chlorites in sandstones, limestones,

and evaporites, where chlorite is often the dominant clay mineral.

Polytypes and Composition

The structural variations of the chlorites have been discussed by Brindley
(1961), Brown and Bailey (1962 and 1963), Shirozu and Bailey (i965), Lister
and Bailey (1967), and Eggleston and Bailey (1967). Taking into account the
bonding restrictions imposed by the superposition of the 2:1 layers and the
hydroxide sheets of ideal hexagonal geometry, Brown and Bailey (1962) showed
that four different arrangements of the brucite sheet relative to the initial
2:1 layer were possible. For each of the four chlorite layer types, the hexa-
gonal rings in the repeating 2:1 layer may be superimposed in six different
orientations. S5ix ideal systems with semirandom stacking are possible, two
(Ib and IIa) based on an orthorhombic-shaped cell and four (Ia, Ib, ITa, IIb)
based on a monoclinic-shaped cell.

Brown and Bailey (1962) examined 300 chlorites from different localities
and found that approximately 80 percent had the IIb structure but found examples
of the orthorhombic Ib, monoclinic Ib, and Ia structural types. The relative
abundance of the polytypes was related to structural stability. To some ex-

tent, composition influences the stability of the chlorites through its effect

>
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on the cation charge and ambunt of distortion of thé hexagonal network caused
by size adjustments. Increasing tetrahedral Al substitution is accompanied by
an increase in octahedral Fe to méintain a reasonable degree of fit between the
two types of layers.

There is considerable overlap in the compositions of the various structural
polytypes. The Ia and Ib chlorites have relatively distinct compositions, both
being low in tetrahedral Al.

The IIb chlorite is the stable polytype in normal chlorite-grade metamor-

phic rocks and in medium- and high-temperature ore deposits. Brown and Bailey

suggest that when sufficient energy is available the most stable polytype (IIb)

will form. They found that the orthohexagonal and monoclinic Ib types were the
ones most likely to be considered diagenetic chlorites. fhése are the chlorites
with the lowest amount of tetrahedral Al. The Ib type readily converts to the
more stable IIb type during metamorphism.

Hayes (1970) confirmed that the type I chlorites are formed by diagenetic
processes. He proposed the following diaggnetic stability sequence: Ibd (dis~
ordered) to Ib (B = 90°) to IIb. He found that the type I chlorites occurred

largely in sandstone and limestones, where they filled or lined voids and re-

‘placed such minerals as feldspar, biotite, volcanic material, calcite, and

probably,montmorillonite; The studies of Brown and Bailey (1962) and Hayes
(1970) indicate that there is no significant difference in composition between

type I and IIbvéhlorites. Hayes (1970) found that type I contained from 1,03

.to'1.65 ﬁetrahedtaerl,(per fbur:positions). .Octahedral Fe2+ ranged from 0.36

to 3.55 (per é;positiohs);: The ratio Fe2+/Fe2,+ + Mg ranged from O to approxi-

mately 0.8 -and averaged approximately 0.4. Thus, most chlorites of both types

: contain'more}Mgzthan Fe. The source of the Mg and Fe was not considered in

any detail.
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Velde (1977) reports that in rocks containiné chlorite and phengite the \‘J
chlorite tends to be 50 to 100 percent more Fe-rich (relative to Mg) than the
phengite. The higher the Fe content of the rock, the higher the Fe content
of the chlorite.

Bradley (1955) has suggested that the silica-rich tetrahedral sheet is
mofe temperature sensitive than the octahedral sheet and that at high tempera-
tures the tetrahedral sheet has the potential for more lateral extension than
the octahedral sheet;”\Macrocrystals which have structural regularity are formed
. at relatively high temperatures and have a strain-free fit between sheets. Such
macrocrystals would be put under strain upon reversion to ordinary temperatures.
Chloritesbwith a relatively high Fe content have a poor fit betweén sheets and
do not form crystals as large as those with a more favorable composition. They
exhibit diffraction effects which could be considered as Aepartures from the
ideal chlorite structure. Bradley believes that in both cases the strain is
dissipated by.the formation of faults which form by the periodic reversal of
groups of silica tetrahedra similar to that which occurs in the palygorskite -
structures. This irregular distribution of faults would tend to diffuse the
odd order x-ray reflections which alternate with the sharper even order re-
flections.

Foster (1962) calculated the structural formulas for 150 selected tri- '
octahedral chlorites. These formulas indicate that the Si content ranges from
2.34 to 3.45 per four tetrahedral positions, the distribution being highly
skewed toward the higher Si values. Most chlorites tend to have a much higher
tetrahedral Allcontent than the 2:1 clays. Octahedral occupancy ranges from
5.46 to 6.05. R3+ octahedral occupéncy ranges from approximately 10 to 47

percent of the filled positions with most of the values ranging from 15 to

35 percent. 9 ’
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A classification of the chlorites was devised by Foster (1962) based on

ionic replacement of Al by Si in the tetrahedral sheet and Mg by Fe2+

in the
octahedral sheet. The dividing lines are arbitrary and imply no genetic sig-
nificance; in fact, they probably have some.

Experimental hydrothermal studies in a portion of the system Mg0Q - A1203 -
8102 - Hzo (Nelson and Roy, 1958) showed that a complete sequence of 14 A chlor-
ites could be syﬁthesized ranging in composition from amesite (Mg4A12) (SiZAlz)
OlO(OH)S’ to penniniﬁe (MgS.SAlO.S) (Si3.5A10.5)010(0H)8. A certain minimum
amount of R3+ substitution is necessary in order to provide sufficient layer
charge to bind the various layers. The chlorite structure is not stable with
more than one-third of the octaﬁedral positions filled with Al; if more Al is
present, a three-phase assemblage is produced, containing a chlorite of the
amesite composition.

The same cbmpositions, but at lower temperatures (below 400-500°C), pro-
duce a 7 A structure of the kaolin type. Nelson and Roy (1958) called these
materials septechlorites. It was not established whether the 7 A phase was
metastable or not. , \

Relatively few dioctahedral chlorites have been described but they may
be more abundant than past studies indicate, In order to maintain electricai
neutrélity, the octahedral sheets must contéiq more than 4 Al per Olo(QH)s.
The excess octahedral charge should equal the amount of negative\tetrahedral
charge 1f no exchange cations are present. Reportgd'tetrahedral charges range
from 0.60 to 1.30. These charges are fully satisfied by excess octahedral
occupation in hydrothermal samples but not in the sedimentary samples. The

sedimentary spécimens have a much higher tetrahedral Al content (1.20 and 1.30)

than the hydrothermal clay, which would suggest that the basic 2:1 layers were

W— __ .
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not origihally stripped illite or montmorillonite. It may be that the starting
material was stripped biotite or chlorite from which much of the octahedral Mg

and Fe was removed and, in part, replaced by Al (Weaver and Pollard, 1973).

Mode of Formation

Chlorite forms under a wide variety of conditions and temperatures. Present
data indicate little relation between composition and temperatures, but some
relation between composition and the environmental conditions in which authi-

genic chlorite forms.

Soils
Chlorites weather easily and are rare in soils except in relatively cold
climates. Ball (1966) has described a chlorite-rich soil from the mountainous
region of North Wales. The chlorite (IIb, Hayes; 1970) is residual and con-
centrated by the weathering of chloritic tuffs. Tetrahedral Al ranges from
1.0 to 1.7. The Fe2+/Fe2+ + Mg ratio ranges fromk0.17 to 0.53, with 20 of
the 26 samples having value less than 0.34. These "volcanic" chlorites have
a higher Mg content than most of those found in sedimentary rocks.
In soils, smectites and vermiculite are frequently partially "chloritized"
by the precipitation of hydroxy-Al, Fe, or Mg between the expanded layers
(for review see Rich, 1968). "Chloritization" is sel&om compiete and fhe
hydroxy material occurs as islands. The original clay is most often diocta-
hedral and hydroxy-Al is the most common interlayer material. Al and Fe hy-
éroxides are precipitated under acid conditions and Mg hydroxide under basic
conditions. Weaver and Beck (1977) have observed Fe-rich chlorite forming

from kaolinite and Fe oxides in the soils of the southeast U.S.
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Marine

Under marine conditions some hydroxy-Mg preciﬁitates between montmoril-
lonite layers causing partial chloritization (Grim and Johns, 1954). Rex
(1967) describes hydroxy-Fe precipitating between montmorillonite layers in
Pacific Ocean clays.

" Bonatti and Arrhenius (1965) found Fe chlorite (Ibd, Hayes, 1970) forming
in the Paqific-OCean from Fg-Al'oxide hydrate.cpatings (desert varnish) on
silt grains, and Swindale and Fan (1967) described chlorite forming from sand-
and silt-size gibbgite grains off the coast of Hawaii. Conversely, Berry and
Johns (1966) and Heath (1969) found that detrital chlorite was being degraded
in the bottom muds of the Atlantic.aﬁd Pacific Oceans. Studies of sediments
from the Mid~Atlantic ridge (Siever and Kastnér, 1967, and Copeland et al., 1971)
indicate thgt Fe chlorites fpom the outcropping greenstones are slowly changed,
through contact with seéwater, to Mg chlorite. It appears that either Fe or

Mg chlorites can form in the marine environment.

Evaporites
Authigenic chlorite is commonly present in salty clays associated with

salt deposits (Flichtbauer and Goldschmidt, 1959; Braitsch, 1971; Nelson, 1973),
but is relatively rare in the dolomites associated with these deposits. These
chlorites are reported to be Mg~rich, typically having a Fe2+/Fe + Mg ratio
less than 0.1.  Microprobe analysis (80) of éﬁthigenic chlorite from the Si-
lurian salts of New York (Bodine and Standaert, 1977) shows they are also Mg-
rich: |
(Meg,51Fe*,23A1) 51) (Aly 06Sin 91) 01o(OH)g
Chlorite tends to be predominant in the strand line deposits of the éer—

man Zechstein deposits (Braitsch, 1971). 1In a survey of evaporite deposits
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of North America, Droste (1963) found that chlorite and corrensite were com- .
monly present, though illite was the predominant clay in most deposits. Il-
lite is present in most evaporite deposits. Corrensite or various forms of

mixed-layer chlorite-vermiculite and chlorite-montmorillonite is a common com-

ponent of evaporitic salt and sulfate beds (Kubler, 1973).

-Carbonates

Chlorife and mixed-layer chlorite-montmorillonite are relatively abundant
in Paleozoic and Mesozoic carbonate rocks (Weavef and Beck, 1977). These two
minerals are the most abundént clay minerals in Lower Ordovician and Upper
Mississippian carbonate rocks extending over thousands of square kilometers
in the eastern United States. Limited data suggest these are mostly tidal
deposits and the chloritic material has a high Mg/Fe ratio (Weaver, 1961, and
Peterson, 1961). Ephemeral hypersaline conditions are believed to have existed
in the tidal flat enviromments in which these clays formed (Weaver, 1961).

The data from the evaporite and carbonate rocks strongly suggest that
Mg-rich chlorites form under hypersaline conditions; however, it is not known
whether all of these chloritic clays are authigenic or whether some are formed
after burial. Chlorites of similar composition are also common in metamorphic

rocks.

Ironstones

Fe-rich clays are abundant in many sedimentary iron deposits (Berg, 1944;
Chilingar, 1956; Schoen, 1964; Hunter, 1970). Most of the clay minerals are
the 7 A variety (chamosite, septechlorite, greenalite, and cronstedtite), but
chlorite is also present. Schoen (l964)»calcu1ated from x-ray data that the

chlorite in the Clinton ironstones had the following composiéion:

(MgAD), 5(Fe)3 5(Sip g5Al; 35)010(0H)g | | ()
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The 2:1 layer had more Fe thaﬁ the hydroxide sheet. Coexiéting, primary 7 A
chamosite from which much of the‘chlorite formed has a similar composition.
Schoen further conciuded that the Fe/Mg ratio of the chlorite had increased
during diagenesis. He beiieved this was caused by an increase in Fe/Mg acti-

vity ratio in the solution rather than by temperatures.

Sandstones
Nondetrital chlorite commonly occurs as pore fillings and grain coatings
in sandstones. As most of this chlorite appears to have formed after burial,

it will be discussed in detail in another section.

Shales

There are few, ifrany, chemical analyses of chlorites in shales. ZX-ray
analyses by Weaver (Weaver and Pollard, 1973) an& Hayes (1970) indicate that
the chlorites in Paleozoic shales t;piéally'contain 1.0 to 1.6 tetrahedral Al
5nd have an Fe2+/F2+4Mg ratio ranging from 0.25 to 0.67. The range of compo-
sition is similar to fhat for metamorphic chlorites except for those with either
a very high Fe or Mg content (Brown and Bailey, 1963). It is likely that most
of the chlofités in shales are detrital metamorphic chlorites. This is by no
means certaiﬁ, és it ié likely that appreciable chlorite is formed during the

transformation of montmorillonite to illite.

Diagenesis

Diagenetic chlorite forms in nearly all, if not all, the major rock types
during burial. The compositibn is quite variable and appears to be more depen-

dent on the composition of the solid phase and the solution than on temperature.
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Sandstone : | &ii

The presence of diagenetic chlorite in sandstones has been described by
numerous people (reviewed by Weaver, 1967; Hayes, 1970; an& Wilson and Pittman,
1977). There has been some controversy as to whether the chiorite-rich matrix
in graywacke was primary or diagenetic. Recent studies (Lovell, 1972; Reimer,
1972; and Galloway, 1974) indicate that much of the matrix is formed by the
diagenetic decomposition of unstable components.

The development of chlorite in sandstones during diagenesis and metamor-
phism has been described by Kossovskaya and Shutov (1958 and 1963). They point
out that the stable mineral assemblages\formed during diagenesis and low-grade
metamorphism are dependent on the bulk composition of the original rock. Femic
minerals are necessary for the formation of chlorite. The chlorite (and illite)
first develops as a cement. With increasing depth, temperature, and lateral
stress, chlorite aggregates form. At the slate stage of metamorphism, chlorite
has a perpendicular orientation and penetrates into regenefated quartz and
feldspar grains. 1In slate, chlorite lepidoblasts develop. Segregation takes .
place both on the surface bedding and along cleavage planes.

In a study of Tertiary sedimentary arc-related basins along the Pacific
continental margin, Galloway (1974) found that at dep;hs greater than 500 m
authigenic chlorite and montmorillonite formed as coatings around detrital
grains. With increasing depth (900 to 3,000 m) and temperature, open pore
spaces are filled with authigenic zeolite, chlbrite, or montmorillonite. Vol-
canic rock fragments, plégioclase feldspar, and mafic heavy minerals were the
source material for the clays and zeolites. In advanced stages of burial, re-
placement of feldspar and rock fragments by chlorite and other minerals occur,

and the métrix is recrystallized and partially replaced by chert and micas.
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Karpova (1969) found‘Ib;chlorite cement formed from volcanic fragments
in continental and deltaic sandstones from the Upper and Middle Carboniferous
of the Russian Platform. With depth IIb chlorite becomes predominant. Mg is
more abundant in IIb than in the .Ib chlorite. Séfkisyan (1972) reports that
below a depth of 3,500 m chlorite cement forms in sandstones, siltstones, and
silty shales. The chlorite content increases as the proportion of sand and
silt increases. In a Permian basin in Russia, corrensite and Mg chlorite (in
lagoonal sediments) and Fe-Mg chlorite (in marine sediments) are believed to -
have formed after burial ig,both shales and sandstones (Kossovskaya, 1969).

Almon et al. (1976) described the occurrence of authigenic corremsite in
Upper Cretaceous volcaniclastic deltaic sands. Authigenic montmorillonite
occurred in the associgted marine sands. They suggested that the corrensite
formed in a hyposaline r#ther'than a hypersaline enviromment. It is of interest
to note tﬁat their corrénsite contains ﬁore Ferthan Mg, whereas corrensite
assoéiatedbwith evaporite deppsits is Mg—rich. The limited chemical data indi-
cate that corrensifes have a raﬁgg of compositions and ﬁhat thercomposition
appears to be at leést partially related to salinify.

In the Eocene sandstones of southwest Texas the disappéarance of kaolinite
at 150-200°C is accompanied by an increase in chlorite. Calcite cement is
repladed by ankerite at abou; 117;1265c. K-feldspar is destroyed at:a‘tempera-
ture interval of bgtwéen 199°and 120°C (Bolés‘and Franks, 1979). ”

From x-ray analyses of diagenetic chlorites, largely from sandstones,

. Hayes (1970) found that IIb chlorites (detritai) tend to have more Mg and Si

than type I chlorites, which definitely have higher Fe and Al contents. However,
he concluded that composition alone is unimportant in determihing the stability

ranges of the difﬂgrent polytypes. Chemical composition is influenéed by the
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bulk composition of reactants in the diagenetic environments. Hayes suggests
that 150°C may be about the temperature at which Ib converts to Iib chlorite.

Wilson and Pittman (1977) noted that the concentration of Fe in secondary
chlorites varied with morphology. The relative concentrations of Fe were plates
and rosettes > honeycomb > cabbagehead.

In the Cretaceous‘arenites and calcarenites of northeastern Algeria, glob-
ular 14 A chlorites occur as shell fillings. It is believed that these pellets
originally formed as 7 A chlorites and were converted to 14 A chlorite when
exposed to burialvtemperatures of 25°C to somewhat above 100°C (Velde et al.,

1974).

Shales

Hower et al. (1976) observed in a Gulf Coast Tertiary well that an increase
in chlorite coincided with an increase in the illite layers in the mixed-layer
illite-montmorillonite. They believe the chlorite is a by-product of the trans-
formation of montmorillonite to illite. Chlorite is first observed at a well
temperature of 70°C. It increases to a depth where the temperature is 100°C,
then remains constant to total depth (174°C). |

A reexamination of the data obtained by Weaver and Beck (1971) from a
study of a Gulf Coast Miocene section indicates that at a temperature of 8P C
the <0.2 ym fraction contained a mixed-layer illite-chlorite-montmorillonite.
Below this depth-temperature, there is a slight inérease in the amount of dis-
crete chlorite. In the Pennsylvania Springer shales of Oklahoma, heat treat-
ments indicate that the crystallinity of'cﬁlorite increases with depth and that
the amount of expanded layers (mixed-layer chlorite~vermiculite) decreases with
depth (Weaver, 1958). ‘

Fuchtbauer and Goldschmidt (1963), Dunoyer de Segonzac (1969), and otheré

have observed that in thick sedimentary sections kaolinite decreases and

go
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trioctahedral chlorite increasés with depth and temperature, aﬁd they suggest
that kaolinite alters to chlorite. In the Jurassic shales of Lower Saxony,
Fuchtbauer (1967) found that chlorite increased at the expense of kaolinite
and suggested that Si was liberated to form quartz cement in sandstones. In
the Upper Carboniferous saﬂdstones biotite flakes are chloritized below 3400 m.
Weaver and Beck (1971) showed that as kaolinite decreased with depth in the
Springer shales a dioctahedral chlorite developed. Minor amounts of kaolinite
persist to depths where the present temperature is near 220°C. At 220°C only
dioctahedral chlorite is present.

Sarkisyan (1972) reported that in the Caucasus corrensite (50 percent ex-
panded layers) coexists with mixed-layer i1llite-montmorillonite containing 25
to 30 percent expanded layers. This suggests that the temperature to which the
rocks were exposed was at least 120°C. In the Lower apd Middle Ordovician
shales and shaley limestones of Newfopndland, corrensite is believed to have
formed diagenetically from volcanic detritus (Suchecki et al., 1977). The
associated mixed-layer illite-montmorillonite contains only 10 to 15 percent
expanded layers. This suggests that the temperature to which these sediments
have been exposed is in the range of 170°t07220°C;

~ In metamorphosed Alpine rocks corrensite is present in rocks containing
well-crystallized illite (Kubler, 1968). ‘

The thermal stability range of corrensite exceeds that of illite-montmoril-
lonite and appears to range from approximately 90°C to temperatures in excess

of 200°C, perhaps as high as 300°C. Suchecki et al. (1977) suggest that this

~1is due to the trioctahedral character of the chlorite-montmorillonite. The

hydrogen bonds of the octahedral OH ions are oriented perpendicular to the clay
1aYer, allowing for greater electrostatic repulsion between interlayer cations

and the layer.

N
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On the southwestern border of the Russian Platform (Karpova, 1969), Ib
chlorites occur in the Upper and Middle Carboniferous sandstones. Deeper in
the section the IIb polytype is present and contains more Mg than the Ib type.
It is not known whether the IIb polytype was formed from the Ib polytype by
Mg-metasomatism or after the Ib polytype was dissolved.

In felsic tuffs in the Neogene of Japan (Iijima and Utada, 1971, mont-
morillonite changes to corrensite at approximately 100°C (analcime zone) which
in turn alters to chlorite at approximately 120°C (albite zone).

Kossovskaya et al. (1964) report that diagenetic chlorite and illite are
abundant in the floor of semianthracite coal seams in the Petchora Basin. In
Australia, Kisch (1966b) reported the presence of abundant Fe~ and Al-rich
diagenetic chlorite (along with mixed-layer illite—montmorillonite—chlorité)
in tonsteins associated with coal of semianthracite rank (90-91.5 percent carbon).
The chlorite is believed to form from kaolinite when Mg and Fe are present. The
Fe is believed to come from siderite which through the loss of Fe is converted .
to ankerite (Kisch, 1968 a). When Mg and Fe are not present, the kaolinite
becomes better crystallized or converts to dickite. Semianthracite coal is
believed to have been subjected to temperatures on the order of 200°C (Demaison,
1974). A minor amount of chlorite is present in tonsteins associated with coals
having 89 percent carbon (v150°C). The presence of mixed-layer 1111 te-mont-
morillonite with (001l) spacings ranging from 10.2 to 12 A confirms that the
rocks were probably not exposed to temperatures much greater than 20(° C, and
further demonstrates that diagenetic chlorites form at lower temperatures than
pure illite (100 percent 10 A layers).

Dunoyer de Segonzac and Bernoulli (1976) observed that in the Upper Tri-

assic of the Southern Alps chlorite and corrensite are present in the deeply
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buried Generoso Basiﬁrbut ndtfin the shallow buried sediments in the Lugarro
Swell. Only illite and chlorite are present in the Austro-alpine maps.

Analysis of chlorite from metamorphic and igneous rocks (Albee, 1962)
shows that their composition depends on the total composition of the rock and
minerals associated with it. Thus, chlorites with a high Al content are
usually associated with high-Al minerals (muscovite, margarite, spinel, etc.).
Chlorites may have any proportion of Fe to Mg. The proportion depends on the
Fe/Mg ratio of the bulk rock and the nature of the other minerals among which
the Fe and Mg are partitioned. Ip general, chlorites are more Mg-rich in higher
grades of metamorphic rocks. This hés been demonstrated by the experimental
studies‘of Nelson and Roy (1958) which showed the maximum stability temperature
of Mg-chlorite torbe higher than that of Fe-chlorite.

The composition of chlorite formed from montmorillonite and illite during
diagenesis would presumably be détermined'by Fe and Mg content of the octahedral
sheet of thesg two clays. However, it cannot be assumed that the Fe and Mg
are released on the same proportion in which they occur in the octahedral sheet.
Data compiled by Weaver and Pollard (1973) showed that there is a negative
relation between K20 and Fe203'for both illite and mixed-layer illite-montmoril-
lonite; MgO is not related to KZO‘ This suggests that Fe may leave the octa-
hedral sﬁeet mOre easily than Mg. During diagenesis, onahedral Fe3+ tends
to be fe&uced ﬁorFe2+.-‘The~diocfahedral clays can aCCommddAte only a relatively

100H2) of the large ferrous ion and it must leave the

-structure, Actuaily it may help disrupt the structure and facilitate the dia-

genetic rééctions; Thus, chlorites formed during diagenesis‘shéul& have a larger
Fe/Mg fatio than'the mixed-layer clay or illite from which Fhéyrwe;e derivedﬂr

In tﬁe‘Kafroo shales of South Africa chlorite is first encountered close
to the boundary\between anchi- and epimetamorphism at a suggested temperature

P
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of 280°C (Rowsell and Deswardt (1976). The Fe and Mg were believed to have
been derived from illite during recrystallization. Some.of the chlorite oc-
curs as porphyroblasts, as velnlets, and intergrown with muscovite. Crystal-
linity values range from 2.7 to 3.3.

Dunoyer de Segonzac and Abbas (1976) fouﬁd that in a dolomite series in
the Alps the thermal stability of chlorite increased with increasing deg;ee
of diagenesis and metaﬁorphism. Thermal stability was measured with the fol-

lowing ratio:

i _ Intensity 7 A, unheated
Intensity 7 A, heated

Chlorite can be formed in shales, sandstones and limestones at relatively
low temperatures. Conversely, in the labofatory, many chlorites formed at low
temperatures can be destroyed at temperatures as low as 300°C when they are

heated in the absence of water.

K-Bentonites

A study of the K—bentoniteabeds of Sweden (Bystrom, 1957) indicates that
the content of chloritic material increases as the tectonic deformation of the
beds increases. In the Appalachian region, K-bentonites commonly contain chlo-
rite or mixed-~layer chlorite-montmorillonite. At least some of the chlorite
is dioctahedral (Weaver, 1959). Chloritic material has not been reported in
the equivalent age K-bentonite beds from the mid-content. These data suggest
that the formation of chlorite is related to the depth of burial or temperatures.
However, in the Appalachians chlorite may be present in one K~bentonite bed
and not in another a few feet away in the same outcrop (Weaver, 1953). Some-
thing other than temperature must be involved. A chemical analysis of one of
the chlorites from the Appalachian region indicates that it contains less than

2 percent Fe203.



[

L/

| &

111

Hydrothermal

In the Salton Sea hydrothermai area, Muffler and White (1969) observed
that Mg-rich chlorite starts to form at temperatures of 130° to 165°C. Imn |
the Wairakei thermal area (Steiner, 1967), Fe-chlorite starts forming from
montmorillonite at temperatures of less than 100°C. Eslinger and Savin (1973)
found that the chlorite stage was preceded by‘a corrensite stage. Corrensite
was observed at 112°C (shallowest sample examined) and chlorite at 140°C.
Chlorite and mixed-layer chlorite-montmorillonite are commonly formed in wall
rock altered by hydrothermal fluids or intrusions (Bundy and Murray, 1959;
Naboko and Berkhin, 1970; Sudo et al., 1957; Chen, 1972; Harvey and Beck,
1960; Blatter et al., 1973). The chlorite is generally at the outer (cooler)
rim of the alteration halo. 1In the low-grade metamorphic portion of the Oua-
chita System,‘thiﬂ veins of purg-Mg-rich chlorite are abundant (Weaver, 1961).
Kubler (1973) concluded that under normal diagenetic conditions corrensite
forms at temperatures of approximately 90° to 100°C and persists to at least
150°C.~ ‘

Hydrothermaliy altered pillow basalts from the Mid-Atlantic Ridge con-
sist predominantly of chlorite-rich greenstones (Humphris and Thompson, 1978).
The chlorite MgO/FeO ratio is approxim&tely one. Much of the Mg is obtained
from seawater. Temperatures range from émbient bottom water temperatures to
a few hundfed degrees centigrade. N |

Corrensite and swelling chiorite are pfesent in the basaltic rocks of
the geothermal area on Reykjanes, Iceland, at temperatures ranging from 150°
to 280°C. At lower temperatures, only montmorilloﬁite is présent. Normal
chlorite was found in one well in the temperatﬁre range of 220°C to 290°C.

Mixed-layer chlorite-smectite dominates at 200°to 230°C (Thomasson and Kris-

.
“tannsdottir, 1972).
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ORGANIC MATERIAL

The scientists studying coal have established a relation between coal
rank and temperature. Following these early studies, the petroleum scientists
have established that the organic material in shales was temperature sensi-
tive and that the type of hydrocarbon generated was dependent on temperature.
Recent studies have demonstrated that time is as important as temperature. |

The book "Stach's Teitbook of Coal Petrology" (Stach et al., 1975) pro-
vides an up-to-date review ofkcoalification. Much of the first part of this

discussion is taken from their review.

Coalification Process

The development from peat through lignite, subbituminous coals, and bitu-
minous coals to anthracites and meta-antracites is termed coalification. The
chemical and physical changes that take place during coalification indicate
that only the processes that operate up through the stage of lignite (soft
brown coal) can be classed as diagenetic. The alterations that occur from
the beginning of the subbituminous~(hard brown coal) stage are so severe that
they are regarded as metamorphism.

Coals react so much more sensitively to temperature than do minefals
that the temperature, time, and pressure necessary for the formation of bitu-
minous coals cause only minor diagenetic changes in associated sediments.
Thus, the degree of coalification is perhaps the best method of determining
the temperatures that existed during the early stages of sediment diagenesis.
I believe the clay minerals are as sensitive to temperature as are coals.

The clay minerals have the advantage of being present in nearly all sediments.

L]
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Both chemical and physico-structural changes occur during coalification.
Decreaées in porosity, moisture content, and optical anisotropy parallel to
the bedding planes occur during the early stages of diagenesis (peats and
brown coals). More advanced stages of diagenesis and metamorphism cause
changes predominantly in chemical properties and optical properties (dependent
on chemical compogition).

As ;he moisture content decreases, the calorific valué of the coal in-
creases. The loss of moistufe depends on a decfeése in porosity and on the
decompoéition of hydrophylic functional groups, particularly OH-groups. Also,
carboxyl, methoxyl, and carbonyl groups are split off, increasing the carbon
content. During the lignite to subbituminous stage the last remnants of
lignin and cellulose are transformed into humic materials. The humic acids
condense to larger molecules,.losing their acid charagter to form alkali-in-

soluble "humins'". The most striking changes at this stage are petrographic.

_ Geochemical gelification (vitrinitization) of the humic substances occur and

the coal becomes black and lustrous.

During the bituminous stage the volatile matter (V,M.) Systematically
decreases and reflectivity rises.‘ About equal amounts of CH4 and CO2 are
released (Jﬁnégen and Karweil, 1966). ihe/anthracite stage is characterized
by a rapid fail of hydrogen éontentrand of atomic H/C ratib, and a strong
increase in r‘flebtivity and‘Optical anisoﬁrqpy; Large quantities of methane
oniy ére released. Increasing graphitization~6ccurs,‘éspeéially during the
meta—anthraciie s;age. These changes are summarized in Table 1.

"The coal ficatioﬂ‘proceés is controlled primarily by temperature and time.

Pressure retaXHS’chemical reaction during coalification by inhibiting the

‘release of gaL. Chemical rank normally increases with depth. The rate of
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Table 1. The different stages of coalification and their distinction on the
basis of different physical and chemical rank parameters. After Stach et al.
(1975).- D.A.F. = Dry Ash Free. '
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rank increase is dependent on the geothermal gradient and on the heat conduc-
tivity of the rocks. Studies' in folded regions indicate that pressure has
little effect on coalificatiog. "In most instancesfthe:coalification rank was
obtained during burial and before folding. Adjacent to faults along which
movement has been rapid, the coal rank may be increased due to the creation
of frictional heat. Generally, movement is so slow that frictional heat is
lost before it affects the coal. -

Temperatures on the order of 100°- 150°C will normally produce a bitumi-
noué coal and temperatures on the order of 300°C (ZOOPC is a more common value)
will produce anthracite. Numerous examples indicate that for samples buried
to similar depths those<that have been buried for a longer time will have a
more advanced degree of coalification. The influenée of time is greater the
higher the temperature.

Demaison (1974) has compiled data showing the relation of maximum paleo-
temperature to coal rank (Table 2). Presumably much of the variation is due
to the influence of length of exposure to heat. Demaison believés that the
influence of time is minor past about 200 m.y. of exposure to maximum heat
effects. )

Calculations have been made showing how coal rank is related to tempera-
ture and time (Huck aﬁd Karweil, 1955; Karweil, 1956; Lopatin, 1971; Lopatin
and Bostick, 1973). Lopatin (1971) notes that it is necessary to sum the time
aﬁcoal was in the varié&s thermal zones in order to properly evaluate the time-
temperatufeiéf éc;s (sum of the adjusted durations of the process).

Lopatin and Bostick (1973) reviewed some examples. ,Temperatures below

50°C have little effect regardless of time. Lower Carboniferous coals of the

Moscow Basin have not been subjected to temﬁeratures higher than 25°C and




Table 2. Relation of coal rank to burial temperature.
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After Demaison (1974). For references see original paper.
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remain lignites. In contrast,za temperature of 100°C has produced anthracite
in the Upper Carboniferous, Oklahoma (270 m.y.);tabout 175°C was required to
convert coaly material to anthracite in Jurassic (160 m.y.); and in the Salton
Geothermal Field (Late Pliocene-Early Pleistocene), temperatures of 290° to
300°C were required to produce anthracite coal. Diagenetic changes of clay
ﬁinerals are much less time dependent (Figure 8).

Damberger (1974) détermined the coalification pattefns of the Pennsylva-
nian coal basins of the eastern United States and noted that though they gener-
ally reflect the depth of burial during later\Pennsylvanianrand Permian times

there is a superimposed pattern due to regional thermal disturbances. From

Permian to recent :times high heat flow apparently existed in the Rhode Island

Meta-anthracite region, in the Pennsylvania anthracite region extending west-

ward into the low-~ and medium-volatile bituminous coals of Pennsylvania and

West Virginia, and in the high-rank bituminous coals in southern West Virginia.

Shales

-

Finely divided coaly particles are present in most shales and siltstones.
Bostick (1974) coinedrthe term phytoclasts.fpr detrital plant material in
sediments whicé has a composition similar tochal~(others use the term kerogen).
He concluded that 90 to 95 percent df,the organic matter in sediments is phj—
ﬁoclasts rathe; than compounds ;§lub1e in organic solvents. Most of the phy-
toclasts consiét of plant spores and pollen, leaf cuticles, and fragments that
have bordered pits, riﬁs,_fibers,;or cellular structure. Some consist of in-
soluble humate and flocculant masses that may be of algal origin.

- Rank measurements can be made with the microscope on these organic par-

ticles. Untreated rock samples are more satisfactory than concentrates prepared
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by chemical or physical methods. However, separation is often necessary &gJ
because many rocks have an extremely low content of Qrganic material.

One of the simplest methods of determining the degree of thermal alter-
ation is through the uée of a colér»index (Staplin, 1969; Hood et al., 1975§
Epstein et al., 1976). The color of kerogen generally changes from yellow to
brownish yellow ﬁo various shades of brown and finally to black as the degree
‘ of alteration increases. A yellow color indicates that the kerogen has been
subjected to temperatures of less than 60°C; yellow to brown, temperatures
60° to 125°C; and black, temperatures greater than 125°C. More quantitative
measurements include vitrinite reflectance (deVries et al., 1968, and Bostick,
1974), carbon content, and electron spin resonance.

Castalio and Sparks (1974) féund little difference in vitrinite reflectance
of coal-shale pairs except when the shales contained small amounts of vitri-
nite. Palynomorphs in limestones have siénificantly lower reflectance values
than associated coals (Epstein et al., 1976). The reflectance of vitrinite

in sandstones is less than that in mudstones (Chichua, 1964). -

Hydrocarbons and Temperature

Coalification and bituminization are diagenetic processes during which
mobile products (gas or crude oil) are evolved and aromatization and condens-
tion of the solid residual products (coal or kerogen of petroleum source
rocks) take place. In general, the parent substance and the initial decompo~
sition soon after deposition will determine.whether coai or petroleum forms.
Coals are formed primarily from lignin and cellulose from higher plants, and
petroleum from lower organisms (algae, animal plankton, and bacteria). These
latter organisms decompose anaerobically to produce lipids, the most’important
progenitors of hydrocarbons. During the geochemical bituminization process,

o

the lipids become incorporated into kerogen.
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Thermal degradation of organic matter is required to produce petroleum
(PhilipPi, 1965). Degradgtién forms smaller molecules of increasing volatility,
mobility, and hydrogen content (with methane as the end product). The car-
bonaceous residue (coﬁdensation) loses hydrogeﬂ, with graphitic carbon being
the end product (Dobryansky, 1963).

The results of studies relating hydrocarbon occurrence to rank of asso-
ciated coaly matter in various oil provinces were tabulated by Bostvick and
Danberger (1971). Oil and associated gas occurs mainly in rocks in which the
coaly material hés reached subbituminous to high~volatile bituminous rank.

Dry gas (methane) is formed during the mediumrvolatile bituminous coal through
the anthracite stage. The base of the oil zone also coincides with 65 to
70 percent fixed carbon and vitrinite reflectance values of 0.8-1.1. A com~

parison of TaBle 1 with Table 2 (coal rank to temperature relations) indi-

- cates that the base of the oil zone occurs at 100°-140°C.

The effects of time on hydrocarbon generation were demonstrated by La-
plante (1972). In the GﬁlfrCoast Tertiary he found tﬁe level of carboniza-
tion necessary for hydrocarbon generation increased from 80°C for Oligocene
sediments to 86 C for lower Miocene and 97°C for Upper Miocene.

: Pusey (1973 b) introduced the concept of a liquid window. He noted that
thermal "cracking" of kerogen and hydrocaibon generation starts at 65°C, and
that liquid hydrocarbon destruction becomes dominant at temperatures greater
than 150°C. This temperature interval he termed liquid window. Of the 266
known giant oil fields, 262 occur in this temperature range.

Pusey (1973) used electron spin resonance (ESRS data as a geothermometer.
The number of free radicals increases as kerogen is subjected to increasing
temperature. | ESR provides a.measure‘of the number of free electrons per gram

of kerogen and of spin density (the number of free electrons per gram of sample).
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The maximum paleotemperature determined by ESR was only 205°C. Pusey made kﬁ;
no correction for effective heating time. Earlier Binder (1965), Crelling
and Dutcher (1968), and Retcofsky and Friedel (1968) used ESR to rank coals.

The various coal-ranking properties (calorific value, moisture content,
volatile content, hydrogen content, and vitrinite reflecténce) are not appli-
cable over a wide temperature range. Hood et al. (1975) suggested a scale
which is continuous over the temperature range of approximately 50°C to 300°C
and which can be correlated with coal-rank parameters. Though temperature is
the major defining factor in the process of organic metamorphism, the effect
of time is important enough that a temperature scale cannot be used as a
general measure of organic metamorphism.

They call their scale "Level of Organic Metamorphism” or "LOM". The
scale is a linear subdivision of a type-section (Tertiary-Cretaceous of New
Zealand) or organic-rich sediments which was buried at essentially a constant
rate and a constant temperature. Thelr scale is arbitrary and they note that
the coal rank of a Carboniferous relative~depth column compiled by Bostick .
and Danberger (1971) does not coincide with the one they chose to use.

Lopatin (1971) and others concluded that doubling the reaction rate with
each increase in temperature of 10°C provided a model of the relative effects
of temperature and time in subsurface organic metamorphism. Hood et al. (1975)
combined maximum temperature (Tmax) with an effective heating time (teff) to
develop a simplified method of predicting LOM for petroleum source rocks.

Using a variety of burial histories and a wide range of activation énergies
(8.4 to 55 kcal/mole), they concluded that the effective heating time during
which a rock has been within 15°C of its maximum Femperature represents a

suitable definition of effective heating time. Thus, if a sediment deposited

o
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150 m.y. ago required 100 m.y. to reach a temperature of 120°C, and if during
the remaining 50 m.y. reached a maximu@ temperatﬁre of 135°C and did not drop
below 120°C, the last 50 million years is counted as the effective heating
time.

Figure 14 shows the suggested relation of LOM and other parameters to
the principal stage of petroleum generation. Diagenetic methane is formed
in the lowest LdM stéges; This‘is folloﬁed, with increasing LOM, by the
generation of oil, condensate plus wet gés, and high-temperature katagenetic
méthane.

LOM values obtained from shale fromrfwo wells indicate that the values
are not linear with depth. Shallower saﬁﬁles have higher LOM values than
those defined by linear relations of LOM to depth. They believe this is mainly
a result of an increase in apparent activation energy with increasing LOM.
The lower activation energies, at low LOM valueé, indicate a greater import-
ance of time with respect to temperature. Thus, for low LOM values the devia-
tion from linearity is lérger for Paleozéic than Mesozoic and Cenozoic rocks.

- The published data (Hood et al.; 1975, and Pusey{v1973 a) indicate that,
regardless of age, the depth-temperature relations are linear at temperatures
higher than approximately 150°-160°C. LOM and ESR parameters are linearly

related to both at these higher temperatures. Between 75° and 150°-160°C

. the same relations are nearly'lineér; but the LOM and ESR parameters increase

at a slower rate as a function of incréased temperatdre.

In the Tertiary sediménts of the Upper Rhine Graben (Doebl et al., 1974),
reflectance of huminites/vitrinites increases from 0.20 (40°C) to 0.86 (169°C)
in the well with the higher geothermal gradient and from 0.20 (40°C) to 0.73

(130°C) in a well with a lower gradient and containing a thicker section.
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Figure 14. Organic metamorphic stages of petroleum generation. LOM = Level

of Organic Metamorphism; VM = Volatile matter.

After Hood, et al. (1975).
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The transition from lignite to hard coal, corresponding to a reflectance
value of 0.6, occurs at 130°C. High volatile bituminous coal was found only
in the deepest sample, 169°C. These temperatures are considerably higher

than those reported for equivalent reflectance values for coal (Demaison,

1974). The relatively low reflectance values for the measured temperatures

may be due to the young age of the sediments, largely Oligocene and Miocene,
andka recent Increase in the geothermal gradient.

In the well with the higher geothermai gradient (7.7°C/100 m) the first
formation of petroleum hydrocarbons was observed at a depth of 700 m (65°C);
in the well with the lower gradient (7.2°€/100 m) they were first observed

at 2600 m (118°C). This study further emphasizes the role of time and tem-

poral variations in the geothermal gradient in determining the. extent of min-

eral and organic transformation.

Conodonts

In a recent study, Epstein et al. (1976) related the color alteration
of conodonts to an index of organic metamorphism. Conodonts are the hard
parts, 0.1 to 1 mm in size, of an ﬁnknown organic group and are composed
largely of carbonate apatite. They established a colof alteration index
(CAIj‘by heating conodonts at various temperatures till they obtained a stable

color (Table 3).
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Table 3. Munsell soil colors of conodont color alteration indexes

(Epstein et al., 1976)

CAI

1%

Munsell Soil Color

Pale yellow (2.5YR7/4 to 8/4)
Very pale brown (10YR7/3 to 10YR8/4)
Brown to dark brown (10YR4/2 to 7.5YR3/2)

 Very dark grayish brown (10YR4/2) to dark reddish
brown (5YR2.5/2), to black (10YR2.5/1)

Black (5YR2.5/1) to black (10YR2.5/1)

Black (7.5YR2.5/0) to black (2.5YR2.5/0)

An Arrhenius plot of the data from conodont open-air heating runs was

made to allow for the effects of time. The maximum heating time was 1000

hours and trends were extended to 5 x 108 years. Confined pressure during

heating had no effect on carbonization; however, pressure in the presence of

water retarded carbonization. Using the Arrhenius plots, they concluded that

time had relatively little effect on the CAI beyond durations of about 50

million years.

They point out that various studies, including theirs, have

shown that coalification is a function of depth of burial, and tectonism in-

fluences it only where it increases depth of burial.

The CAI and temperature data (from Arrhenius plot) were compared with

the translucency index and with vitrinite reflectance (Table 4).
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Figure 15. Map showing conocont color alteration index (CAI) in Ordovician
rocks in the Appalachian basin. After Epstein, et al. (1976).
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Table 4. Organic metamorphism indices (Epstein et al., 1976)

Conodonts Palynomorphs Vitrinite
Weight Percent Percent
Translucency Carbon in Fixed
CAI Temperature °C Index (Amoco) Kerogen Reflectance Carbon
1 <50-80 1-5 <82 <0.8 <60
1% 50-90 5-up.5 81-84 0.7-0.85 60-65
2 60-~-140 5-6 81-87 . 0.85-1.3 65-73
3 110-200 up.5-6 83-89 1.4-1.95 74-84
4 190-300 6 84-90 1.95-3.6 84-95
5 300-400 . up.6-7 +90 : +3.6 +95

The translucency index is most sensitive at lower teﬁperatures (less than
160°C), and CAI and vitrinite reflectance at higher temperatures. There is
a considerable temperature ranée for each CAI value. The reflectanée data
and the CAI show similar trends. Comparison with published data (Demaison,
1974) indicates that temperature values are in reasonably good accord, though
for a given measurement there is considerable spread for both sets of tempera-
ture values.
Epstein et al. (1976) determined the CAI of conodonts from 705 limestone
samples from thg Appalachian Basin. Thgy constructed CAI isograd maps for
the Ordovician; mainly Middle Ordovician, Silurian thrbugh Middle Devonian,
and Upper Devonian through Pennsylvania. Figure 15 is a map showing CAI iso-
grads for the Ordovician. An isopach map of Middle Ordovician through Permian
rocks was constructed to determine if the CAI values were related to the maxi~-
mum depth of burial. Unloading is believed to have begun in the Triassic.
Throughout most of the basin, CAI isograd and isopach trends are conformable.
The CAI values generally decrease from east to west. CAI = 1.5 bégins

at 1,220 m of overburden and persist to 2,440 m; CAI = 2 persists from 2,440
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to 3,660 m of overburden; CAI = 3 persists from 3,660 to 5,490 m of over-
burden; CAI ; 4 persists from 5,490 to 7,625 m of overburden; CAI = 5 begins
at about 7,625 to 9,150 m of overburden. By assuming that the present-day
géothermal gradient (3.3° per 100 m) persisted throughout post-Ordovician
time, they calculated the temperature range for the various overburden depth
intervals. The calculated values compared well with the experimental (heated
conodonts) values. ~

In some areas CAI values are anomalously low. These values are for rocks
that occur as windows in thrust sheets. Anomalously high values are found for
conodonts in rocks near Cenozoic intrusions. The CAI isograd patterns of the
younger sediments show similar relations, though the CAI values are generally
lower. The oil fields are west of the 2 isograd. A CAI of 2 is equivalent
fo a vitrinite reflectance range‘of>0.85~l.3. Gas production extends into
areas where surface rocks have CAI values as high as 4 (equivalent vitrinite
reflectance range is 1.95-3.6).

Figure 16 is a map of a portion of the eastern United States showing the
relation of oil and gas occurrence to the 70 percént fixed carbon line (100° -
140°C) in Upper Paleozoic straté. Equivalent strata to the east of this line

were exposed to higher temperatures (Bostick and Danberger, 1971).

Relation of Mineral Diagenesis to Organic Metamorphism

Coal petrologists use the term "metamorphism" to refer to changes that

occur in the temperature range which includes both the zones of "diagenesis"

and "metamorphism". In the following section the literature is revieved which

~shows the relation of mineral diagenesis and metamdrphism to organic meta-

" morphism.
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Figure 16. Regional relation of oil and gas occurrence to coal rank in Upper
Paleozoic strata of the eastern United States. After Bostick and Danberger

(1971).
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Clay Minerals

Kisch (1968 a and 1974) reviewed the relation‘between coal rank and burial
metemorphic mi;erai faciee. He notes that minerals formed during burial are
commonly metastable and that mineral composition, COZ’ H20, pore salinity,
and pressure have an effect on progressive coalification.

Figure 17 summarizes Kisch's (1974) conclusions. He compared the data
of the Russian authors to those of the French and Swiss and concluded that
the zone of diagenesis is equivalent to the epigenesis 2one;>theranchimeta—
morphic zone is equivelent to the early metagenesis zone; and the epizone is
equivalent to the stage of late ﬁetagenesis. The diagenesis-anchizone boundary
coincides with the change from lean coal to anthracite (V.M. 8 percent, V.R.
2.5). This change in coal rank occurs at a temperature of approximately 200°C
(Demaison, 1974, and Hood et al., 1975). The boundaries of the anchizone are
based on crystallinity values fof illite, ﬁpper 7.5 - lower 4.0, Dunoyer de
Segonzac (1970) uses values pfr4.0 and 2.5 for these boundaries.

Coal rankrmineral data on ﬁhe Cerboniferous ofrthe Karaganda Basin and
the Permian ofrthe¢?e£chora-Vorkuta Basin are given by Kossovskaya et al.
(1964); Botscharnikowa (1965); Kossovskaya and Shutov (1970). Their data are
tabulated in Table 5. 1 have estimated the temperatures, using the values

of Demaison (1974) and ‘Hood et al. (1975)
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For references see original publication.
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Table 5. Relation of coal rank to shale mineralogy and temperature in some
russian paleozoic sediments (Kossovskaya et al., 1964)

, ~ Possible
Rank V.M.7% Clay Minerals Temp., ® C
High volatile bituminous - 35-30, - Montmorillonite (probably 90-115
containing <50% illite
layers)
Medium and low volatile 30-18 Mixed-layer, 20-50% 100-170
bituminous ] expanded layers
Low volatile bituminous 18-10 IM illite (IMD?) 150-180
and semi-anthracite :
Anthracite <6% 2M 1llite, chlorite >200

In a detailed study of the Tertiary clays of the Upper Rhine Graben,
Doebl et al. (1974) relafed the transformation of organic‘matter and clay
miﬁerals to'various‘geothermal.gradients. They established from a study of
numerous wells that smectite persists to temperatures in the range of 68° to
76°C, though in young, rapidly buried sediments it persists to temperatures
as high as 115°C. The absence of smectite presumably refers to the absence
of al7 A refiection and the formation of a mixed-layer illite-smectite with
less than 40percent ekpanded layers.

The maximum temperature they reported was 169°C' (2063 m). Though void
Vratio and fore radii decrease with increasing temperature, and reflectance of
huminites and vitrinitesrincrease, there is no major change in the clay mineral
suite (smectité, mixed-layer illite-smectite, illite, kaolinite, and chlorité),
other than the conversion of smectite to mixed-layer clay, with depth and
temperature; There ié some suggestion that in the temperature range of 130°

to 169°C kaolinite decreases and chlorite increases.  Approximately 20 percent
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calcite is present and does not decrease with increased depth and temperature.
Kaolinite disappears from sandstones at>a depth of 3000 m in the Upper Namur
C. The associated coal is an anthracite (7 percent V.M.).

Kisch (1974) has compiled the data on the coal ranks associated with
anchizone minerals (illite crystallinity 7.5 to 4; allevardite, paragonite
pyrophyllite). He points out the problem of measuring illite crystallinity
when pyrophyllite (9.2 A) or paragonite (9.7 A) are present. The coals asso-
ciated with the anchizone minerals listed above are anthracites (8 to 4 per-
cent V.M.). The upper liﬁit of the anchizone is the lower limit of the exis-
tence of liquid hydrocarbons. Kaolinite and mixed-layer illite-montmorillonite
are presumed not to be present in anchizoné sediments; however, the compiled
data indicate that kaolinite, commonly aloﬁg with pyrophyllite, is present in
the underclays associated with the anthracite coals of the northeastern United
States, along with pyrophyllite, illite, and chlorite. Mixed-layer paragonite-
muscovite has been reported in some Alpine anchizone deposits (Hoefs and Frey,
1976). The temperature range is estimated to be from 200° to 350°C. Para-
gonite is a common component of anchizone and higher grade pelitic and marly
rocks of the Alps (Frey, 1974). Earlier Frey and Niggli (1971) considered
that the upper anchizone boundary (7.5 crystallinity index) coincided with
coals containing 35 to 19 percent V.M. (compared with Kisch's boundary at
8 percent V.M.). The lower boundary is similar to that proposed by Kisch.
Quinn and Glass (1958) found anthracite and low-rank meta-anthracite of the
Narragansett basin, Rhode Island, associated with rocks of the muscovite-
chlorite subfacies of the greenschist facies, and a higher-rank meta-anthracite
with rocks of the biotite-chlorite subfacies.

Albrecht and Ourisson (1969) studied a well penetrating the Cretaceous

Douala shales of the Cameroun and established that extra stable heavy saturated

C
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hydrocarbons were most abundaﬁf in the depth rangébbf 1300 to 2200 m. Present

day well temperature over this interval increase from 60° to 105°C. My inter-

- pretation of Dunoyer de Segonzac (1970) x-ray data indicates that through this

interval the proportion of illite layers in the montmorillonite increases
from approximately: 10 ﬁercent to 70 percent. The illite layers increase to
approximately 90 pércent at a bottom hole depth of 418.5 m and temperature
of 155°C.

Pusey (1973 b) established a correlation between ESR-kerogen data and
the "first-collapse" of montmorillonite in the Cretaceous of South Texas.
0il is produced above the "first cbllapse" of montmorillonite (120°C) but
gives wa§ to dry gas below the "first collapse".

Foscolos and Kodama (1974) and Foscolos et al. (1976) have studied the
clay minerals and organic material in a series of Lo&er Cretaceous shales from
northeastern British Columbia and have established diagenetic relations. They
found that the amount of 2M illite, its crystallinity index, and its sharpness
ratio increases with depth.  The proportion of illite layers in mixed-layer
illite;montmorillonite increases from approximately 50 percent to 85 percent
with depth (maximum depth 3078 m). 1In the <0.08 um fraction, K20 increases

with depth; 5§10, + Fe + M’gO/A1203 and C.E.C. decrease.

2%
Vitrinite reflectance values show considerable variation in the shales
where diagenetic reactions.have been minor, but increase systematically as
mineral d{agenesis increases. The interval of maximum yield of extract and
hydrocarbons'(mg/g organic C) coincides with the interval where the proportion
of‘illite'in,the mixed-layer illite-montmorillonite increases from 25 percent

to 75 percent. The relation, particularly the upper boundary, is not good.

In part, this is because the assumption is made that the starting material
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contained a fully expanded montmorillonite. The data suggest that the origi-
nal (detrital) expanded clay contained approximately 50Mpercent illite layers,
rather than fully expanded montmorillonite.

In Figure 18, I have plotted the vitrinite reflectance values vs. the
percent illite layers in the mixed-layer clay for the Lower Cretaceous shales
and for the literature data as interpreted by Foscolos et al. (1976). Also
included are temperature ranges for the various vitrinite reflectance values.
Temperature data ére from Demaison (1974). On the upper boundary of the graph

are plotted the paleotemperatures calculated by Foscolos and Kodama (1974)

for the Lower Cretaceous shales, assuming a geothermal gradient of 3.6°C/100 m.

The literature data are reasonable, but some of the vitrinite reflectance

values for the Lower Cretaceous shales are higher than those observed in other
areas.

Gill et al. (1977) studied the ciays in the sediments associated with
coals in the South Wales coalfield and established a relation between coal
rank and mineral diagenesis-metamorphism. They describe a diagenetic zone
for terrigenous rocks in which the illites have a sharpness ratio (S.R.) of
2.0-3.0; the carbonate rocks in this zone have a S.R. of 2.1 to 2.5 and the
mixed—-layer clays 35 to 40 percent expanded layers. The fixed carbon values
range from 65 to 80 percent. In the metadiagenetic zone (late stage diagene-
sis), the respective S.R. values are 3.0 to 4.0 and 2.5 to 3.2 and the mixed-
layer clays in the carbonate rocks contain 20 to 35 percent expanded layers.
Fixed carbon values range from 80 to 90 percent. In the anchizone, anthra-
cites with fixed carbon greater than 90 percent, the S.R. values are 4.0 to
6.0 for terrigenous rocks and 3.2 to 4.0 for.cérbonates. The carbonates con-~

tain mixed-layer clays with 0 to 20 percent expanded layers plus new vermicular

kaolinite and dickite. The terrigehous rocks contain allevardite and pyrophyllite.‘aff
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Van de Kamp (1977) attempted to relate LOM values to clay mineral changes. Qsj
He states that the montmorillonite zone occurs in the intervél LOM O to 7;-
mixed-layer illite-montmorillonite, LOM 7 to 9-10; illite zone, LOM 9-10 to
14; greenschist facies, LOM greater than l4. These associations are incom-
patible with other data. A more realistic relation would be: montmorillonite,
LOM O to 9-10; mixed-layer illite—montmorillonité, LOM 9-10 to 18-20; illite,
LOM 16+. An LOM value of 20 is considered to be equivalent to 2 percent V.M.
(meta—anthracite) and the greenschist facies; however, the data does not sup-
port this. Hood et al. (1975) report that the organic matter in the Carboni-
ferous shales from the Shell Rumberger 5 (Oklahoma) should have an LOM value
of 20 at approximately 7500 m, which should be in the greenschist facies.
My x~ray analysis of a shale core from 7318 m (Total Depth) from the same well
showed that it is composed of illite and chlorite (dioctahedral) and 25 per-
cent mixed-layer illite-montmorillonite. The sharpness ratio is 2.9, the éry-
stallinity index 10.0, and the bottom hole temperature approximately 220°C.

The deeper samples in this pafticular well illustrated some of the prob-
lems involved in establishing the diagenetic-metamorphic grade of rocks with
a high content of sheet silicate minerals. The LOM and vitrinite reflectance
values indicate that the organic matter in the shales has been altered to the
level of the greenschist facies (meta-anthracite); but the clay suite, sharp-
ness ratio, and crystallinity index indicate that the clays have been exposed
only to diagenetic conditions. The temperature value is intermediate, but
fits the clay interpretation better than the organic interpretation. It has
been assumed that the beginnin; of the anchizone (crystallinity 7.5, S.R. 2.3-
4.0) and the formation of anthracite coincide with the loss of mixed-layer
illite-montmorillonite and the formation of pure illite. In many instances,
if not all, this is not correct. Ekpanded layers persist in "illites" to much (ﬁJ'

higher temperatures and crystallinity and sharpness ratio values than those
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.selected ro:define.the:upper:boundary:of. .the; anchizone. - That: time is:not:a .
gsignificant Factor:dn:the:dllitization of montmorillonite: is. illustrated:by.-
the:presence!vf miked-layer:illite-montmorillonite;:with QQLtOzgﬂaperrentc»k
expanded layers; and even discrete:montmorillonite in Precambrian:rocks;l.7-:
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systematic way through geologic time. He suggests that the original structure
and composition of the organic matter influenced postdepositional changes in
the crystallographic properties of sedimentary clay minerals. The data are -
too few to be convincing. Further, it seems likely that the pattern is due

to variations in the depth of burial (temperature) rather than any organic

control of illite diagenesis.

Carbonates

Curtis (1978) has reviewed the data on carbonate cementation during dia-
genesis. He points out that the activities of chemical species in solution
will be controlled by the composition and amounts of the solids present rather
than the other way round. It is unlikely that Eh and pH control the precipi-
tation of diagenetic minerals.

He suggests that the diagenetic carbonate cements in mudstones tend to
replace pore water. Therefore, the cement/elastic component volume ratios
should be indicative of the depth of burial. This is true only if cementation
goes to completion at a given depth. Carbon isotope data demonstrate that the
source of the carbonate often lies in organic matter degradation reactions.
Carbonate types vary with burial depth and Curtis relates them to the estab-
lished organic diagenetip zones and temperatures. Calcite and pyrite preci-
pitate in the shallow bacterial sulphate reduction zone. Ferroan calcite,
ferroan dolomite, or siderite precipitate in the zones of bacterial fermenta-
tion and decarboxylation. The rate of bicarbonate generation and iron reduc~
tion increases with depth and temperature until the reactant materials become
exhausted. The temperature at the base of the lower zone is given as 75°C

above surface temperature. In the deeper zones where liquid hydrocarbons and
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methane are generated, carbonate formation is not strongly influenced by bi-
carbonate derived frop organic matter; instead the main processes are dissolu-
tion, re-precipitation, or replacement reactions involving unstable primary
carbonates and early diagenetic carbonates. In these higher temperature zones

any carbonate mineral may form.

Zeolites

Zeolites will be discusse& briefly. Most of the information comes from
a comprehensive review by Kisch (1974).

A study of the Tertiary coals of Japan by Shimoyama and Iijima (1976)
showed that clinoptilolite and mordenife'(largely in tuffs) occur with lig-
nite and subbituminous céals. The base of this zone occurs at approximately
85-90°C. The bituminous coéls belong exclusively to the analcime zone. 1In
the upper half of the analcime zone, alkali clinoptilolite is replaced by
heulandite an& locally by calcium clinoptilolite. In'the lower half, laumontite
substitutes for heulandite, for calcium clinoptilolite and, in place, for mor-
denite. In Nevaouth Wales, analcime is associated with coals having a carbon
content below about 85 percent (high volatile bituminous) and laumontite with
coals having a higher carbon content (Kisch, 1966 a).

In a number of areas kaolinite, montmorillonite, and mixed-layer illite-
montmorillonite are found in laumontite~bearing sequences."The evidence from
the assogiated coal rank indicates ;hat the laumontite zone correlates ﬁith
lower grades of metamorphism than the anchizone (Figure 17). Limited data
sﬁggest that the beginning of the prehnite-pumpeilyite facies correéponds to
a slightly lower coal rank (15 percent V.M.) than the beginning of the anchi-

zone (8 percent V.M.). The coals associated with anchizone glaucophane-
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lawsonite~schist!facies are: largely anthracites and low-rank:meta=anthracites:

The coals associated with glaucophanitic: greenschist: facles’ are presumably: =

metat@nthracites . v pnivioval wrnizosos Spmee s ooy wo nolizsialosyag-or L oull
o5 Zen’ and Thompson: (1974) " have suggested:'slightly: different:coal rank~zeolite
associations. The main difference is the extension' of:‘the:laumontite: Zzone ‘into
§ ~ the anchizone.
SRR D SR I BT s - -
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equation is written for an equilibrium reaction between two minerals con-
serving Al in the solids. For a given pressure and temperature, these reac-
tions are defined by equilibrium constants. The equilibrium constant (K) is
equal to the product of the activities of the products raised to the power of
their numerical coefficients divided by the product of the activities of the
reactants raised to the power of their numerical coefficients. The log of
the equilibrium constant is taken, and the activities are arranged into terms
of log Na+/H+, log K+/ﬁ+, etc. and log §10,. These units are used to charac-
terize the aqueous enviromment in the system and are used to describe the phase
equilibria.

A typical example is the K- mica - kaolinite reaction.

Al1.51.0. + 2kT

+ —
2KA13Si3010(0H)2 + 2H + 3H20 = 3H4 951,04
+2
K
log K = log —
H+2

It is then necessary to relaté the free-energy changes of the reactions
to their equilibrium constants and to define the free-energy content of the
various types of substances. It is necessary to obtain the free energy of
the reaction to form one mole of the substances in their standard states from
the stable elements under standard conditions. The standard free-energy change
of a reaction is the sum of the free energies of formation of the products in
their standard states, minus the free energies of formétion of the reactants

in their standard states

{+] Rrad
f products ZAFf reactants.

AF° = IAF
T
The standard free-energy of reaction is related to the equilibrium constant by
AF; = -RT ¢n K.

Equilibrium is obtained only when thevfree»energy of a reaction is zero. If
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the AF; is negative, the products are stable relative to the reactants; if
AF; is positive, the reactants are stable.
The amount of silica in solutiomn is primaril& iimited by amorphous silica
saturation. At 25°C the solubility of amorphous silica ranges from 100 to
160 ppm at pH < 9. Solubility increaseé to approximately 800 ppm at 200°C.

The accuracy of the calculated stability relations depends on the ac-

' curacy of the thermodynamic data used and in knowing the composition of the

phases involved. Many of the values for the standard free energies of forma-

tion of compounds, dissolved species, and elements at various temperatures

are subject to large uncertainties. This limits the reliability of the pre-

dicted phase relations. Tardy and Garrels (1974) have developed a method of

estimating the standard free energies of formation of layer silicates. It is

based on the assumption that the oxides and hydroxide components of these sili-

cates have fixed Gibbs energies of formation within the silicates. All of

these calculations are based on assumed chemical compositions of the minerél

phases. Because the chemical composition of most clay minerals varies over

a wide range, no single diagram caﬁ accurately represent the phase relations.
Figures 19 and 20 arekexamples of a collection of activity diagrams cal-

culated by Helgeson et al. (1969). Though the aqueous phase is not shown,

it is a coexisting phase in all stability fields and is saturated with the

minerals shown in the diagrams. The diagrams are based on a standard state

of unit activity of the solids and unit éctivity of the aqueoué species in a

hypothetical one molar 1iquid solution at one.atmbsphere,and the temperature

of interest. Increasipg pressure has only a slight effect on'equilibrium con—.

stants at temperatures below 300°C. |

| The thermodynamic calculations do not taﬁe into account the kinetic fac-

tors. Some reictions in silicates are rapid but many are sluggish and occur
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over long periods of time. Factors affecting the rates of reaction of materi-
als include their structural state, textural character, and the influence of
nonreacting substances. Some minerals have an inherent resistance to change
thét allow them to persist "metastably" at new physical conditioms. Thus, the
validity of the predicted activities depends on high temperature experiments
and even more so on the changes that can be observed in the natural system

where the contribution of time is a major factor. Nevertheless the thermo-

dynamic calculations "affords an insight into the chemical enviromment in which

geochemical processes occur and facilitates prediction of mass transfer in
geologic systems" (Helgeson et al., 1969). However, these insights apply
best to water-saturated surface systems and hydrothermal environments.

A more empirical approach to constructing phase diagrams is based on
obtaining experimental information and interpreting it on the basis of obser-
vations of natural mineral associations. The accuracy of much of the experi-
mental data is affected by the same kinetic problems discussed previously.
The major problem is that as conditioqs change, previously formed crystalline
phases may persist (metastability). A few examples will be given to show
the uncertainties in these types of data.

Figure 21 is a diagram illustrating the experimentally derived stability
relations in the Na20 - A1203 - SiO2 - H20 system (Henley et al., 1961). Ex-
perimental decomposition temperatures rather than true étability limits are
shown by broken lines for the sodium montmorillonite and kaolinite. The de-
composition product of the montmorillonite obtained in the experimental ﬁork
is a mixed-layer sodium montmorillonite-mica; Mixtures of paragonite and
mixed-layer phase show a slow conversion to mica, and résults are generally
inconclusive. However, théy conclude that paragpnite is probably the thermo-
dynamically stable phase over much or all the field of formation of the mixed-

layer material.

o
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Figure 21. Some stability relations in the system_NaZO-AIZOB-SiOZ-HZO as

a function of temperature and Fhe m NaCl/m HCl1l ratio. Corresponding rela-
tions in the terms of m KCl/m HCl are indicated by dotted lines for the system
KZO-A1203~8102-H20. ‘The field of K-mica is between the dotted curves, with
-K-feldspar at higher values of KC1/HC1 and-pyrophyllite and kaolinite at»lower

values. After Hemley et al. (1961).




T148

‘Velde (1977) has reviewed much of the experimental data and, using his
.knowledge of natural associations, constructed a number of phase diagrams.
One of these diagrams for the experimental system muscovite-pyrophyllite is
shown in Figure 22. Though Fe and Mg are not present he considers that the

solid solution in muscov1te 1s indicative of an Al—rich illite. Farther from

the muscovite end member, a mixed-layer phase is formed consisting of Al-

illite and montmorillonite. The mixed-layer phase is shown to be stable to

e

400°C; however, Eberl and Hower (1977) based on hydrothermal kinetic experi-

4 K

ments, concluded that this is likely an/ unstable phase and is reacting towards

forming illite. They also noted that Velde has pyrophyllite appearing as a

reaction product at about 300°C whereas under the same conditions they did
not find it in runs below 345°C. Velde admits a certain element of personal
bias is involved’in the dinterpretation. .- : .. ...~ |

Eberl et al. (1978) established _that the hydrothermal stability of di-~
octahedral smectite can be increased by saturation with interlayer cations
of hydration energy greater than K. They noted that it is not clear whether

smectite stability at elevated temperatures is an equilibrium or a kinetlc w

m%phenomemon.
"ffFigure*23 is Velde's summary of the eXperimentalﬁresults“ofﬁtheaeffectsu

3

dof pressure and’ temperature on the minerals present between muscovite and a -
chlorite composition. The temperature scale is more likely to be:established
from a study of the natural system than from experimental data or thermodynamic
"calculations. At the lowest temperatures, disordered interlayer minerals are
present. With increasing temperature the proportion of expanded.layers de~
crease and the layers become more ordered. Because most shales contain several

clay minerals, the phase relations they reflect are those towards the center

of the diagram.
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~ Muscovite + Chi
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T (2m) I+ML MLss+Exp32Chi
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-
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Figure 23. Possible general phase relations for illite and associated phyl-
losilicates as a function of varying P-T conditions. 1I11 = illite, either .
predominantly IMd or 2M in polymorph; I = illite, 2M mica; Io = 4 layer or-

dered mixed layered phase; MLSs = mixed layered 3 or 2 layer ordering giving

a superstructure reflection; MLO = mixed layered, ordered structure with no
superstructure; MLr = mixed layered non-ordered; Mb = fully expandable mont-
morillonite; Chl = chlorite; Kaol = kaolinite; Exp = expanding chlorite and/or
corrensite. After Velde, 1977.
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"The 1llite field decreases in width with increasing temperature. This
indicates that the illite has become more Al-rich (more muscovite-like).
Velde suggests that in the ﬁatural system a similar trend is indicated by an
increase in the sharpness ratio and decrease in the crystallinity index with
increasing depth of burial.

At low temperatures,vcompositions with a high R2+R3+ content montmoril-
lonite coexist with chlorite and kaolinite. At higher temperatures, Velde
believes that the stable phases are a regular mixed-layer illite-montmoril-
" lonite and chlorite-montmorillonite, plus chlorite.

Velde points out that P will‘élay a role 1n,deterﬁining the mineral

HZO

assemblage in a rock. Permeable sandstones would be likely to have PH o<
‘ 2

Plithostatic whereas impermeab;e_shales should normally have P
Sandstones should behave as system open to certain mobile components. The
shales would normally be closed to externally controlled chemical potentials
of elements in thé fluid phase. | |

This brief review of theoreticaiiy and experimentally determined phase
relations illustrates some of the limitations and uncertainties of the'tech—
niques. Tﬁe kinetic probléms are such that the information can only suggest
the nature of the phase changes to be expected with changing pressure-tem-

' perature. At present, equilibriuﬁ phase relations in shales can best be es-

tablished by studying the natural system.

H,0 = Plithostatic'
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NOTICE

This report was prepared as an account of work sponsored by the United States Govern-

‘ment. Neither the United States nor the Department of Energy, nor any of their employees,

nor any of their contractors, subcontractors, or their employees, makes any warranty,
expressed or implied, or assumes any legal liability or responsibility for the accuracy,

~ completeness, or usefulness of any information, apparatus, product, or process disclosed, or

represent that its use would not infringe privately owned rights.
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