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ABSTRACT

This paper is a summary of the information available on the mixed-layer
clay mineral corrensite. For 30 years corrensite and corrensite~like phases
have been reported in the literature. The best-known occurrences are in the
German and English Keuper Marl, the German Zechstein, the French Jura Basin,
and the Texags-New Mexico Delaware Basin. Corrensite is defined as a 1:1,
regularly, interstratified, probably trioctahedral clay mineral species
composed of a 14A chlorite and a swelling-clay layer. The latter has been
variously defined as a vermiculite, a montmorillonite, a saponite, and a
swelling chlorite. The most common constituent of the swelling layer appears
to be a smectite with swelling chlorite the next most common. Vermiculite
does not seem to be a valid species name for the swelling layer. Differential
Thermal Analysis curves show endothermic peaks at 1000-200°C, 5500—660°C, and
830°-850°C with an exothermic peak at 850°-900°C. The eleven chemical
analyses for corrensite, taken from the literature, can be separated on an
environmental and chemical basis; hydrothermal samples lie in the vermiculite
field; sedimentary samples cluster into the saponite field. Corrensite is
found in three types of environment--sedimentary, hydrothermal, and low-grade
metamorphic. It has a definite distribution through geologic time with the
major sedimentary occurrences being in the Paleozoic and early Mesozoic while
the hydrothermal occurrences are grouped in the Cretaceous and Tertiary.
Sedimentary corrensite is hypothesized to form by ion aggradation of a
less~ordered species. Sedimentary corrensites are shown to exist in :
evaporite-bearing rocks, in carbonate-bearing host rocks, and in transitional
marine lithologies. 1In general, the shallow marine conditions of a warm,
epicontinental sea seem to favor corrensite formation.



INTRODUCTION

This article is a survey of the corrensite dilemma--the unfortunate
assignment of the mineral name '"corrensite" to at least four discrete
mixed-layer clay species; chlorite~vermiculite, chlorite-montmorillonite,
chlorite-swelling chlorite, and chlorite-saponite. It is the author’s intent
to present a summary of the ambiguities and contradictions encountered in the
literature under the heading of "corrensite or corrensite-like" phases.

There is considerable reference material available on corrensite,
Unfortunately, many researchers have been confronted with the problems of
duplicitous definitions and much of the subsequent work has been poorly
defined tending to compound the confusion.

It is not the objective of the author to offer any definite solutions at
this time. Additional research, compilations and data integration must be
carried out on representative samples and an extensive research project to
this end is being implemented. However, it is the intent of this work to
summarize the available information in as useful detail as is practical,
outline specifically the existing problem areas, offer some guidelines for
phase identification, and discuss why the dilemma exists.

As many literature citations as possible are included in this paper. )
However, some references have been excluded. The criteria used for exclusion
were duplications, incomplete data, and lack of time to translate or to
abstract. It was not the intention to slight any researcher. The author
would appreciate that oversights be brought to her attention so that
subsequent work can be as complete as possible.

HISTORY OF THE STUDY OF CORRENSITE

Corrensite has appeared in the literature as a recognized species for
nearly thirty years. A mixed-layer phase with what was later defined as
corrensite characteristics was synthesized by Calliere and Henin in 1949. As
a naturally occurring species it was first documented from the Triassic Keuper
Marl in England by I. Stephen and D.M.C. MacEwan in 1950 and 1951. Honeyborne
(1951) also reported it from this locality. Two excellent and more detailed
characterizations of corrensite from the Keuper in England were done in Davis
(1967) and MacNeill (1978).

The term "corrensite" was first used by Friedrich Lippmann in his 1954
paper on the German, Triassic, Keuper Marl. The mineral was named in honor of
Professor C. W. Correns of Gottingen, Germany. Dr. Lippmann, in his own
research (1954, 1956, 1976) and in that of his various countrymen (Lippmann
and Savascin, 1969; Echle, 1961; Becher, 1965; Schlenker, 1971), presented
detailed examinations of corrensite occurrences in the primarily evaporite
sequences of the Keuper and associated formations.

Corrensite was reported from another evaporite deposit, the famous
Permian Zechstein of Germany by Dreizler (1962) and Braitsch (1960, 1971). It
was found in the evaporite-~bearing Permian Salado Formation of the Delaware
Basin, of New Mexico by Grim and his co-authors (1960) with additional work
done by Fournier (1961), Madsen (1978, personal communication), Bodine (1978)
and Loehr (1979).
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Another famous basin occurrence for corrensite is that of the Jura in
France. Here corrensite was documented by Millot and his associates (1963);
by Martin Vivaldi and MacEwan (1957), Lucas and Ataman (1968), by Lucas
(1962); and Tardy, et al. (1972).

There are also numerous reports of this mineral from hydrothermal
environments. Japan, in particular, hosts many corrensites and corrensite-
like minerals formed as byproducts of ore deposition. Corrensite species have
been identified from widespread geographic localities: South West Africa,
Iceland, Japan, Mozambique, Italy, India, Austria, Russia, Spain, Scotland,
and in the United States, Nevada, North Carolina, Colorado, Tennessee, Kansas,
California, Illinois, and Arizona; and from diverse geologic environments such
as pegmatites, geothermal systems, ore-rock alteration zones, dike-intruded
shales, hydrothermally altered calcareous argillites, altered basalts, various
low-grade metamorphic alteration regimens, transitional marine and near-shore
marine environments, and shallow marine carbonates. Most of these occurrences
have been summarized in tables which appear later in this paper.

This brief historical summary of documented corrensite occurrences
indicates that the mineral has been recognized by, relatively speaking, a
great number of workers in the last thirty years.

DEFINITION OF '"CORRENSITE"

The most confusing aspect of the corrensite problem is in the definition
of corrensite. In general, the literature is in agreement that "corrensite"
is a 1:1, regular, interstratified, probably trioctahedral, species composed
of a chlorite layer and a swelling-clay layer. Disputation arises, however,
when attempts are made to characterize the swelling-clay layer.

Corrensite has been documented as regularly interlayered: .
chlorite-swelling chlorite, chlorite-saponite, chlorite-montmorillonite, and
chlorite-vermiculite. These different species do seem surficially to conform
to the definitions given by their authors. The lattice spacings, in
angstroms, shown in Table 1, attempt to define numerically the components of
the various mixed-layer species. This is a generalized version, as variations
on these spacings seem the rule rather than the exception., The swelling-
chlorite variety expands with glycol, but does not collapse with heat. The
montmorillonite layer both expands with glycol and contracts with heat, as
does the saponite, although the saponite may expand more with glycol than does
the montmorillonite. The vermiculite constituent does not expand with glycol
but does collapse with heat. Each of these, therefore, seems to be a distinct
definable phase.

To simplify nomenclature, throughout this paper the terms "smectite,"
"montmorillonite," '"vermiculite," and "swelling-chlorite" will be used without
the "chlorite" modifier to mean the nonchlorite layers of a corrensite
species. Unless otherwise noted, the species designations used are those
assigned by the original authors. Although corrensite is defined as
possessing a 1:1 relationship between its layers, this is seldom true, as will
be shown through the compilations in the section on X-ray diffraction data.
There are usually minor discrepancies, and many times, major ones.
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From the numerical values for the layer components listed in Table I, it
becomes apparent that the '"C" axis dimension can vary with species type. The
assumption is made that the chlorite component remains a constant 14A. The
variation is then attributed to the interlayer space between the two
components and/or the octahedral layer of the swelling-clay component. These
variations and their potential causes will be discussed after some of the
physical and chemical information for corrensite has been presented.

Dr. Lippmann of the University of Tubingen in Germany prefers that the
controversial layer be referred to as a '"swelling clay layer'" without a
species name (personal communication, 1979). He is currently researching the
thermodynamic properties of corrensite from the Keuper Marl in Germany to
define the mineral more precisely (Lippmann, 1977a, b; 1979).

PHYSICAL AND CHEMICAL CRITERIA FOR THE IDENTIFICATION
OF CORRENSITE

An examination of the various physical and chemical criteria used to
identify this mineral will be helpful toward an understanding of it. The
following sections assess the literature data and present research performed
by the author and assistants using X~-ray diffraction, differential thermal
analyses, scanning electron microscopy, and chemical analyses of various
corrensite species. Unfortunately there is very little cross-referencing of - .
samples between the different types of analyses compiled from the ’
literature. However, interesting trends do appear and some new perspectives
on corrensite can be gained.

X~-Ray Diffraction Analysis Criteria

The most commonly used method for the identification of corrensite is
X~-ray diffraction. A comprehensive study by the author of powder-diffraction
data presented in the literature as identification criteria, however, shows
that the values given are anything but consistent. Considering the
inconsistent nature of the mineral under discussion, this inconsistency is not
surprising.

Selected X-ray powder diffraction patterns of corrensite samples given to
the author by other researchers are shown in Figure 1. An attempt has been
made to present a cross section of types and environments for the readers’
comparison. The corresponding numerical data from these patterns are
tabulated in Table II. The patterns were run on the less-than-2 micron
fraction; carbonates, sulphates, and other silicates were removed by routine
processes (Jackson, 1974).

The sample in Figure 1A is from the Permian, evaporite-bearing Salado
Formation of New Mexico. It is termed '"chlorite-vermiculite" by Madsen
(personal communication, 1979). The mid-Tertiary evaporite layers of
nonmarine red beds from the California Sespe Formation (Flemal, 1970) yielded
the chlorite-montmorillonite of Figure 1B. Sample 1C comes also from an
evaporite deposit, the famous Triassic Keuper Marl of Germany (Lippmann, 1954,
1956, 1976). The swelling-layers have been called swelling-chlorite,
vermiculite and montmorillonite. The chlorite-montmorillonite of the
Pennsylvanian and Permian Supai Group of the Grand Canyon, Arizona is shown in
Figure 1D (McKee, ed., in press). This is a transitional, marginal marine
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Figure 1.--X-ray diffraction patterns of various corrensite samples. Machine
parameters were: Copper K—-alpha radiation scanned at one degree 2~theta
per minute; two degrees 2-theta per inch (samples D and F were run at
four degrees 2~theta per inch); counts per second varied with the
samples.

A.
BQ
c.
D.
E.
F.

Chlorite-vermiculite from the Salado Formation, New Mexico.
Chlorite-montmorillonite from the Sespe Formation, California.
Chlorite~-swelling chlorite from the Keuper Marl, Germany.
Chlorite-montmorillonite from the Supai Group, Arizona.
Chlorite-swelling chlorite from the Crescent Formation, Washington.
Chlorite-~saponite from the Elena Formation, Nevada
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environment. The chlorite~swelling chlorite of Figure 1E is a low-grade
metamorphic variety of corrensite from the Eocene Crescent Formation of the
Olympic Peninsula, Washington (Pevear, written communication, 1979). This
corrensite occurs in volcaniclastic lenses of a sea floor basalt unit., Figure
1F illustrates the pattern of a chlorite~saponite variety from the
hydrothermally altered argillites of the Devonian and Mississippian Eleana
Formation in Nye County, Nevada.

Six X-ray patterns provide insufficient data for more than just a
discussion of their identification. 1If the criteria shown in Table I are
applied to the "superorders" tabulated in Table II, the first conclusion is
that very few of these samples conform exactly to the criteria. Samples B, C,
D, and F give fairly good fits and probably can be classified, from the X-ray
data, as smectites (montmorillonites, saponites). Sample C and especially
sample F show greater swelling characteristics than do samples B and D. This
swelling might indicate that they are saponites. However, sample A, which
swells significantly (32A=14A+18A), and collapses insignificantly
(28A=14A+14A), does not exhibit the acceptable criteria for a vermiculite
(that is nonswelling and collapse to a 24A=14A+10A phase). This nonconformity
also applies to sample E. It collapses more than A, but not as low as the _
vermiculite required 10 angstroms. Subsequently, sample A and more certainly
sample E are probably of the "swelling~chlorite" variety. One problem with
the identification of these phases is that, due to degree of crystallinity and
instrument limitations, superorders cannot always be resolved adequately. )
Unfortunately, the superorder positions are the real key to the identiflcation
of these different species.

It appears that, based on the X-ray diffraction data, the species types
could be reduced from four to two (smectite and swelling chlorite). The
literature data compiled for this study and other data presented in this paper
suggest such a trend.

An examination of literature data by species is in order here. A
clarification of X-ray identification criteria may not be possible from this,
but at least a better understanding of the source of the confusion should
emerge. The majority of the "vermiculite" species of corrensites reported in
the literature swell where they should not and/or do not collapse enough. A
compilation of these data is given in Table III. Some references have been
omitted because either no data from X-ray analysis were reported or they were
inconclusive; even some of the data included are many times insufficient for a
valid identification. When considering this compilation, please recall the
criteria shown in Table I, i.e.: a phase (untreated, 28A=14A+14A) that does
not swell with glycolation (glycol = 28A) but collapses with heat to 24A
(14A+10A) is probably a vermiculite. Certain interpretive latitudes must be
allowed but 30 and 31 angstroms is very generous for the untreated values.
However, other variables such as the retention of additional interlayer waters
due to high humidity conditions can also affect these superorder spacings.

The presence of interlayer aluminum hydroxyl complexes could also influence
the reactions of the clay structure to glycol and heat.

All the samples, presented in this table, except one, swell to varying
degrees, which vermiculites should not do. Of the 12 samples in the table, 6
collapse to 24A or less as those with vermiculite (or smectite) layers should,
and at least 4 collapse with heat to values greater then 24A, indicating that
the swelling layers might be more validly considered to be swelling chlorites.
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Table III.--X-ray diffraction data for corrensite species from the literature
which cite vermiculite as the "swelling layer" constituent

[Numerical values are given in angstroms]

Reference Untreated Glycol 550°C
29.2 31.0 (24) ?
Bradley and Weaver 14.7 15.5 12
1956 9.7 10.2 8
7.3 7.7 6
Alietti 29.0 31.0 i 29.0
1958 12.0
Grim et al. 30.0 not
1960 14.48 15.49 given
Fournier 30.5 31.5 21.55
1961 - + 14426 15.5 13.81 (chl)?
29.4 31.2
Peterson 14.7 15.6 12.0
1961 10.0 10.0 10.0
7.4 7.8 8.0
Johnson 28.5 28.5 24
T 1964
Becher 28.5 32-33 27.7-28
1965 14.2 16.2 13.9
14.2
7.08 8.1
Gradusov 29.0 31.9 23.65
1969 ] 14.3 .
Rao and Bhattacharya . 30.9 31.5
1973 14.9 15.2 13.7
7.2 7.2
Ropp and Fallis 13.8 15.8 12.1
1974 9.0 7.9 8.0
: 7.1 7.1 7.1 (chl)?
29.0 31.0
Lippmann 14.5 15.5 13.0
1956 7.2 7.75
4.79 5.15




There is only one sample in the table that adheres to the vermiculite
parameters——that of Johnson (1964).

Therefore, what emerges from the perusal of Table III, is that perhaps
the term "vermiculite" applied to the swelling layer of a corrensite species
identified by X-ray diffraction techniques is not necessarily a valid usage.
This conclusion assumes acceptance of the premise that "vermiculites do not
swell." Some of these samples (Bradley and Weaver, 1956; Fournier, 1961;
Peterson, 1961; Gradusov, 1969; Kopp and Fallis, 1974) might be reclassified
as falling closer to the smectite variety whereas the samples of Alietti
(1958), Becher (1965), Rao and Bhattacharya (1973), and Lippmann (1956) seem
to act more as a swelling-chlorite variety.

If one next examines various '"swelling-chlorite" samples as presented in
the literature and compiled here in Table IV, they seem to hold slightly more
true to their definition of 28A (untreated) swelling to 31A (14A+17A) with
glycol and collapsing to 28A (14A+14A) with heat. Of the nine data sets in
Table 1V, four are fairly close to the 28A untreated value; nearly all swell
greater than the theoretical value of 31A and all, except the two of Kimbara
and Sudo (1973) in which the swelling layer behaves more like a smectite,
collapse to 26-28A.

The literature values for the montmorillonite-cited species of corrensite -
are tabulated in Table V. These samples show the best fit to the established
criteria with few digressions. The same applies to the saponite variety
samples listed in Table VI.

If one calculates the distribution and percentages of all the values
given for the samples in Tables III, IV, V, and VI on an unweighted, volume
basis, the values having the higher percentages are:

untreated 29A 38.5% of the samples
30A 20.5%
glycol 31A 29%
32A 23.7%
) 31.5A 167
33A 167
550°C 24A 437
28A 16%
Choosing the highest from each group yields:
untreated = 29A (14A + 154)
glycol = 31A (14A + 174A)
550°C = 24A (14A + 104)
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Table IV.--X-ray diffraction data for corrensite species from the literature
that cite swelling-chlorite as "swelling layer" comstituent

[Numerical values are given in'angstroms]

Reference Untreated Glycol 550°C
HOQQYbome 14.5 16.4 13.8
1951
1954 14.2 16.2 (14)
Martin Vivaldi and MacEwan 30.0 35.0
1957 14.7 16.8 13.1
30.0 32.7 28.5
13.6
8.8
Martin Vivaldi and MacEwan 28 31 : 28 -
1960 :
Heckrodt and Roering 30.0 31.0
1965 14.4 15.0 13.64
Kimbara and Sudo 31.5 32.9 22.6
- 1973 14.97 15.71 12.1
30.2 32.5 23.9
14.77 15.44 11.9
MacNeill 28.5 2.72 27.61
1978 14.3 15.5 13.8
7.05 7.8 6.86
Pevear 28.0 32.0 23=26
1979 14.2 15.2 13.2
Personal communication 8.88 8.0
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Table V.~=X-ray diffraction data for corrensite species from the literature

that cite montmorillonite as the "swelling layer" constituent

[Numerical values are given in angstroms]

Reference Untreated Glycol 550°C
Earley and Milne 29.0 31.7 23.3
1956
Earley et al. 29.0 32.0 24.0
1956 14.1 12.0
Sudo and Kodama 30.0 31.8 24.0
1957 15.0 15.5 _ 11.9
9.96
7.52
Sudo 29.8 32.3
1959 11.7
Lucas 2805 3005 24
1962 - 14.2 15.2 12
9.5 9.9 8.0
7.1 8.8
Wyart and Sabatier 29.1 30.9 23.7
1967 13.7
Flemal 28.5 33.0 28.5
1970 13.65 15.55 13.2
7.14 7.81
Wilson and Bain 29.0 32.0 24
1970 13.9=-14 15=15.1 12.4
Schlenker 29.0 31.5 23.5
1971 . 14.6 15.5 12.1
Tomasson and Kristmannsdottir 14=14.6 15.3~15.8 12=-14
1972 12-12.9
Blatter et al. 29.0 31.0 23=24
1973 14-15 17 12
14
Sawatzki 28-29.5 30-31.5 24
1975 14"1405 1502-1505 1108-1202
Almon et al. 29 31 23.8
1976 14.48 15.23 11.9
723 7.62 7.9
McKee, ed. 29 31+ 24
(in press) 14.5 15.5 12
7.2 7.75




Table VI.~—X~ray diffraction data for corrensite species from the literature

that cite saponite as the "swelling layer" constituent

[Numerical values are given in angstroms]

Reference Untreated Glycol 550°C
Ali&tti 2904 310 6"".7 230 5
1958 11.8
8.75
Kimbara 30.4 31.5 23.9
1973 14.72 15.49 11.94
9.82
7.31
Kimbara and Sudo 30.0 32.7 23.0
1973 15.8
9.8
. 7.4
Blackmon 29.4 32.6 24.5
1979 14.7 16.35 12.2
Personal communication 8.33
- 1979 13.7 15.4 12.45
9.6
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This does not necessarily support a conclusion toward corrensite being
primarily a smectite-type species but does indicate that the majority of the
samples researched to date seem to have smectite-like characteristics. It
would also seem less confusing to refer to this species as having "smectite"
rather then "montmorillonite" or "saponite" layers, at least until more
specific identification criteria are developed, or chemical analyses are
available.

The swelling-chlorite variety as opposed to vermiculite appears to be the
other common species. This hypothesis is supported by the trend shown in
Table II and Figure 1 and will be given further credence with data presented
in later sections.

Differential Thermal Analysis Criteria

Differential thermal analysis (DTA) is another useful technique for
characterizing clay minerals. Unfortunately, not a great deal of work has
been done on the corrensite species. In MacKenzie’s book on DTA curves for
clays (1957), Caillere and Henin present a helpful summary on DTA curves for
corrensite and related types. As would be anticipated, there is a distinctive
suite of peaks that can be used effectively to characterize some of the
components of corrensite phases. One specific reaction range is a direct
manifestation of the brucite layer, which may be most useful structurally
toward identifying corrensite.

There is first a lower temperature endothermic peak between 100°-200°C,
closer to 150°C, which indicates loss of absorbed water. The hydroxyls of the
brucite layer are lost between 550°C to a little more than 600°C, and
sometimes as high as 660°C. The structure still maintains integrity, however,
until the mica layer is also dehydrated, around 830°-850°C. The exothermic
peag of recrystallization also falls very close here, between 850°C to near
900~C.

Table VII is a compilation of some of the published DTA curves. Most
of these values are estimates from the published diagrams. They generally
conform to the criteria postulated by Caillere and Henin (in Mackenzie,
1957). However, there are no apparent species correlations. Until the more
definite parameters of chemical composition, X-ray diffraction data and
interlayer configurations can be established, these temperature values can
only serve as guidelines for future investigations.

The DTA curves in Figure 2 are from Bradley and Weaver (1956). They were
chosen to be included here because they not only illustrate the corrensite
species under discussion, but also its hypothesized constituent parts. The
bottom curve is indicative of these represented by numerical values in Table
VII. The X-ray data in Table III for the Bradley and Weaver sample has
smectite characteristics. Because corrensite 1s defined as a trioctahedral
species, those samples designated dioctahedral have been labeled '"questionably
corrensite."
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Chemical Criteria

There are only a few chemical analyses for corrensite type minerals in
the literature. This is understandable when the difficulty in obtaining a
pure representative separate is considered. Table VIII is a compilation of
these chemical analyses. It was not always clear from the text what was being
analyzed, a clay separate or the whole rock; or how refined the analytical
sample was.

The elemental percentages were calculated from these data and projected
onto the ternary diagrams shown in Figure 3.

Approximate fields for montmorillonite, saponite, vermiculite, and
magnesium~bearing chlorites have been plotted on Figure 3A. The Mg~bearing
chlorite field is included for comparison because there was insufficient
chemical analyses to plot a "swelling-chlorite" field. The chemical data were
taken from analyses reported in Deer, Howie, and Zussman (vol. 3, 1962), Grim
(1968), Weaver and Pollard (1973), Starkey and Blackmon (1979).

The effect of the chlorite constituent has not been considered and the
chlorite most likely varies in composition among the samples, although it is
probably magnesium-bearing. If the chlorite layer can be characterized with
any confidence, and its influence subtracted, a shift to the left would be
postulated.

Until there are more corrensite chemical data generally available, it is
rather pointless to speculate too far on the distribution shown in Figure 3.
However, some inferences can be drawn from these diagrams. In general there
is credible separation between samples from hydrothermal environments and
those from sedimentary environments except for sample 5 (which was identified
as coming from a sedimentary environment). The term "hydrothermal" is an
author designated one. There were no chemical data reported for "low-grade
metamorphic" corrensite occurrences. Another very interesting observation is
the scattered pattern of the various species. Using the authors’
designations, there is only some consistency to species distribution. This
could suggest that there are perhaps fewer discrete phases than previously
identified.

It is interesting to note that the majority of the hydrothermal
corrensites fall into the vermiculite field even though only two of them (no.
8 and no. 9) have been identified as having vermiculite layers while no. 6, a
sedimentary chlorite-vermiculite, plots on the fringe of that field. The
saponite variety of no. 2 falls definitely into the vermiculite field. No. 4,
identified as a chlorite-~saponite, seems by this criteria to be one. However,
neither of the "montmorillonite" species (no. 5 and no. 7) are close to the
montmorillonite field.

16



Figure 2-~-Differential Thermal Analysis Curves from a corrensite sample.
These show a corrensite of the vermiculite variety and its constituent
parts. Reproduced from Bradley and Weaver (1956, p. 502) with the
permission of the authors.,
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Figure 3--Ternary diagrams showing elemental relationships from some
corrensite samples documented in the literature. A. Si-Al-Mg; B. Si-
(Al + Fe (total)) - Mg; C. Si-Al- (Fe + Mg); D. Si-Al-(Fe + Mg).
Numbers on the plots refer to the following references: 1. Shimoda, in
Sudo and Shimoda, 1978 (swelling chlorite); 2. Alietti, 1958 (saponite);
3. Kimbara et al., in Sudo and Shimoda, 1978 (saponite); 4. Takahashi,
1959 (saponite); 5. Almon et al., 1976 (montmorillonite); 6. Peterson,
1961, 1962 (vermiculite); 7. Earley et al., 1956 (montmorillonite); 8.
Sugiura, 1962 (vermiculite); 9. Alietti, 1958 (vermiculite); 10.

Bradley and Weaver, 1956 (vermiculite); 11. Bodine, 1978 (saponite). The
species given in parentheses are the authors’ designation for the
swelling layer constituent; circles refer to sedimentary occurrences,
squares to hydrothermal occurrences.

19



101

03By ———

..szsz.oga»:/.,

v

A¥VINIWIOIS

\

aj+IV

lllll
N,

\\\\\

¢ @2an814

194



Table VIII also provides some additional generalizations. The corremsite
samples found in the sedimentary environment have a higher silica content.,
The hydrothermally produced corrensites have both higher magnesium and
aluminum contents than their sedimentary counterparts. For the most part, the
range within the magnesium percentage for hydrothermal corrensites is small
(about 3% from 23%-26+%), whereas there is a greater latitude for the Al
content with a 7.6% range. In a hydrothermal environment where Mg is a
less—common element but restrictions on Al are not as stringent, this
relationship is not surprising. The reverse trend appears in the sedimentary
environments where there is a wide range of magnesium content (nearly 12%Z) but
a restricted range for Al (4.4%).

It might be generalized that it takes less aluminum and less magnesium to
make a sedimentary corrensite; however, sedimentary samples have more silica
then the hydrothermal varieties. This might suggest different basic
mechanisms of formation or at least different precursors.

Iron is the confusing chemical variable. Theoretically, if it is in the
structure itself, the iron potentially substitutes into the cation positions
of the octahedral layer. In Figure 3B, the plot of Si, Mg, (Al + Fe
has a distribution relative to the other figures toward the Al + Fe eng which
would seem to indicate that the iron is at least in part substituting into the
Al positions. Both iron and aluminum may also substitute into the magnesium.
positions. This was substantiated by a plot of Mg~Fe-Si, which is not shown
here. The separation of the sample points shown in the Si—Al—(Fe2+ + Mg) plot
in Figure 3C could imply that the iron is within the structure because a
division between hydrothermal and segimentary samples is evident. This is in
contrast to Figure 3D, the Si-Al-(Fe”" + Mg) plot, where the clustering
indicates, but still with environmental segregation, that the iron is more
likely external to the structure, potentially an oxide coating or impurities
in the sample.

To summarize, the chemical data suggest that depositional environment is
an important consideration toward the determination of species type.

Scanning Electron Microscopy Criteria

Few scanning electron microscope (SEM) photographs of corrensite phases
have been published because they are difficult to obtain. Sample
crystallinity is usually poor; grain size is small; mixed-layer configurations
are notorious for poorly defined morphology; and corrensites, especially from
sedimentary environments, appear to be so fragile that concentration processes
tend to alter their morphological characteristics. The best SEM picture
published to date of corrensite is that of Almon, et al. (1976). This
portrays a chlorite-montmorillonite variety found in a transitional marine
environment of calcareous sandstones. The corrensite was found here as pore
and vein fillings, thus making it easier to visually locate and also giving it
some protection. Figure 4 contains photographs of two previously unpublished
corrensites with accompanying energy dispersive system (EDAX) spectra. In
figure 4A, the corrensite is the darker band of near-vertical '"grains" through
the center of the picture. Figure 4B is an enlargement of the lower right
corner of Figure 4A. This sample is the low-grade metamorphic chlorite-
swelling chlorite from Washington. The curled edges are probably an artifact
of the electron beam. The configuration shown in these two pictures is
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Figure 4.--Scanning electron microscope photographs and energy dispersive
spectra of corrensite specimens.
A. Chlorite-swelling chlorite from Washington
magnification = 2,400X.
B. Chlorite-swelling chlorite from Washington
magnification = 6,600X; this is an enlargement of A.
C. Chlorite~saponite from Nevada
magnification = 10,200X.
D. Energy dispersive spectra for A and B.
E. Energy dispersive spectra for C.
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similar to the "cornflake'" habit described by Almon, et al. (1976). Figure 4D
is the corresponding energy dispersive spectra for the Washington

corrensite. The first three peaks shown are Mg, Al, Si, respectively, and
most probably relate to the corrensite. Figure 4C represents the hydrothermal
chlorite~saponite from Nevada. EDAX spectra of this saponite is shown in
Figure 4E and also shows Mg, Al, Si as the major elemental constituents. This
habit is similar to a smectite.

These pictures are included here to illustrate one more potential method
that can be used to characterize corrensite. Until numerous samples of
corrensite are studied with the SEM, no valid conclusions relative to habit
can be drawn.

SWELLING LAYER CHARACTERISTICS

An explanation for the behavior of the swelling layer of the corrensite
species was proposed by Martin Vivaldi and MacEwan (1960). These researchers
hypothesized that the brucite layer within the swelling-layer component of the
mixed-layer species was gapped having lost magnesium and hydroxyl ions
resulting in an island or pillar configuration. Twenty years later this
explanation seems less sophisticated than required to explain the behavioral
idiosyncracies of this complex mineral.

Utilizing a simplified projection of the basic structure of a
14A~-chlorite, shown in part A of Figure 5, and that same chlorite with a
gapped brucite layer (Figure 5B), some speculations can be made about the
mixed-layer configuration of corrensite.

The interlayer domain between the intact chlorite layer and the swelling
clay layer must be considered at this time. Comparing the magnitude of the
peaks of the DTA curves represented numerically in Table VII, interlayer water
appears minimal compared to the hydroxyl content of the structure. Because
its presence could be a function of ambient laboratory humidity conditions, a
high weight percentage for interlayer water can be misleading. The interlayer
cation composition is important in the ultimate characterization of
corrensite. Until cation exchange work is done, what lies within the
interlayer positions and its effect on the behavior of the various species
becomes conjecture. If the swelling layer is also considered to equal 14A,
then the X-ray data indicate that there exists an additional 0.3A to 3.5
angstroms (greater than 28A--air-dried value) along the "c¢" axis which could
be explained by the presence of interlayer cations, interlayer hydroxyls,
and/or adsorbed water. It is in this interlayer position that the polar
molecule glycol could penetrate causing the swellings to 30A-34A that have
been observed.

The octahedral layer of the swelling layer should also be considered as
it is here that most isomorphous substitution occurs. The values in Table
VIII show that there is a 10% and greater difference in both Al and Mg values,
indicating some latitude for substitution. The greater variability in
percentage content of magnesium and aluminum exists in the sedimentary
environment.
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Figure 5.--A diagrammatic representation of the chlorite layer of an intact
structure (A) and a swelling layer which has been breached or not
completed (B). This is a modification from Brindley and Robinson in Grim
(1968, p. 10l). No attempt has been made to balance layer charge in this

representation.
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The brucite layer of the swelling layer of the hypothetical corrensite
structure merits consideration because it is potentially the weakest link--the
Mg-OH bonds are relatively easier to create or destroy than the bonds holding
the tetrahedral and octahedral layer elements together, If the brucite sheet
is indeed incomplete, as some researchers believe, then this gapped structure,
such as that idealized in Figure 5B might explain some behavioral
idiosyncracies of the various corrensite phases--why they swell and collapse
as they do. It is not inconceivable that the glycol molecule could also
invade the "gapped" regions of the brucite layer causing expansion of the
structure here also. However, since this organic molecule is 3.5A in
diameter, it would probably have to be stacked to have any swelling effect. A
discontinuous brucite layer would weaken the entire structure. Obviously
there would be limitations to the number of "gaps'" the brucite layer could
support before the integrity of the structure is damaged to the point where
collapse after heat treatment (less then 800°C) is to a spacing between
14~12A. X-ray diagrams have been run which show this progressive collapse
with heating. Although this collapse with heat could be a function of the
percentage of gaps in the brucite layer of the swelling layer component, it
could also be the manifestation of Al-hydroxyl complexes precipitated into the
interlayer domain. They could prop the structure up withstanding temperatures
close to 800°C.

The possibilities available to explain this swelling layer are somewhat.
overwhelming. The swelling layer could take on the characteristics of a
vermiculite, of a smectite, or a swelling chlorite depending on several
variables and/or their combinations: the degree to which the brucite layers
have been breached; the chemistry of the octahedral layer cations; the
components and behavior of the interlayer domain and, not to be forgotten, the
configuration and composition of the "seed" phyllosilicate mineral, i.e., the
precursor of the corrensite phase. Figure 3, even with only 11 data points,
shows little definite distribution pattern relative to species” type, as
designated by the authors; however, a definite trend relative to environment
is noticed. The chemistry puts these species closest to vermiculites and
borderlining saponites. However, vermiculite theoretically does not swell.
Based on the X-ray data reported in the literature, every documented
corrensite species, except the vermiculite variety of Johnson (1964),
swells., Some swell by less than an angstrom, but there is definite movement
toward a higher angstrom position with the introduction of glycol into the
lattice. This upward shift may indicate an ability to accommodate the larger,
organic molecules and therefore gaps in the structure or interlayer positions
do exist into which these polar molecules can slip. The shift may also show
the presence of adsorbed water--the function again of localized humidity
conditions in the air-dried sample.

The DTA data shows a range for loss of OH from 550°-660°C. The more
hydroxyl in the structure, the more intact and durable it would be potentially
requiring higher temperatures for complete collapse. A weakened structure
with gaps in the brucite layer could lose integrity at lower temperatures.
There are only two samples from Figure 3 that also appear in the DTA table.
From their chemical analyses they fall in the vermiculite field; from the DTA
data, they require higher temperatures to remove OH, thus suggesting logically
that they contain more OH and likely therefore fewer gaps in their
structure. These observations obviously are not proof of a theory, but only
the beginnings of a trend to be investigated. These temperature reactions
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could also be explained by the presence of interlayer hydroxyls. Some work of
this nature has been done on the English Keuper corrensites by MacNeill
(1978).

The conclusion here is unavoidable--contradictions from chemical and
X-ray data indicate that the present nomenclature and identification criteria
for corrensite are in error and misleading. None of these identification
techniques, by themselves, seem sufficient to characterize this highly complex
mineral.

SUMMARY OF MINERALOGICAL DATA IMPLICATIONS

From the compilations presented in the preceding sections on X-ray
diffraction, DTA, SEM, and chemical data, the most obvious conclusion is that
a good deal more work must be done on corrensite before this ambiguous mineral
can be characterized with any confidence. That conclusion was foregone and
the inspiration for this paper.

X-ray data indicate that the swelling layers of the majority of
documented corrensites exhibit the characteristics of a smectite while the few
chemical analyses reported indicate that this a saponite variety. Chemistry
also shows that there are two species of corrensite. One is a saponite as
defined by X-ray data and occurs exclusively in sedimentary environments. The -
other, although chemically a vermiculitic variety, has the X-ray diffraction
characteristics of a swelling chlorite and exists solely in a hydrothermal -
regime. There are, of course, discrepancies in the preceding correlations in
that many of the samples chemically classified as having vermiculite layers
show the smectite-variety X-ray characteristics. The reverse is not true.
Those samples chemically classified as having saponite layers do have smectite
X-ray traits. These are trends based only on 11 data points but the
distribution is strikingly consistent.

DTA techniques can add to the information on corrensite species but
probably could never be used by itself to identify more than generally the
existence of corrensite. SEM, even with the assistance of energy-dispersive
spectra, also has limitations as there are so many variables which can
determine or alter the morphology of a mixed-layer species. The lines for
future investigation are now somewhat clearer. Corrensite species obviously
will require more then one method of analyses for definite indentification.

GEOLOGIC SIGNIFICANCE OF CORRENSITE OCCURRENCES

Until the mineralogical ambiguities of corrensite discussed in the
preceding sections are more satisfactorily resolved, the geologic significance
of this mineral will also be in question to some extent. However, a great
deal can still be said about the usefulness of corrensite as an indicator of
primary depositional environments from the data now available.

Corrensite has been documented from three general environments:
sedimentary, hydrothermal, and low-grade metamorphic. Corrensite occurrences
from each of these environments and subfacies will be summarized in tables and
briefly discussed in later sections.
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Distribution of Corrensite Occurrences through Geologic Time

Further evidence toward the theory that corrensite species are directly
related to their originating environments comes from a study of their
distribution through geologic time. Figure 6A is a reproduction of an
illustration taken from Weaver and Beck (1977, p. 216) which was used to show
in a general way the relative abundance of corrensite and some associated
authigenic magnesium minerals.

Some interesting generalizations emerge from this figure. Corrensite is
shown to be relatively abundant at the beginning of the Mesozoic (Triassic)
and during the Paleozoic. The major deposits of the French Jura Basin, and
those of the English and German Keuper Marl are Triassic; the evaporite
sequences of the Delaware Basin in North America and the famous German
Zechstein are of Permian age. The corrensite~bearing evaporites of the Supai
Group (Grand Canyon, Arizona) are also Permian. Most of the Supai corrensites
are found earlier in the transitional marine environment of Pennsylvanian
age. There are three Upper Mississippian occurrences documented in North
America: the carbonate-rich environments of the Cumberland Plateau of
Tennessee (Peterson, 1961, 1962); the Brazer Limestone from Colorado (Bradley
and Weaver, 1956); and the marginal marine tidal flats and lagoons of southern
Illinois (Fraser et al., 1973). These comprise the majority of the recorded
sedimentary corrensite occurrences. As can be seen from the tables in a later
section, there are Tertiary sedimentary corrensites reported from California
(Flemal, 1970), and from India (Rao and Bhattacharya, 1973). However, nowhere:
else through geologic time has there been an abundance of sedimentary
corrensite such as that observed during the late Paleozoic and early Mesozoic
ages.

If these corrensites are environmentally linked as hypothesized, this
distribution is quite logical. The climate at the time of major sedimentary
corrensite deposition was warm and dry with arid conditions prevailing
(Schwarzbach, 1961); sediment deposition occurred in shallow, epeirogenic seas
with hypersaline waters (Shaw, 1964) and hypothesized lower concentrations of
silica. All of these factors favored the deposition of dolomite with its
attendant silica-poor corrensite. Weaver and Beck (1977) further pointed out
that as the Mesozoic advanced, humidity increased, silica became more
abundant, carbonate precipitation dropped off, and the silica-rich
palygorskite was favored over corrensite.

Another interesting distribution is shown in Figure 6B which is a
modification of Figure 6A. Here the hydrothermal and low-grade metamorphic
corrensites have been incorporated in the sedimentary corrensite curve, and
they fall almost exclusively in the Tertiary. The exceptions are low-grade
metamorphic occurrences in the Precambrian to Cambrian of Scotland (Wilson and
Bain, 1970); the Thones syncline of France (Sawatzki, 1975); and the Lower
Cretaceous dike-~intruded shales in Montana (Blatter et al., 1973). There are
no other documented hydrothermal occurrences that have been found by the
author.

These figures very graphically illustrate the time and subsequent
climate-environment association of corrensite occurrences.
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Figure 6.--Distribution of corrensite and associated magnesium—-bearing
minerals through geologic time. (A) shows sedimentary corrensite
occurrences plotted with other sedimentary minerals. In (B) the
sedimentary curve is supplemented with a smaller hydrothermal curve in
the Tertiary part of the time scale. These figures are reproduced and
modified from Weaver and Beck (1977) with the authors’ permission.
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Hypothesized Origins of Sedimentary Corrensite Species

From the previous sections of this paper has come the idea that there are
only two discrete corrensite species, but with permutations, and that these
species may be environmentally controlled. Some conjecture is in order here
relative to the geochemical conditions required for the formation of
sedimentary corrensite species.

Figure 7 was developed to explain the hypothesized origins of the
corrensite formed in the Supai Group rocks of the Grand Canyon region in
Arizona, an occurrence with which the author is most familiar (McKee, ed., in
press). However, this diagram is flexible and applicable here. In their work
on the Miocene of the southeast United States, Weaver and Beck (1977)
postulated that some form of illite is a necessary precursor of corrensite.
The illite structure would supply the required higher tetrahedral layer charge
of corrensite. Unfortunately, the Supai study can neither prove nor refute
this theory although an unsupported but logical hypothesis is that the random
mixed-layer source of the authigenic Supai clays did originate from weathered
detrital micas and feldspars.

As the flow of Figure 7 is followed, the theory of corrensite formation
that emerges is one of ion aggradation of random mixed-layer phases in a
magnesium~enriched environment as proposed by the French clay mineralogists
and geochemists and applied to the studies of the Jura Basin of France (Lucas,
1962; Millot et al., 1963, 1966; Millot, 1964; and Lucas and Ataman, 1968).

The "Equivalence theory" that Powers (1959) developed explains the
preferential adsorption of magnesium over potassium into the random mixed-
layer structure. The ratio of the concentration of the Mg+ to X¥ ions is
about 5 to 1 in seawater. From the water-sediment interface to a variable
depth within the unconsolidated bottom sediments (this depth Powers calls the
"Equivalence level') magnesium, because it is Rresent in greater amounts, is
adsorbed first. At this "Equivalence level" K' and Mg+ are theoretically
present in equal amounts while below this level potassium becomes the dominant
ion and K+-bearing clays are formed. Above the "Equivalence level" not only
will the magnesium be adsorbed onto the degraded material, but it unites with
free silica tetrahedra. This silica actively competes for the magnesium,
capturing enough_to form corrensite (which is a silica-deficient phase) but
not a consistently sufficient amount to complete all the chlorite layers of
the structure. A deficiency in aluminum, which is relatively insoluble and
immobile in this environment, may be a further consideration relative to
corrensite formation over chlorite.

With the incorporation of the magnesium ion into the lattice, water is
lost, a higher level of ordering of the structure occurs and the number of
expansible layers decreases. Magnesium substitution is favored at shallower
water depths. This theory involves ion migration from the surrounding
solutions to interlayer cation positions and then into the octahedral layer
sites and finally to the tetrahedral layer sites (Millot et al,. 1966). This
is a process that can be followed from detrital random mixed-layer clays
through a corrensite phase to a well-crystallized chlorite. 1In the Supai
Group clay study this progression was observed. There is an abundance of
random mixed-layer material which it is hypothesized, is being upgraded by ion
aggradation into various authigenic clays. There are well-crystallized
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corrensites and there are transition corrensite-like phases. These phases do
not expand as much as '"true" corrensites with glycol (usually only 14.5-15.0A)
nor do they collapse as far as does "corrensite" with heat (13.5-14A).

The implication is that this transition phase has fewer gaps in the
brucite layer, has less water replacing the hydroxyls, has less, if any,
interlayer waters or cations and, therefore, is a more tightly bonded
transitional phase between corrensite and chlorite. The existence of this
phase strongly suggests that the mixed-layer configuration of the corrensite
is upgrading toward a nonexpanding chlorite, supporting the aggradation theory
and corresponding with the summary of Dunoyer de Segonzac (1970).

Early work on corrensite led some researchers, Martin Vivaldi and MacEwan
(1960) among others, to hypothesize that corrensite might form by weathering
or degradation of a higher-ordered phase such as a chlorite. If the chlorite
were put into an acidic environment with free hydrogen ion, the H' could
combine with the OH’s of the brucite layer forming water and freeing Mg+
ions. This mechanism was used to explain their hypothesized "pillar" or
"island" configuration for the brucite layer.

There is little substantiating evidence in modern literature for this
degradation theory: the chlorite-vermiculite of Johnson (1964) might be 7
cited. However, its validity as a corrensite species is in question since it
does not swell and all other corrensites do.

The "swelling-chlorites" that Post and Janke (1974) describe as
weathering products of California Mesozoic slates are also in question as no
superorder values are reported from the X-ray diffraction work, and
subsequently a valid identification of corrensite cannot be made.

The mixed-layer configurations of "chlorite-vermiculites" "and similar
species in soil profiles are many times random interstratifications rather
than the regular interlayering required for a corrensite. They also do not
always possess the superorder lattice values, again a corrensite requisite.

Whatever the true mechanism of corrensite formation is the majority of
current evidence seems to favor aggradation over degradatiomn.

The stability field and associated mineral relationships for authigenic
corrensites are shown in Figure 8, which is a modification of an illustration
by Almon et al. (1976, p. 95). The parameters derived by these researchers
indicated that corrensite is stable within a pH of 7.5-8.8 with a high
magnesium to calcium ratio. This limited field makes corrensite a potentially
useful indicator of depositional environments. These relationships are in
agreement with the work done by Peterson (1961, 1962) in the Cumberland
Plateau area of Tennessee,

Stability temperature from Velde (1977a, b) appears to be from 100°C to
possibly as high as 280°C. Corrensite has been synthesized from
montmorillonite in a magnesium-enriched solution at temperatures between 300°¢
and 600°C by Wyart and Sabatier (1967).
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Figure 8-—Stability fields for authigenic corrensites and associated
minerals. Modified from Almon et al. (1976, p. 95).
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Occurrences of Corrensite in Sedimentary Environments

An observation to be drawn from the preceding section and one which will
be substantiated by the numerous tables to follow in this section is that
corrensite is commonly found as a primary phase; it has not yet been observed
to be detrital. The distribution and mineralogical associations of corrensite
through geologic time strongly indicates that the known occurrences are
potentially all authigenic.

Sedimentary corrensite, with which the author is most familiar from
studies of the Supai, seems to fall into three subfacies: those of evaporite
sequences listed in Table IX; those in which the host lithology is primarily
carbonate~-bearing, shown in Table X; and those which are transitional marine,
given in Table XI. Each of these tables contains a summary of the pertinent
literature giving references to the phase, citation, brief environmental
description, mineralogical associations, formation, locality, and age.

Evaporite-Bearing Host Rocks.--Originally corrensite was thought to be
restricted to a hypersaline environment. As Table IX shows, a good deal of
work, especially by the Europeans has been done on corrensites from evaporite
sequences. The best-known corrensite occurrences are listed in this table:
the Texas-New Mexico Delaware Basin; the German Zechstein Formation and Keuper
Marl; the French Jura Basin. All the localities in Table IX, except one, are- .
Permian or Triassic. Mineral associations for these evaporite-corrensites are
consistent. Aside from the evaporite minerals, dolomite and illite seem to- be
always present, while quartz and chlorite are commonly present. This
association suggests a magnesium-rich, restricted, quiet, shallow-water
environment.

Carbonate-Bearing Host Rocks.=--Another host rock for corrensite is one
that is primarily carbonate. This is usually, but not exclusively, dolomite
with calcite a common constituent. Quartz, chlorite, and illite are other
frequently associated minerals. These occurrences are also mostly found in
the Paleozoic and early Mesozoic. Again the enviromment suggests warm to hot,
semidesert conditions with lagoonal to shallow marine waters. These
localities are summarized in Table X.

Transitional Marine Environments.--The last type of sedimentary
corrensite environment is that of transitional marine with still, shallow,
warm, semirestricted waters, probably with some magnesium—-enriched pockets.
There is more interfacing with muds and silts. Dolomite and calcite are also
requisite associated minerals as are illite, chlorite, and quartz. Feldspars
and mica may also be present. This enviromment is, in some respects, less
well defined than the preceding two. However, it is the environment with
which the author is most familiar and a brief discussion of the Supai
occurrence of corrensite is included here.

Occurrence of Corrensite in the Supai Group Rocks

In the Supail Group of the Grand Canyon of Arizona, corrensite is found in
the evaporite layers associated with dolostones of the Permian Esplanade
Sandstone and in the two older formations of the group, the Pennsylvanian
Watahomigi and Manakacha. 1In the latter two, corrensite occurs in the
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calcareous mudstones and in the carbonate rocks. It 1s hypothesized to be
authigenic, a product of ion aggradation of the random mixed-layer clays which
are thought to be originally detrital. Corrensite is associated almost
exclusively with illite and often with chlorite. It is never found with the
random mixed-layer clays, nor with kaolinite, which implies an acidic, high-
alumina environment and is considered in the Supai to be of continental
origin. The transitional swelling-chlorite type minerals, mentioned in a
previous section, occur in stratigraphic proximity to corrensite and are
additional indicators of the authigenic origins of the assemblage.

This probable authigenic origin is also supported by the lithologic
associations of corrensite as it occurs throughout the marine facies of the
Watahomigi and Manakacha Formations, the lowest energy formations of the
group.

The Watahomigi is composed of carbonates, calcareous mudstones, and minor
sandstone layers. The general impression of the Watahomigi environment is
that it was mostly marine, low-energy, quiet water. There were transitional
marine embayments with fluctuating water levels, some of which became
restricted and were cut off from freshening waters. There was possibly a
river forming a delta containing many distributaries that migrated across
marine tidal flats to the open sea.

The Manakacha Formation is largely carbonate and mudstones, but does
contain an appreciably greater amount of sandstone than the Watahomigi. The
clay mineralogy of the Manakacha shows that in some respects its environment
of deposition was similar to the Watahomigi, but in others quite different.
The land-sea interface is more clearly defined in the Manakacha because of
less intertonguing of marine and continental facies. The large amount of
marine clay minerals such as illite, chlorite, and corrensite indicates the
continuing and dominant role of the saltwater facies. The marine waters still
prevailed to the west but the continental environment was starting to encroach
on the sea.

Corrensite has been used in the Supai as an indicator of marine or
transitional facies. 1Its distribution shows formation in near-shore locales
restricted lagoons which are now narrow limestone units surrounded by
calcareous silt and mud units. No evidence of hypersaline conditions is seen
in the Watahomigf and Manakacha, but rather evidence for a relatively normal
marine salinity wih localized areas of high magnesium concentrations.

Summary of Sedimentary Occurrences

In general the shallow marine conditions of a warm, epicontinental sea
seem to favor corrensite formation. There are localized salinity changes
where slightly hypersaline conditions occur, and large concentrations of
magnesium buildup (possibly due to calcium precipitation into calcite), as in
lagoonal settings behind barrier bars. The "Equivalence level" concept of
Powers (1957, 1959) can again be cited in support of shallow-water deposition
of corrensite as magnesium substitution is favored at shallower depths.

Corrensite can also exist in restricted, large evaporite basins, and it
is found in deltaic channels and distributary mouth bars (Almon, et al.,
1976). These locales imply low-energy environments and impounded waters.

Corrensite indicates a magnesium-enriched, silica-poor environment.
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The conclusions of Lucas and Ataman (1968) suggest that corrensite is
stable in a carbonate facies where much of the magnesium is relegated to the
dolomites. Too little magnesium is then left to form a true chlorite, but the
silica tetrahedra acquire some of the remaining Mg * jons and form corrensite.
Silica deficiency is also a consideration. The fact that corrensite is found
associated with evaporites may only be a function of whatever silica has
managed to infiltrate the sulphate~chloride environment. This silica actively
competes for the magnesium, capturing enough to form corrensite, an
intermediate phase, but not a sufficient amount to complete all the chlorite
layers of the structure.

Occurrence of Corrensite in Hydrothermal and Low-Grade Metamorphic Rocks

Corrensite also has been found in hydrothermal and low-grade metamorphic
rocks. Information on these occurrences are summarized in Tables XII and
XIII. The mineralogic constituents of the suites shown in both these tables
are similar., Chlorite, calcite, prehnite, laumontite, serpentines, zeolites,
saponite, i1llite, mixed-layer clays, and epidote seem common to both
environments. These mineralogic assemblages are those of the zeolite and
greenschist facies described by Turner and Verhoogen (1960). This facies is a
low-temperature environment, with temperatures probably less then 300°C. In
this environment there is little real distinction between sedimentary
diagenetic processes and low~grade metamorphic activity. The two tables were
compiled separately because of the designations made by the authors rather
than because of dissimilarities in descriptions. These "hydrothermal" '
corrensite occurrences should be examined in much greater detail than possible
here to identify the significance of corrensite in this environment.

SUMMARY AND DISCUSSION

Sedimentary corrensite is considered to be a progressive mineral-—one
that is being built from components of lesser order toward a higher degree of
order; not a mineral that forms from the destruction of a more ordered
phase. Corrensite is most likely a transition phase formed under limited
geochemical conditions existing as an intermediate to a more ordered phase—-—
that of a "true" chlorite.

Corrensite, -under certain conditions, has survived through great periods
of Geologic time showing remarkable longevity for a mixed-layer mineral.
Corrensite has prevailed because its host rocks have been little affected by
tectonism or modifying diagenetic fluids. Detrital corrensite is not known to
occur nor is there documentation of true corrensite in soil-weathering
profiles. In sedimentary rocks, therefore, corrensite appears to be
authigenic--it forms in place at the time of deposition or shortly thereafter
and subsequently mirrors the conditions of the primary depositional
environment.

The relationship between environment and geologic time, shown by the
clustering of sedimentary localities in the Paleozoic and early Mesozoic,
indicates a definite correlation of the existence of corrensite with
environmental parameters such as salinity, pH, temperature, climate, chemical
composition, and energy levels. The sedimentary environments manifest the
results of the limitations on these parameters with similar, almost exact
mineralogic, lithologic, and geomorphic associations. The environmental

37



L1xwy3aeg,
K1aeg

ueyddysstssIi

snoade191)
L1aeg

2uad0IR

wI®IoET8-380d,,

BpeAdN ‘PIOTIPIOD

Lyeal
‘oxevyy) @3UOK

epeAdN ‘Ljuno) 24N

:H.. Uﬂ-.:.-
‘uoyivmaog vuwali

|URIUCK ULDIEIY
dnoiy opwaojo)
pue dnoixn wuerijuoy

pueyed] ‘weiw few

-184y31098 souw[yLay

snbrquezoy

uedep

‘21n3993914 emBATYS]

¢31013181(Q ByiRURHME]
wdin] usaxy,,

pueyed] ‘voiw (Em
~1943098 souefyLay

BITAJY
*M*S ‘qIqraey
?9313vmded Banquaaq

237 114ydoakd ‘s37upuusd
‘auaxoxLd ‘s3jaouwiaqol
‘ajyvoyiyaoujuou ‘sseidojderd
93F7103F3ur *3310[¥2 ‘93ITINIYD

wx2A/ Y2 {91juodes/a3a01IY0
o1ra/ea1juodes ‘ziaenb ‘sayoywd
¢21e3 ‘ajraoryd ‘sujjuadass

937114ydoakd *a3y32ulem ‘suyy
-uodaas ‘s3yonaq *I3yaspys
‘33191wd ‘dsj ‘zjaenb ¢q-y
‘337uodes 20713 ‘931fr0[Yd

BuyugoA (93307Ed) D3jpuUOQIBD
*8erd ‘osuaxoahd = INIP
SITTIT (2172305wS-3ITTLF) °*T1°H

93FI0TYD ‘9IFUOTFIomiuon
‘ose(o0}8eid *sseyd *syjuyaad
‘a3j0pyde ‘airaplyue ‘93TIIT
*z3aenb ‘33170(e0 ‘*saiyronz

(°197dwoduy wviwp) ®OJW

931FI0TYD ‘217071198 ‘931}01ED
‘a30pyde ‘sajuysid ‘s3yjuouney

91F10TYd ‘®3FuUOT[Fromuol
‘agpyooy3eyd *ssefd ‘eo3juyead
*s3opyda ‘siyapdyue *93IyYLT
¢z3aenb ‘p3yo(Ed ‘S23j[00°Z

937[(8IUR] ‘937u0dL{quUe ‘wOojuw
Bugiveq-37 ‘a3pqre ‘1hxeq

apuaiquioy
Jo uvorirvaaige £q pawiog

893J0ep pue S8I3Iysopuw
uojiexalre fewiayloaply

snoa1wvI1ed

sosspm aupjuadios

uojleaaI[R [EWIIYIOAPAY
)

2311118ae snosaeoywd
puge paiaife {o3711F8ae
uojiIeIaITE Temaayloapiy

*SATSNIIUF BY3 WOIJ UOFIdEL
fruzayjoaply £q Bujujaan
93jrUOqIEY 9yl Yiym dogoanap
03 3ydnoyy s¥ 31 *ydoax
9WFP pue SITEBYYS U]
93¥5Ud1100 “S3U0IBITIS
fgorwys pepnIIUI-aRIp

Suyie(nda1yd 193eMpPUNCId
surres yiya waisks
1swaayloo8 ‘smoy3 vaeg

11eseq [epjorepSiue
uojleial[e [ewasyloaply

9373u0WNEB] YIIM
paae}do8se L[9s801> {3uois
—-pugs. 8NO03JBIINI SIUWID
' ~-~83UBUEPIS DTISBLD
-014d d2yseq 03 oIpIo®
uojIBIa1[E [PRWIIYIOIPLY

Bupaeinoxyo aa3empunoxld
aujres Yiym wmaiysks
{ewxayload ‘smoi3 eaey

g93123aenb uy °3173ewBod
1£12q paxaare 2FasInap

0961
‘yoog pue Laaaey

8S6T ‘TIIaILY

U0 18D Fuhumod
[eUOSI9g
6,61 ‘uowperq

t€L61
«fe1e 39 3913814

-eL6t
¢17330psunewlsyay
! pus uosswvuwoy

9661
‘2urIH puw K9rrel

€L61
‘opng pue ®ieqUTY

. zL61
‘13310pBULEWISYIY
pu® vossewo],

€961 ‘Bupasoy
pu® JIpoaNIOH

.

9IFINITWIBA/D1FI0T YD
(1®3apaye1d0}11)

93F[NIJWIAA/3ITIOTY)

93TUOTT T I0WIUOW/DIT2OT YD

93TUOf[ Fi0owlUow/31FI0TY)

931FuUol [ FaouIUOM/2IFIOTYD

" (Teapaywidoral)
91 Fuof] FaouIvom /93 FI0T YY)

231307Yd Burriams/oifioTy)

(1eapoye1d0713) 93IFIOTYD
»3urpuedxs LyBuoaag,,

(1eapayradoyp)
a241a01y> Bupyroms/eifaory)

o8y

£371ed0] vopIEMIOg

UOFIVYI08SY [BIDUTH

voT3IdTI969Q 1EIUSWUOITAUY

9oUDID oY

uoyidyadoseq [ruorIysoduwo)
smeN

§27U211ND00 91FLUILI0D [ewaayjoapAy--*1IX 919%l1

38



312

8ujrr13 @2anjomyy
frwasayjoaply uy osye
t01qqe8 ay) uy vauoz

uoFILIAITR d3IFJuomwne]

-237307Y> 20 IjTuyaad

s[BIaUTW -33710TYD> UT 23FI0TYd

15~1V-8N~-81~-8D jJo dnoa8 3o 19npoad uswadeydaa
PUT018) Y3l10N IFJUouwneT-33FIAOTYD - 01qqe8 INIT-ITI8 (1eapayeiooray)
‘ueyang 937uyaxd-237I0TYyd B UT UOFIDE DFIIINAP GL6T ‘ysyqany 9ITTNITWADA/DITIAOIY)

) ]
wyaisny iaddg

3ysodap 3yee B TE T

33VIBTIEH 3yl u¥ : -10deAd YIym poppagqaajuy

?Juanbas 93raodeas . ayrey *93japiyue ‘a3jrrsuleu #0173 379seq d137afydiod
9811qe819sey tapds-y *9317107Yyd>-~unysaulem Tewaayloapiy 1L61 ‘suypog 3FTNITWAIA/BIFIOTYD
a8y Kiyyeso uorvwiog UOTIBIO088Y [UADUTH uoy1dyassaq [PIUBWUOAFAUY 25ualajay "uoyadyadeaq [ruoylIysodmo)

sweN

PaNUTIU0Y=-=-83DUIIINDI0 IIFEUSIA0D [owIayIoapAy--°1IX 21qPL



auad08110
suasog
dyssvang

2uad0IH A1awez

uerIquedaid
3w

suadold

uwjique) o3

¥ssn ‘siwan °s
¢3ysodap ®iaAxaz

aduBIg
€2 70ABS-92INBH
‘augouks sauoyy

uedef
¢suyrjunoy BMEZUBY

usjaque) o3l
.o puBIl0d§
‘syooy uvipvayeRQ

uojfuyysey
Seynsujuag ojduiyo
wo13 3Uad8I1)H

9311 1Aydoyue
a17308L1yd *soisagse ‘d1B3

Juamad
23vu0qaed ‘937I0TYyd Buyioms
‘1K 9371303u8/2ITTTT
23330TYd “@3ITIT “I3T13UOmME]

23juodes-93 *s9371092
¢33juoyTrioujzuom *3ajopida
¢331L119dund ‘a37uysad
*3jrjuomney *33rIorYyd

opysdoyp

‘333T0maay ‘93F10TYd ‘aITA
~028hu ‘3jjugroRy “33yd1eLd
¢31w3 ‘935117 ‘@ajuodes

827283 231L112dund-ajjuyaad,,

apysdop
‘a3prowany “ajjaoryd ‘aIra

3201 so3lsaqse

£1001 p3juswad nou tsatouwy
23§1092 243 JO 2uoz
ajtuouneye ¢ *sdyydiowesu
opead-mo] uj a1jsuaiaaod
d1seqeip ‘sajjsapue
sayoemleag ojuwdfoA

auoz
83114 12dund-23uyaad
f{auoz 83jjuOUMBY
8alryoqrydus - 23yjo9z
sdF38BTd014Ld

spauvys sse(8 saoceydaa
wsyydiomeisu apuvad-moy

syydiowwjau
aAys691801391 apead-mo]
10 83dnpoad oyjauadeyp
+dwaj-no] 8B pawmioy
8fe1d 2uo03sow}[-vIaW

17Un 3[Pseq 100[J¥aE
JUOISPUBRS DTISVIIFUBI[OA

d1ydaomeyouw
9ATs821801391 speid-mog
10 s3dnpoad op3oualBerp

6961 ‘Aosnpeap

SL61 ‘TAzIMARS

EL6T ‘vavquyy

0L61
ujeg pue UOSTIM

UOFIBd JUNUUOD
18UO0813¢
6L61 ‘avanag

(1vapayeldoral)

23TINOTUIBA /23110 YD

23 JU0T TI0mMIUOW/IITIOTYD

93juodes/e31a0T1yY)

837309us/93110TY)

237307y
Buygrams/altaory)

upjaquedaigd puBI310dS§ ~0d8m ‘a3juyjowy ‘23 d>yEd 8anjviaduaj-mo] S8 pawio] 061
23817 ‘sxo0y usypvaye( o1e3 ‘o311t ‘o3juodes 6defd> 2uoisswji-evIaw ‘urcg pue UOSTTM 931107 yd Bujyyiomsg
£3001 pajudwad nco mcmﬁowu
2331032 3yl jo suoz
: Juawad  ajjuoumeq* * *s8djydioweisu \
8uad08¥10 @ouray 239UOQIED ‘a3FI0TY> Buyryams apead-mol uy 23jsual !
auadogy ‘ayonws-ainey ‘o H 23FI23uS/IITITT  —10D Dysvqelp ‘sajgsspuw w2318ua130021d,,
ofsseang suyTouks sauoyl ‘I3ITIOTYD *OIFITIF ‘o3Fjuomne] ¢sayoealead dpuedjoA Cl61 ‘INZIBMBS aseyd 9237130Tyd BulTIamg
a8y £331wd07 uojIvwWaOY UOFIVFOO088Y [BIAVINH u033dya283( [RIVAWUOIFAUZF aouaa939y uojadyaosaq euojiysoduno)

[2d£3 sayvads £q s§ juswaBuesay]

§20U91IND20 23IFBUIIA09 dFydiowejaum ovnuw;:cA|tw~HHx

3lqel

39



components for corrensite become predictable, supporting the conclusion that
corrensite is a reliable indicator of certain depositional conditions.

Hydrothermal corrensites are apparently different from those found in
sedimentary environments. They differ chemically. They are found almost
exclusively in far younger rocks occurring in the Tertiary and early
Cretaceous, More information must be compiled on hydrothermal corrensite
occurrences.

The mineralogical data presented outlines the numerous problems in
identifying true corrensites and in the accurate description and
characterization of it. The literature data by which corrensite is now
defined is contradictory, resulting understandably in misidentifications.
Many corrensites, because of their complexity, have probably been identified
improperly as chlorites. The preliminary interpretations given in this paper
contribute somewhat toward a clearer understanding of corremnsite. X-ray
powder data show the probability of two species; a smectite that chemistry
indicates is a saponite; and a swelling chlorite that is chemically in the
vermiculite field. However, even if there are "only" two species, rather than
four, they both cannot legitimately be known as '"corrensite." Modern
technology no longer permits the vagueness of former inexact measurements.
These species can now be defined as precisely as their nature will allow.

Differential thermal analysis shows patterns unique to corremsites which
can be further explored; the interlayer water molecules and the brucite layer
hydroxyl iomns can be identified. Thermal gravimetric analysis even more
precisely defines the amount and location of water present. Infrared
absorption analyses can establish the trioctahedral or dioctahedral nature of
the clay layers. Further data on the nature of these layers is needed to
understand the smectite species. Cation exchange work will be used to
identify the presence and nature of interlayer cations which ceuld explain the
14.3A to 17.5A variation in spacing exhibited by the swelling layer
component., Detailed X-ray diffraction research using a precise goniometer
that sees the superorder regions in greater and more accurate detail is
necessary to resolve the seeming ambiguities in the presently documented
lattice spacings. To establish the exact nature of the smectite species the
Greene-Kelly test is also useful as it will complement existing X-ray and
chemical data. Chemical digestions must be performed to determine the
presence or absence of interlayer hydroxyls. Microprobe and comparable
chemical analyses are needed. Additional SEM studies should delineate the
trend in the habits already observed. Transmission electron microscopy can
hopefully determine the configurations of the layers and their angstrom
values. This briefly outlined schedule of analyses is planned by the author
in an attempt to resolve the problems surrounding corrensite.

Corrensite can become valuable for the understanding of certain
sedimentary environments. To utilize this potential exploration tool,
corrensite the mineral species must be understood, officially described, and
dependable, accurate, and consistent criteria established for its
identification. Whether "corrensite" becomes the name of a group of
mixed-layer clay species, each rigorously defined, or is allocated to a single
mixed-layer phase, is the responsibility of the International Nomenclature
Committee. The present literature confusion must be resolved and clear
nomenclature instituted.
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